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A B S T R A C T   

The formation and enrichment mechanisms of organic-rich shales under different marine environments remain 
unclear. Recently, Cambrian Qiongzhusi (QZS) shales with greater thickness and total organic carbon (TOC) 
content were found in a deep-water shelf (DWS) than in the adjacent shallow-water shelf (SWS) of the central 
Sichuan Basin, and these locations provide ideal conditions for determining the mechanisms underlying differ
ences in organic matter (OM) enrichment. In this study, we investigated the TOC, pyrolysis, organic carbon 
isotopes (δ13Corg), biomarkers, and elemental geochemistry of the QZS shales. Based on a detailed comparison 
between shales from the DWS to the SWS, an OM enrichment model of different shelf conditions was established 
and the reasons for the higher TOC content in the DWS were clarified. The deposition of QZS shales was 
accompanied by a large-scale regional transgression. Against the background of an overall humid climate, the 
water mass at the bottom of the DWS was more restricted, resulting in limited external material exchange and 
supply. The water mass of the DWS represented by the bottom of the QZS was anoxic and showed the devel
opment of euxinic conditions. The biogenic Ba (Babio) content of the samples in the DWS under deep basinal 
conditions was significantly greater than that in the SWS region, which reflects higher primary productivity and 
is associated with a large accommodating space and upwelling flows caused by the hydrothermal activities in the 
DWS. Under conditions in which OM enrichment is dominated by productivity, the DWS is a more favorable 
location for the formation of high-quality shales.   

1. Introduction 

Organic-rich shales can serve as the material basis for hydrocarbon 
generation in sedimentary basins and represent an essential target for 
unconventional shale oil and gas exploration (Zou et al., 2019). There
fore, studying the formation mechanism of these shale sediments, 
particularly the deep and ancient shales of the Cambrian System, is of 
great significance. The formation of organic-rich shales in associated 
with the gradual enrichment of the initial organic matter (OM), and this 
process controls the content and distribution characteristics of OM. 
Previous studies have shown that OM enrichment is affected by factors 
such as primary productivity (Dymond et al., 1992; Müller and Suess, 
1979; Pedersen and Calvert, 1990; Tribovillard et al., 2006), waterbody 

redox environment (Canfield, 1989; Demaison and Moore, 1980), cli
matic conditions (Leythaeuser, 1973; Roy and Roser, 2013), sedimen
tation rate (Canfield, 1994; Ibach, 1982; Murphy et al., 2000; Sageman 
et al., 2003), and other abnormal events (Shen et al., 2013). Several 
geochemical proxies have been established to determine how various 
factors affect OM enrichment, including total organic carbon (TOC), 
biogenic Ba (Babio), strontium to barium ratio (Sr/Ba), uranium 
enrichment factor (U-EF), molybdenum to TOC ratio (Mo/TOC), and 
titanium to aluminum ratio (Ti/Al) (Algeo and Liu, 2020; Murphy et al., 
2000; Schoepfer et al., 2015; Tribovillard et al., 2012). 

Fine-grained sediments of the same layer may have different sedi
mentary conditions not only in the longitudinal direction but also in the 
planar direction (Williams et al., 2022; Wu et al., 2020). Previous studies 
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have revealed differences between the organic carbon isotope (δ13Corg) 
values of the deep-water shelf (DWS) and shallow-water shelf (SWS) and 
showed that the δ13Corg values of the DWS shales are lower than those of 
the SWS shales (Fang et al., 2019; Jiang et al., 2007). However, most 
studies have focused on the redox conditions and inorganic–organic 
carbon pool cycling in the water mass under different shelf conditions 
(Guo et al., 2007; Jiang et al., 2007; Mcfadden et al., 2008; Song et al., 
2021; Yang et al., 2022), whereas less attention has been focused on 
differential OM enrichment. 

The Ediacaran–Cambrian is an important period in the evolution of 
the global environment, marine systems, and ecosystems (Guo et al., 
2007; Hoffman et al., 1998; Kimura and Watanabe, 2001; Walter et al., 
2000). An extensive anoxic deposition and negative δ13Corg anomaly 
was formed at the boundary between the Precambrian and Cambrian 
(PC–C) (Jacobsen and Kaufman, 1999; Kimura and Watanabe, 2001; 
Xiao et al., 2017; Xiao et al., 2021), with special Sr, S, and Si isotopic 
responses (Condon et al., 2005; Knoll et al., 1986; Veizer et al., 1997). 
During the PC–C period, under a background of large-scale 

Fig. 1. (A) Tectonic units (Xu et al., 2020), paleogeography during the Ediacaran-Cambrian transition (Fan et al., 2021; Li et al., 2022; Yang et al., 2021), and 
sampling wells of the central Sichuan Basin. (B) Stratigraphic column illustrating the Ediacaran and Cambrian System. Modified from Zhu et al. (2015). (C) Seismic 
profile crossing the deep-water shelf (DWS) and shallow-water shelf (SWS). The location of the seismic profile is shown in Fig. 1A. The yellow highlighted area 
indicates the horizontal distribution of the Cambrian Qiongzhusi Formation (QZS), and (P) represents the projection position. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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transgression, the Lower Cambrian Qiongzhusi Formation (QZS) shales 
were extensively distributed on the Upper Yangtze Platform of South 
China (Guo et al., 2007; Yeasmin et al., 2017). Almost all Sinian and 
Cambrian gas reservoirs in the Sichuan Basin are sourced from this set of 
shales, including the giant Weiyuan and Anyue gas fields (Gao et al., 
2017; Shi et al., 2018, 2020; Zou et al., 2014). Previous research has 
mainly focused on the QZS shales in the Gaoshiti − Moxi paleouplift 
(SWS), including the evolution of the sedimentary environment (Gao 
et al., 2016, 2021; Wang et al., 2020), generation of hydrocarbons (Qiu 
et al., 2021), and origin of the OM (Wang et al., 2019; 2021). These 
investigations showed that compared with other fine-grained sediments 
of the Sinian–Cambrian System in the Sichuan Basin, the QZS shales are 
characterized by a high TOC content and negative δ13Corg values and 
they present a higher anoxic degree, higher TOC content (avg. 1.87 %), 
and lower δ13Corg values (avg. –32.91 ‰) in the bottom section (Wang 
et al., 2015) but a typical dysoxic − oxic environment in the top section 
(Gao et al., 2016; Wang et al., 2020). 

In sharp contrast, QZS shales that developed in the DWS have not 
received much attention because of their lower exploration degree and 
greater burial depth. In 2020, two new wells (P1 and Z2) in the North 
Slope area made a significant breakthrough in gas exploration (1.219 ×
106 m3/d in well P1; Zhao et al., 2020b). Data based on exploration well 
samples revealed that the shales in the DWS have a higher TOC content 
than those in the SWS; however, the mechanism underlying differential 
OM enrichment was not clarified. 

In this study, we performed mineralogical, organic, and elemental 
geochemical analyses based on the latest core data collected from the 
North Slope area. Based on this series of geochemical analyses, the ob
jectives of this study were to (1) reconstruct the water mass sedimentary 
conditions of the QZS shales in the DWS and (2) clarify the enrichment 
mechanism of organic-rich black shales in the SWS and DWS regions to 
expand the theoretical research on OM enrichment under different 
marine environments. 

2. Geological setting 

The Sichuan Basin has an area of approximately 18 × 104 km2, with 
six first-ordered tectonic units (Fig. 1A). The central Sichuan flat-gentle 
structural area is situated at the center of the Sichuan Basin (Wei et al., 
2014), and the basement of the basin is composed of pre-Sinian 
magmatic and metamorphic rocks. The basin was transformed into a 
foreland basin (Late Triassic-Quaternary) after the craton developed 
(Ediacaran-Middle Triassic), and it has an overall sedimentary thickness 
of approximately 8000–12000 m. Vertically, the Doushantuo and Den
gying Formations (DY) are in the Sinian System (Fig. 1B). The Doush
antuo Formation is dominated by sand shale interbeds, the DY1 is 
primarily composed of argillaceous and silty dolomite, and the DY2 is 
dominated by algal dolomite intercalated with silty dolomite, micritic 
dolomite, and granular dolomite, while the karst cavity at the top of the 
DY2 resulted from Tongwan-I movement (Xu et al., 2012). A set of shales 
is deposited at the bottom of the DY3, whereas fine-grained silty layered 
dolomite dominates the top (Wei et al., 2017), and silt dolomite, gran
ular clastic dolomite, dissolved pore silt dolomite, and algal dolomite are 
deposited in the DY4. Owing to the Tongwan-II movement, an uncon
formity occurs between the Cambrian System and Dengying Formation, 
with an erosion thickness of approximately 50–200 m (Xu et al., 2012). 
The Cambrian System is vertically divided into the QZS, Canglangpu, 
Longwangmiao, Gaotai, and Xixiangchi Formations (Fig. 1B). The QZS is 
dominated by shale with a small amount of argillaceous siltstone and is 
also the largest source rock in the central Sichuan Basin, especially in the 
Deyang–Anyue rift trough and North Slope area (Fig. 1C). During the 
Cambrian depositional period, the Sichuan Basin was carbonate plat
form facies, of which the Deyang-Anyue rift trough and part of the North 
Slope area were DWS facies and the rest were SWS facies (Fig. 1A). 

The North Slope is located to the north of the Gaoshiti–Moxi paleo
uplift (Fig. 1A). At present, the North Slope has a wide monoclinic 

structure, with a maximum depth of the DY4 reaching –8300 m. The dip 
angle of the stratum on the north side of the uplift increased from the 
late Indosinian to the early Yanshanian and was finalized (Ma et al., 
2020). The DY2 on the North Slope of the Sichuan Basin represents a 
new field for natural gas exploration, with natural gas found in wells P1 
and Z2, and it has an average reservoir porosity of 3.5 %. All discovered 
gas reservoirs were lithologic traps that were sealed by the overlying 
shale and lateral micritic dolomite (Xu et al., 2020; Zhao et al., 2020b). 

3. Samples and analytical methods 

3.1. Samples 

Thirty-three shale samples in this study were obtained from the cores 
of two wells in the DWS (Fig. 1A). Some samples were selected for thin 
section analysis and scanning electron microscopy (SEM). After 
removing the impurities, all samples were ground to 200 mesh using an 
agate mortar for Rock-Eval pyrolysis and TOC and δ13Corg analyses. 
Twelve samples were selected for X-ray diffraction (XRD) and major 
element, trace element (TE), and rare earth element (REE) analyses. 
Three samples were selected for gas chromatography–mass spectrom
etry (GC–MS) analysis. 

3.2. Analytical methods 

The TOC test was performed using a LecoCS-200 carbon/sulfur 
analyzer after removing the carbonate with dilute hydrochloric acid 
(HCl:H2O = 1:7) (Espitalie et al., 1977). Rock pyrolysis was performed 
using a Rock-Eval II instrument (Peters, 1986), and parameters such as 
the free and volatile hydrocarbons (S1) and remaining hydrocarbon 
generative potential (S2) were obtained. The δ13Corg analysis was per
formed using a Finnigan MAT 253 isotope ratio mass spectrometer. The 
test results are in per thousand (‰), relative to the Vienna Pee Dee 
Belemnite (VPDB) standard value, and they are presented in Table 1. 
Thin sections were observed under a Leica DM4500P microscope. The 
above analysis was conducted at the State Key Laboratory of Petroleum 
Resources and Prospecting at the China University of Petroleum, Beijing 
(CUPB). 

The SEM samples were obtained from fresh sections with gold on the 
surface, which enhanced the electrical conductivity. A Quanta-200F 
field emission scanning electron microscope with an energy dispersive 
X-ray spectrometer was used to precisely measure the elemental 
composition. This analysis was performed at the Microstructure Labo
ratory for Energy Materials, CUPB. XRD was performed at the State Key 
Laboratory of Heavy Oil Processing, CUPB. 

The major element, TE, and REE were measured using an ELEMENT 
XR plasma mass spectrometer. X-ray fluorescence spectroscopy was 
employed to measure the oxides of major elements, and inductively 
coupled-plasma mass spectrometry (ICP-MS) was used to measure the 
TE and REE. First, 0.050 g of the sample was accurately weighed into a 
polytetrafluoroethylene bomb, and HNO3 and HF were added and 
maintained at 185 ◦C for 24 h to dissolve the samples. The remaining 
solution was then heated to evaporation at 160 ◦C, and HNO3 was added 
again to melt the material, which was then diluted with dilute HNO3 to 
generate a 50 mL solution. This solution was directly tested using ICP- 
MS, and the relative standard deviation of the standard samples 
was<5 %. Detailed test procedures for element B were reported by 
Remírez and Algeo (2020). This analysis was performed at the Analyt
ical Laboratory of the Beijing Research Institute of Uranium Geology. 
The results are presented in Tables 2 and 3. 

Soxhlet extraction was performed for 72 h, and the extractable or
ganics were separated into saturated hydrocarbons, aromatic hydro
carbons, nonhydrocarbons, and asphaltenes as described in detail by 
Wang et al. (2019). GC–MS analysis of the saturated fraction was con
ducted using an Agilent 7890-5975C instrument, with an HP-5MS elastic 
silica capillary column (60 mm × 0.25 mm × 0.25 μm). Based on the 
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peak areas in the m/z 217 fragmentograms, the relative abundances of 
steranes were finally obtained. This analysis was performed at the State 
Key Laboratory of Heavy Oil Processing, CUPB. 

4. Results 

4.1. Mineralogical and petrological characteristics 

The QZS shales exhibit fine grains with a maximum grain size of 
approximately 100 µm (Fig. 2A). Under the microscope, quartz, pyrite, 
and OM were widely distributed, among which quartz was the most 
abundant (Fig. 2A–D). OM was present in a banded or macroscopic form 
(Fig. 2D–F, H). Moreover, the mineral composition included feldspar 
(Fig. 2G, I) and dolomite (Fig. 2J, L). The XRD results indicated that the 
quartz content was highest (avg. 37.8 %). The carbonate minerals were 
mainly dolomite (avg. 14.96 %), and some samples had high calcite 
contents (53.3 %, P1–8). One sample contained no clay minerals, 
although the remaining samples had an average clay content of 24.1 %. 
The average pyrite content was 5.28 %, and K-feldspar and plagioclase 
were also present (Fig. 3). The mineral characteristics were similar to 
those reported in a study of the QZS shales in the Gaoshiti–Moxi pale
ouplift (SWS) by Gao et al. (2016), which provides a basic framework for 
research on differences in OM enrichment under different marine 
environments. 

4.2. Organic geochemistry 

The average TOC content in the DWS (2.27 %, n = 33) was consid
erably higher than that in the SWS (avg. 1.87 %, n = 79) (Fig. 4). The 
TOC values of well P1 ranged from 0.78 % to 5.23 % (avg. 1.97 %, n =
19). The values of 18 samples were>1.0 %, seven of which were>2.0 % 
(Table 1). The TOC values of well Z2 varied between 0.28 % and 9.81 % 
(avg. 2.68 %, n = 14). Twelve samples had values>1.0 %, 10 of which 
had values>2.0 %. Due to the high maturity, the S1 and S2 values were 
extremely low (Hossain et al., 2009), with ranges of 0.01–3.70 mg/g 
(avg. 0.61 mg/g, n = 33) and 0.02–0.53 mg/g (avg. 0.16 mg/g, n = 33), 
respectively. The δ13Corg values ranged from –37.1 ‰ to –33.4 ‰ (avg. 
–35.46 ‰, n = 18) for well P1 and –36.4 ‰ to –32.9 ‰ (avg. –34.45 ‰, 

Table 1 
General geochemical features and carbon isotopes of shales in the Cambrian 
Qiongzhusi Formation of the deep-water shelf, central Sichuan Basin.  

Sample Depth TOC S1 S2 S1 + S2 δ13Corg  

(m) (%) (mg/g) (mg/g) (mg/g) (‰) 
Z2–1a 5911.09 2.24 1.70 0.39 2.09 –34.6 
Z2–2 5911.36 2.24 1.53 0.31 1.84 –34.4 
Z2–3a 5912.46 2.94 3.70 0.53 4.23 –34.5 
Z2–4 5913.46 2.50 1.70 0.34 2.04 –34.6 
Z2–5 5916.97 1.61 1.32 0.26 1.58 –34.3 
Z2–6a 5917.06 1.64 1.95 0.31 2.26 –33.9 
Z2–7 6318.68 0.28 0.08 0.04 0.12 –32.9 
Z2–8 6318.78 3.13 1.24 0.41 1.65 –35.3 
Z2–9 6319.54 9.81 0.01 0.08 0.09 –36.4 
Z2–10a 6324.54 2.46 1.19 0.32 1.51 –34.6 
Z2–11 6327.75 2.49 0.90 0.32 1.22 –34.4 
Z2–12 6327.80 0.54 0.43 0.10 0.53 –33.3 
Z2–13a 6327.86 2.03 1.67 0.38 2.05 –33.9 
Z2–14a,b 6328.94 3.65 0.79 0.39 1.18 –35.2 
P1–1a 5305.74 3.50 0.03 0.15 0.18 N–D 
P1–2a 5305.94 1.67 0.03 0.04 0.07 –34.0 
P1–3b 5307.34 1.57 0.02 0.02 0.04 –33.4 
P1–4 5307.62 1.68 0.02 0.02 0.04 –33.4 
P1–5 5583.00 1.36 0.01 0.04 0.05 –35.9 
P1–6 5583.99 1.30 0.02 0.03 0.05 –36.8 
P1–7 5584.10 1.27 0.01 0.03 0.04 –36.5 
P1–8a 5585.15 5.23 0.01 0.08 0.09 –34.8 
P1–9a 5585.28 2.72 1.54 0.46 2.00 –34.6 
P1–10 5585.57 1.75 0.02 0.05 0.07 –36.0 
P1–11 5586.52 2.04 0.01 0.03 0.04 –36.3 
P1–12 5586.60 2.12 0.01 0.02 0.03 –36.9 
P1–13 5587.45 2.28 0.01 0.02 0.03 –37.1 
P1–14 5588.56 2.13 0.01 0.02 0.03 –35.5 
P1–15a,b 5589.48 1.57 0.02 0.05 0.07 –35.5 
P1–16 5589.49 0.78 0.01 0.03 0.04 –34.7 
P1–17a 5590.50 2.00 0.03 0.05 0.08 –35.9 
P1–18 5591.23 1.01 0.01 0.06 0.07 –35.6 
P1–19 5591.41 1.49 0.01 0.05 0.06 –35.4 

Note: a samples with major, trace, and rare earth elements. b samples with 
GC–MS. N–D, not determined. 

Table 2 
Major element concentrations of shales in the Cambrian Qiongzhusi Formation of the deep-water shelf and shallow-water shelf, central Sichuan Basin.  

Sample Depth SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O MnO TiO2 P2O5  

(m) (%) 
Z2–1 5911.09 63.16 11.31  4.54  2.68  2.93 2.03  3.44  0.06  0.63  0.327 
Z2–3 5912.46 62.91 11.51  4.88  2.5  2.56 2.11  3.68  0.054  0.532  0.394 
Z2–6 5917.06 66.08 11.85  3.41  2.36  2.47 2.31  3.31  0.057  0.71  0.306 
Z2–10 6324.54 68.32 10.06  4.03  1.96  3.08 1.68  2.42  0.057  0.577  0.185 
Z2–13 6327.86 64.1 11.83  5.41  2.33  2.56 1.95  2.87  0.053  0.68  0.177 
Z2–14 6328.94 61.58 11.22  4.7  2.18  4.93 1.97  2.45  0.061  0.556  0.181 
P1–1 5305.74 65.03 13.93  5.18  2.15  1.45 2.12  2.92  0.039  1.01  0.227 
P1–2 5305.94 66.13 12.01  4.1  1.97  1.54 2.34  2.81  0.038  0.687  0.227 
P1–8 5585.15 7.74 0.553  0.449  1.91  49.04 0.235  0.107  0.31  0.038  9.9 
P1–9 5585.28 72.89 8.61  3.3  1.61  2.15 1.55  2.14  0.055  0.466  0.167 
P1–15 5589.48 28.86 1.1  0.585  9.08  27.62 0.043  0.602  0.789  0.055  9.71 
P1–17 5590.5 66.74 0.334  0.318  2.26  14.9 0.042  0.116  0.094  0.021  7.5 
A1–1* 5028.67 64.39 11  3.3  2.99  3.76 1.52  3.21  0.049  0.671  0.234 
A1–2* 5032.63 67.76 11.79  3.04  2.11  2.02 1  3.9  0.023  0.775  0.267 
A1–3* 5034.27 64.4 13.21  4.04  2.44  1.95 0.332  4.71  0.025  0.76  0.255 
G1–1* 4895.99 63.29 14.97  4.43  1.83  1.52 1.21  4.15  0.024  0.829  0.649 
G1–2* 4980.87 64.87 12.99  5.11  1.89  1.62 1.58  3.42  0.027  0.734  0.239 
G1–3* 4981.25 62.96 12.91  3.54  2.96  3.2 1.47  3.46  0.055  0.767  0.236 
G1–4* 4981.37 63.2 13.76  4.8  2.22  1.98 1.49  3.64  0.031  0.801  0.243 
G1–5* 4983.23 61.73 13.54  4.35  2.95  2.99 1.36  3.73  0.039  0.782  0.235 
G1–6* 4983.91 62.54 11.5  9.57  1.31  0.959 1.5  3.07  0.017  0.684  0.206 
G1–7* 4985 64.07 14.33  5.47  1.67  0.874 1.3  4.01  0.02  0.797  0.223 
G1–8* 4985.5 67.18 14.55  3.79  1.46  0.458 1.32  4.08  0.016  0.823  0.19 
G1–9* 4986.14 65.02 14.98  4.5  1.5  0.514 1.37  4.16  0.013  0.841  0.224 
G1–10* 4987.43 37.42 12.29  4.85  8.32  11.6 0.026  3.74  0.056  0.759  1.01 

Note: * data sourced from Gao (2016), Gao et al. (2016). 
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n = 14) for well Z2. These values were more negative than those in the 
SWS (–36.79 ‰ to –29.81 ‰, avg. –32.91 ‰, n = 50) (Fig. 5). Based on 
the criteria established by Huang (1988) (types I, II1, II2, and III are less 
than –30 ‰, –30 ‰ to –27.5 ‰, –27.5 ‰ to –25 ‰, and greater than –25 
‰, respectively), the OM of the QZS shales was type I. C27 dominated the 
regular steranes, with a range of 37.8 %–53 % (avg. 46 %, n = 3), 
showing a distribution pattern of C27 > C29 > C28. 

4.3. Elemental geochemical analysis 

The major element compositions of the QZS shales in the DWS and 
SWS were similar. The major components were SiO2 (avg. 57.8 %, DWS; 
avg. 62.22 %, SWS) and Al2O3 (avg. 8.7 %, DWS; avg. 13.22 %, SWS). 
The CaO and P2O5 contents in three samples (P1–8, 1–15, and 1–17) 
from the DWS were slightly higher than those in the other samples, and 
the average Ti and Mn contents were 0.64 % and 0.08 %, respectively 
(Table 2). Compared with the post-Archean Australian shale (PAAS) 
(Taylor and McLennan, 1985), some of the elements, such as Ca, Mg, Na, 
and P, were obviously enriched (Fig. 6A). Large amounts of TE, such as 
U, Mo, Sr, V, Ni, and Ba, were widely enriched in the QZS shales 
(Table 3). The total TE ranged from 1188.08 to 3561.63 µg/g (avg. 
2007.1 µg/g, n = 12) in the DWS and from 1325.5 to 2797.4 µg/g (avg. 
1765.5 µg/g, n = 13) in the SWS. Compared with those in the PAAS 
(Taylor and McLennan, 1985), some elements, such as V, Mo, U, Ni, Ba, 
and Pb, were enriched (Fig. 6B). The Eu/Eu* content in the DWS shales 
ranged from 0.94 to 1.37 (avg. 0.747), which is higher than that in the 
SWS (0.70–1.14, avg. 0.94) (Table 3; Fig. 13B). 

5. Discussion 

5.1. Stratigraphic sequence 

The QZS shales are unconformably located at the top of the car
bonate system in the Dengying Formation (Fig. 1B) (Zou et al., 2014), as 
characterized by high gamma-ray logging response (Gao et al., 2016). 
Xu et al. (2011) used Re–Os isochron dating and determined that the age 
of the Ni–Mo ore layer at the bottom of the QZS was 521 ± 5 Ma. The 
thickness distribution of the QZS is controlled by the evolution of the 
Deyang–Anyue rift trough and paleogeomorphology (Wei et al., 2017). 
Generally, the Mn/Fe ratio in deep-sea sediments is higher than that in 
shallow sediments, which is primarily because Mn compounds are more 
stable than Fe. However, calcium and magnesium mainly occurred in 
carbonate. (Al + Fe)/(Ca + Mg) decreased gradually as the water depth 
increased and because of the lack of terrigenous materials (Zhang et al., 
2017). Compared with the SWS, the shales in the DWS formed at a 
greater water depth (Fig. 7). 

A large-scale transgression occurred during the deposition of the 
QZS, and it was accompanied by a relatively strong filling effect (Song, 
1996). Therefore, the total thickness of the DY and QZS varies slightly in 
the planar direction, thus reflecting the controlling effect of the ac
commodation space along the distribution (Song, 1996). Globally, a 
rapid increase in sea level occurred immediately after the end of the 
Precambrian, and it lasted for approximately 1–1.5 million years and 
then decreased slightly, experiencing multiple up-and-down cycles (Haq 
and Schutter, 2008). A detailed analysis of the sedimentary character
istics revealed that the V–Ni-enriched polymetallic layer at the bottom of 
the QZS may be the maximum flooding surface (Yeasmin et al., 2017). 
From the bottom to the top layer, the sediment-detrital fluxes (shale to 
siltstone) increased in stages, suggesting that the transgression began in 
the Early Cambrian (Zhao et al., 2020a) with a rapid increase in the sea 
level and then in decline slowly in stages. During the Early Cambrian, 
the structure in the DWS was slightly lower than that of the SWS 
(Gaoshiti–Moxi), which caused the thickness of the QZS to gradually 
increase from the SWS to the north and northwest (Ma et al., 2020; Zhao 
et al., 2020b) (Fig. 1C). The thicknesses of the QZS in wells Z2 and P1 
were 700 and 510 m, respectively, whereas the thickness in wells G1 and Ta
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A1 in the SWS was only approximately 200 m. The results indicated that 
high-quality and thicker deposits developed in the DWS and deep 
basinal regions. 

5.2. Sedimentary environment of the deep-water shelf and shallow-water 
shelf 

5.2.1. Paleoclimate 
The paleoclimate primarily affects OM accumulation by influencing 

the weathering and transformation degree of unstable materials in 

sediments (Leythaeuser, 1973; Müller and Suess, 1979). The C-value, 
chemical index of alteration (CIA), and Sr/Cu ratio have been proposed 
to characterize the climatic conditions (Moradi et al., 2016; Nesbitt and 
Young, 1982; Zhao et al., 2007). The C-value is obtained by Σ (Fe + Mn 
+ Cr + Ni + V + Co)/Σ (Ca + Mg + Sr + Ba + K + Na), and it is generally 
accepted that Fe, Mn, Cr, Ni, V, and Co are more advantageous and 
abundant than Ca, Mg, K, Na, Sr, and Ba under humid conditions 
(Moradi et al., 2016; Tan et al., 2019). Furthermore, the CIA can be 
obtained as follows: 100 × Al2O3/(Al2O3 + CaO* + Na2O + K2O), where 
CaO* is the CaO content incorporated in the silicate fraction (Nesbitt 

Fig. 2. Microphotographs of shales in the Cambrian Qiongzhusi Formation of the deep-water shelf, central Sichuan Basin. (Note: PPL, plane-polarized light; ORL, oil- 
immersion reflected light; OM, organic matter; Py, pyrite; Q, quartz; K-feld, K-feldspar; Dol, dolomite). (A) PPL: quartz and OM in shale, P1–9. (B) ORL: banded OM at 
the edge of quartz, and pyrite with high reflective brightness, P1–9. (C) ORL: pyrite and banded OM, mainly circular quartz, Z2–11. (D) ORL: pyrite and banded OM, 
mainly quartz, Z2–8. (E) Scanning electron microscopy (SEM) image of OM, Z2–11. (F) SEM image of OM, P1–9. (G) SEM image of K-feldspar and quartz, Z2–11. (H) 
Energy dispersive X-ray spectrometer (EDS) data of OM in Fig. 2F. (I) EDS data of K-feldspar in Fig. 2G. (J) SEM image of dolomite, P1–9. (K) EDS data of quartz in 
Fig. 2G. (L) EDS data of dolomite in Fig. 2J. 
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and Young, 1982). CaO* can also be represented by CaO – P2O5 × 10/3 
when the carbonate content is low (Tan et al., 2019). In general, a C- 
value of > 0.4 represents a semiarid to subhumid environment, whereas 
a Sr/Cu ratio of < 5 represents a humid environment (Hakimi et al., 
2017). The higher the C-value and CIA values are, the lower the Sr/Cu 
ratio and the more humid the paleoclimatic conditions (Hakimi et al., 
2017; Zhao et al., 2007). Al and Ga are predominant in kaolinite formed 
under humid and warm conditions, whereas K and Rb are related to illite 
formed in cold and arid climates (Beckmann et al., 2005; Hieronymus 

et al., 2001). 
The provenance of the QZS is predominantly intermediate igneous 

rocks (Fig. 8A). According to the chart reported by Roy and Roser 
(2013), the shales in the two shelf conditions share a similar overall 
humid background (Fig. 9), and part of the DWS shales represents 
semiarid paleoclimate. Generally, a more humid climate corresponds to 
a higher chemical weathering intensity (positive correlation), and the 
QZS shales in the study area also reflect this covariant feature (Fig. 9). 
Specifically, the C-value of the shales in the DWS was 0.02–0.58 (avg. 
0.34) and the Sr/Cu ratio was 2.22–59.9 (avg. 13.02). Excluding three 
values>10 (P1–8, 1–15, and 1–17), the mean Sr/Cu ratio was 3.73. In 
summary, the C-value of the QZS shales in the DWS was slightly lower 
than that in the SWS (0.21–1.29, avg. 0.49), whereas the Sr/Cu ratio was 
higher (1.64–3.06, avg. 2.33). Most of the samples exhibit Sr/Cu values 
of<5, which is also consistent with the findings of Wang et al. (2020). 
Hence, the paleoclimate was slightly more humid in the SWS. 

5.2.2. Paleosalinity 
Salinity can be evaluated using the Sr/Ba and B/Ga ratios (Wei and 

Algeo, 2020). The main sources of Sr in the ocean are river inflow, 
seafloor hydrothermal processes, and carbonate dissolution (Godderis 
and Veizer, 2000). A higher Sr/Ba ratio corresponds to higher salinity of 
the sedimentary water mass (Zhang et al., 2018). The residence time of 
Sr (2.4 Myr) is longer than the mixing time in oceans (1.5 Kyr) (Krab
benhöft et al., 2010), whereas the residence time of Ba in oceans is 
relatively short (11 Kyr) (Allmen et al., 2010). B has a longer residence 
time in oceans (20 Myr) (Wei and Algeo, 2020), and its concentration in 
anoxic water is greater than that in oxidized water (Kulinski et al., 
2017). Ga is mainly derived from the weathering of quartzose and 
feldspathic silicate minerals (Shiller and Frilot, 1996). Higher B con
centrations in seawater and the rapid B uptake by sediments in alkaline 
porewaters result in higher B/Ga ratios in oceans (Wei and Algeo, 2020). 
Based on the aforementioned principles, Wei and Algeo (2020) estab
lished a salinity proxy based on the B/Ga relationship, and the B/Ga 
ratios of fresh, blackish, and marine water are < 3, 3–6, and > 6, 
respectively. 

B/Ga values of 2.29–8.64 in the QZS shales in the DWS (avg. 6.33) 
reflect medium to high salinity characteristics. The Sr/Ba ratio in the 
DWS (0.10–1.54, avg. 0.41) was significantly higher than that of the 
SWS (0.06–0.22, avg. 0.14), indicating that the salinity of the lower 
structural positions was higher than that of the shallow positions. Wang 
et al. (2020) studied the QZS shales in the Ziyang–Weiyuan area with a 
similar DWS background based on the gammacerane index and β-caro
tene contents, and they also concluded that the paleosalinity of the 
waterbody in the DWS was higher than that in the SWS. 

5.2.3. Primary productivity 
Primary productivity serves as an important material basis for 

evaluating the degree and scale of the original OM enrichment (Chen 
et al., 2020; Schoepfer et al., 2015; Shen et al., 2014), and it is usually 
assessed using the TOC, P, Ti, Cu, and Ba contents (Calvert and Pedersen, 
2007; Chen et al., 2020; Schoepfer et al., 2015; Shen et al., 2014, 2015; 
Tribovillard et al., 2006). The residual TOC content may be affected by 
OM dilution and the preservation conditions during deposition; how
ever, it is still a direct indicator of primary productivity (Canfield, 1994; 
Pedersen and Calvert, 1990). The residence time of Ba in seawater is 
relatively short, and Babio is mainly derived from barite in sediments 
(most of the barite sinks to the sediment–water boundary). Babio is 
considered a favorable proxy for productivity because of its stability and 
high burial efficiency (Bąk,2007; Dymond et al., 1992; Schoepfer et al., 
2015). The average TOC content of the QZS shales in the DWS was 
significantly higher than that of the SWS (Fig. 4B). The relatively higher 
TOC content indicates that the DWS tends to have higher productivity 
than the SWS. The ratio of nutrient elements (P) to terrestrial supplies 
(Al and Ti) also showed a trend of higher productivity in the DWS 
(Fig. 10A). 

Fig. 3. Mineral compositions (%) of shales in the Cambrian Qiongzhusi For
mation of the deep-water shelf, central Sichuan Basin. 

Fig. 4. Correlation diagrams between (S1 + S2) and the total organic carbon 
(TOC) content (A) and TOC distribution histogram (B) of shales in the Cambrian 
Qiongzhusi Formation of the deep-water shelf and shallow-water shelf, central 
Sichuan Basin. Baseline reference from Peters (1986) and Li et al. (2021). Data 
for the QZS shales in the shallow-water shelf were sourced from Gao et al. 
(2016), Li et al. (2021), Shi et al. (2018), and Wang et al. (2019). 
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Babio is calculated as follows: Babio = Batotal – Al × (Ba/Al)detr, where 
Batotal is the total Ba and Badetr represents the detrital origin. A method 
for estimating Badetr based on the intersection of Al and Ba was proposed 
by Rutsch et al. (1995) and Shen et al. (2015), in which the sample with 
the lowest Ba/Al ratio does not contain biological Ba. The (B/Al)detr 
value of the QZS shales in the SWS (0.0046) reported by Gao et al. 
(2016) was used in this study. The Babio values of the QZS shales ranged 
from 222 to 1014.5 µg/g (avg. 406.1 µg/g) in the SWS and from 297.2 to 
1003.5 µg/g (avg. 654.4 µg/g) in the DWS (Fig. 10B–C). Yan et al. 
(2015a) analyzed the primary productivity of the Silurian Longmaxi 
Formation (LMX) shales in South China based on the Babio values. The 
productivity of the LMX shales was found to be medium to high 
(443.39–2009.04 µg/g, avg. 1191.95 µg/g, n = 27) (Yan et al., 2015a). 
The Babio values of the QZS shales were lower than those of the LMX 

shales, indicating relatively low to medium productivity. 
Based on an empirical formula suitable for marine paleoproductivity 

reported by Müller and Suess (1979), the primary production values of 
the QZS shales were 89.9–299.4 (avg. 150.94 gC⋅m− 2⋅kyr− 1) and 
54.4–95 gC⋅m− 2⋅kyr− 1 (avg. 71.45 gC⋅m− 2⋅kyr− 1) in the DWS and SWS, 
respectively (Fig. 10B), which were lower than the high productivity 
values obtained for the California coast (avg. 255.2 gC⋅m− 2⋅kyr− 1), the 
Indian Ocean monsoon circulation zone (avg. 232.2 gC⋅m− 2⋅kyr− 1), the 
Northwest Arabian upwelling sea (avg. 394.2 gC⋅m− 2⋅kyr− 1) (Dunne 
et al., 2005; Schoepfer et al., 2015), and the Chile-Peru coast (avg. 
2511.9 gC⋅m− 2⋅kyr− 1) based on satellite estimates (Longhurst et al., 
1995; Shen et al., 2015). These findings also indicate that the primary 
productivity of the QZS shales is at a low to medium level. Interestingly, 
the QZS shales in the DWS had higher primary productivity (for detailed 
discussion, see Section 5.3.1). 

5.2.4. Redox conditions 
The correlation ratio of TE has been widely used to determine redox 

conditions (Algeo and Liu, 2020; Algeo and Tribovillard, 2009; Jones 
and Manning, 1994; Rimmer, 2004; Tribovillard et al., 2012). Jones and 
Manning (1994) first proposed U/Th, V/Cr, and Ni/Co standards to 
distinguish the redox environment. U/Th, V/Cr, and Ni/Co ratios of <
0.75, <2, and < 5, respectively, represent an oxic condition; ratios of 
0.75–1.25, 2–4.25, and 5–7, respectively, represent suboxic conditions; 
whereas ratios of > 1.25, >4.25, and > 7, respectively, represent sub
oxic to euxinic conditions. A high V/(V + Ni) ratio indicates anoxic 

Fig. 5. Organic carbon isotope (δ13Corg) versus the total organic carbon (TOC) content of shales in the Cambrian Qiongzhusi Formation of the deep-water shelf (A) 
and δ13Corg distribution in different shelf conditions, central Sichuan Basin (B). Data of the QZS shales in the shallow-water shelf were sourced from Gao et al. (2016), 
Shi et al. (2018), and Wei et al. (2015). 

Fig. 6. PAAS-normalized concentrations of major and trace elements of shales 
in the Cambrian Qiongzhusi Formation of the deep-water shelf and shallow- 
water shelf, central Sichuan Basin. 

Fig. 7. Mn/Fe versus (Al + Fe)/(Ca + Mg) ratios of shales in the Cambrian 
Qiongzhusi Formation of the deep-water shelf and shallow-water shelf, central 
Sichuan Basin. 
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conditions, while a low value indicates a dysoxic to oxidation redox 
environment (Lewan, 1984). Hatch and Leventhal (1992) established 
that V/(V + Ni) ratio values of < 0.46 represent an oxic environment, 
0.46–0.6 represent a dysoxic environment, 0.54–0.82 represent an 
anoxic environment, and ratios > 0.84 represent a euxinic environment 
and strongly restricted water for fine-grained sediments. 

For shale, the latest research reflects that enrichment factors (EFs) 
are more useful as indicators of a redox condition (Algeo and Liu, 2020; 
Algeo and Tribovillard, 2009; Tribovillard et al., 2012). U4+ is insoluble 

in a reducing environment, whereas Mo enrichment requires a greater 
reduction of H2S in euxinic water (Helz et al., 1996). Simultaneously, 
Mo can be scavenged by metal oxyhydroxides by accelerating the 
adsorption of molybdate, resulting in the formation of particle shuttles 
(Algeo and Tribovillard, 2009). In this mechanism, Mo initially increases 
rapidly and becomes greater than U (Fig. 11). Mo-EF and U-EF gradually 
increase in equal proportions after the EF reaches 10 and finally 
converge to the unrestricted marine boundary of euxinic water (Algeo 
and Liu, 2020; Tribovillard et al., 2012). 

Fig. 8. Al2O3 versus TiO2 (A) and K2O contents of shales in the Cambrian Qiongzhusi Formation of the deep-water shelf and shallow-water shelf, central Sichuan 
Basin. Baseline reference from Hayashi et al. (1997). 

Fig. 9. Correlation diagrams between the K2O/Al2O3 and Ga/Rb ratio (A) and the chemical index of alteration (CIA) and C-values (B) of shales in the Cambrian 
Qiongzhusi Formation of the deep-water shelf and shallow-water shelf, central Sichuan Basin. Baseline references from Nesbitt and Young (1982), Roy and Roser 
(2013), and Zhao et al. (2007). 

Fig. 10. Correlation diagrams between the Ba/Al and P/Ti ratios (A), primary production (B), and Babio distribution histogram (C) of shales in the Cambrian 
Qiongzhusi Formation of the deep-water shelf and shallow-water shelf, central Sichuan Basin. 

Q. Li et al.                                                                                                                                                                                                                                        



Journal of Asian Earth Sciences 239 (2022) 105417

10

The geological conditions in the study field, including the different 
OM sources and TE enrichment, different types and relative quantities of 
OM, and mixing degree of marine and terrigenous facies, impose re
strictions on the application of a fixed threshold (Rimmer, 2004). 
Therefore, a reasonable and reliable conclusion can be obtained by using 
multiple indicators. Kimura and Watanabe (2001) studied the PC–C 
boundary and concluded that it consists of a widespread anoxic 

environment. The U-EF and Mo-EF contents of the QZS shales in the SWS 
were found to be 5.4–19.7 and 28.8–135.4, respectively (Fig. 11), which 
are close to the ratio of 1–3 × SW. This indicates that the QZS shales 
were deposited in an anoxic–euxinic environment (Gao et al., 2021; 
Tribovillard et al., 2012; Wang et al., 2020). Moreover, the V/(V + Ni) 
ratios ranged from 0.68 to 0.86 (avg. 0.73) (Fig. 12), thus revealing that 
the QZS in the SWS formed in an anoxic–euxinic condition (Hatch and 
Leventhal, 1992; Rimmer, 2004). 

The U-EF and Mo-EF contents of the QZS shales in the DWS had a 
large span, with one sample in the range of 0.1–1 × SW (P2O5 rich, 
P1–8). The distribution of the remaining samples resembled that of the 
SWS (Fig. 11). The V/(V + Ni) ratios of the shales ranged from 0.57 to 
0.9 (avg. 0.73), and based on the threshold established by Hatch and 
Leventhal (1992), one sample (Z2–13) was classified as being in a dys
oxic environment while the rest of the samples were generally divided 
into anoxic to euxinic conditions. δ13Corg values can also be used to 
analyze the redox conditions of sedimentary water masses (Guo et al., 
2007; Lewan, 1986; Tostevin et al., 2016). The δ13Corg values of the QZS 
shales in the DWS were lower than those in the SWS, indicating that the 
conditions were more euxinic in the overall suboxic background of the 
SWS (Fig. 5B). In addition, the distribution of the V/(V + Ni) (>0.85) 
and V/Sc (>80) ratios in the DWS region was higher than that in the 
SWS shales (Fig. 12A, C), which is similar to that of the Th/U ratio 
(Fig. 12B). This finding suggests that the QZS shales in the DWS region 
formed in a more reductive environment. 

5.2.5. Terrigenous flux 
The degree of terrigenous detritus inputs may impact OM enrichment 

(Ibach, 1982). Ibach (1982) found that when the deposition rate 
remained constant, from calcareous to black shale, the organic content 
gradually increased. For each lithology, increasing the deposition rate 

Fig. 11. Covariation of uranium and molybdenum enrichment factors (U-EF 
and Mo-EF) of shales in the Cambrian Qiongzhusi Formation of the deep-water 
shelf and shallow-water shelf, central Sichuan Basin. X-EF = (X/Al)Sample/(X/ 
Al)PAAS, where (X/Al)Sample represents the contents of trace elements and (X/ 
Al)PAAS represents the data from the post-Archean Australian shale (PAAS) 
(Taylor and McLennan, 1985). 

Fig. 12. Correlation diagrams between the V/(V + Ni) and V/Cr ratios (A), Th/U (B), V/Sc (C), and TOC versus Mo contents (D) of shales in the Cambrian Qiongzhusi 
Formation of the deep-water shelf and shallow-water shelf, central Sichuan Basin. Baseline in the figures taken from Algeo and Lyons (2006), Jones and Manning 
(1994), Kimura and Watanabe (2001), and Wignall and Twitchett (1996). 
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had a twofold effect on the OM contents. First, as the deposition rate 
increases, the TOC content increases due to the reduction in near-surface 
microbial degradation. At a higher deposition rate, clastic dilution will 
reduce the OM content. Detritus input may dilute OM adsorption pro
cesses to aluminosilicates (Rimmer et al., 2004) or affect the burial rates 
and preservation integrity of OM (Canfield, 1994). Because Al is mainly 
present in clay minerals while Ti is found in clay, sand, and other par
ticles, Ti/Al ratios have been widely used in the evaluation of terrige
nous flux (Bertrand et al., 1996; Murphy et al., 2000; Rimmer et al., 
2004; Yan et al., 2015b; Xiao et al., 2021; Zhang et al., 2018). Higher Ti/ 
Al ratios indicate larger particles and higher deposition rates. 

The Ti/Al ratios of the QZS shales in the DWS and SWS exhibited 
ranges of 0.05–0.08 (avg. 0.065) and 0.05–0.07 (avg. 0.066), respec
tively (Table 2; Fig. 15F). The deposition rate of the QZS shales was 
higher than that of the LMX shales in South China (mean Ti/Al = 0.058) 
(Yan et al., 2015a). Over approximately 20 million years, the formation 
thickness of the QZS was approximately 90–700 m (from well G1 to well 
Z2), and the estimated deposition rate was approximately 0.45–3.5 cm/ 
Kyr. A higher deposition rate corresponds to higher TOC value of the 
fine-grained sediments (Hofmann et al., 2000). Furthermore, the Al 
content of the QZS shales was strongly correlated with the Ti and K 
contents (R2 = 0.9435 and 0.8836, respectively) (Fig. 8), indicating that 
the debris supply was generally homogeneous (Yan et al., 2015b). 

5.3. Unique watermass response in the deep-water shelf 

5.3.1. High primary productivity advantage 
A comprehensive analysis based on the TOC, primary production, 

and Babio values revealed that the primary productivity of the QZS shales 
in the DWS was higher (higher TOC, primary production, and Babio; 
Canfield, 1994; Pedersen and Calvert, 1990; Schoepfer et al., 2015) 
(Fig. 10). The water depth of the DWS during the Cambrian was greater 
than that of the SWS (Fig. 1C; Fig. 7). Under the same biorich zone, a 
greater depth of the water mass results in higher biomass. More biomass 
provides the basic material conditions for the formation of OM, thereby 
increasing its productivity. Moreover, strike-slip faults were widely 
developed in the Sinian–Cambrian System in the Sichuan Basin and were 
active during the Cambrian (Ma et al., 2018). Hydrothermal fluids 
migrated onto the submarine surface through these active strike-slip 
faults and were wide spread in the Yangtze Region (Zhang et al., 
2021a). Hydrothermal fluids brought mantle and crust material and 
provided essential nutrients (e.g., Fe, Mn, Cu, Zn, and Ni) (Korzhinsky 
et al., 1994), thereby supplementing the elements with reduced con
centration consumed for biological growth (such as ammonia, nitrate, 
and dissolved silicon) (Dugdale, 1972; Korzhinsky et al., 1994). At the 
same time, these fluids promoted the reproduction of organisms (Jones, 
1978) (e.g., N and Si supplementation is beneficial for the growth rate of 
marine biomass such as diatoms; Dugdale, 1972; Ryther and Dunstan, 
1971). The increased growth rate of plankton promotes the metabolic 

rate and total flux of organisms, thereby increasing productivity (Dick 
et al., 2013; Pang et al., 2022; Pašava et al., 2021; Wu et al., 2020). 
McKibben and Williams (1990) proposed that the biological produc
tivity in hydrothermal active zones would be 1–3 times higher than that 
in normal ocean conditions. Similarly, studies on the Niutitang (equiv
alent to the QZS shales) (Awan et al., 2020) and Datangpo Formation 
shales in South China (Tan et al., 2021) and the Yuertusi Formation 
shales (Zhang et al., 2020) in the Tarim Basin in Western China have 
shown that extensive transgression and hydrothermal upwelling could 
significantly increase productivity. Moreover, the main factor for OM 
enrichment in sediments (TOC > 12.54 %) of the Peruvian Basin is the 
high primary productivity resulting from upwelling (Suess and Thiede, 
2013). 

Hydrothermal activities are typically characterized by a positive Eu 
anomaly (Peter and Goodfellow, 1996). Simultaneously, a high Fe/Ti 
ratio and low Al/(Al + Fe + Mn) contents indicate the presence of hy
drothermal activities owing to the high Fe and Mn contents in the hy
drothermal fluids (Marchig et al., 1982). Generally, DWS sites are 
usually a target for the enrichment and unloading of hydrothermal up
welling (Wu et al., 2020). The local disturbance of the water mass 
caused by upwelling will promote biological activity and thus increase 
its metabolic rate (Pašava et al., 2021). We found a significantly positive 
correlation between the Eu/Eu* and TOC (R2 = 0.4288) and the pro
ductivity indicator (Babio) (R2 = 0.4071), which also confirmed that 
upwelling caused by submarine hydrothermal activities during the for
mation of the QZS shales increased the primary productivity (Fig. 13). 

5.3.2. Restricted and high salinity water conditions 
The Mo/TOC ratios reflect hydrological information of the sedi

mentary water masses. Based on the Mo and TOC values of five typical 
regions, Algeo and Lyons (2006) established criteria for the degree of 
water mass restriction, i.e., the Mo/TOC ratios of weakly, moderately, 
and strongly restricted water mass are > 35, 5–15, and < 15, respec
tively. In highly anoxic to euxinic waterbodies, the subsequent supply of 
Mo is limited, which causes Mo to be gradually undermined by sedi
ments and thus getting depleted. 

Based on data of the QZS developed in the SWS position (Gaoshi
ti–Moxi area) reported by Gao et al. (2016), it was concluded that the 
Mo/TOC values of the shales in the DWS (0.86–11.07, avg. 5.50) were 
much lower than those in the SWS (10.12–71.63, avg. 28.56) (Fig. 12D), 
reflecting strongly restricted water conditions in the DWS (Algeo and 
Lyons, 2006). More specifically, fine-grained sediments developed in the 
deep-slope region hindered the subsequent supply of Mo because of the 
deeper sedimentary water mass. Therefore, the Mo content in the DWS 
(1.72–54.3, avg. 16.54) was significantly lower than that in the SWS 
(16.8–88.1, avg. 34.85) (Fig. 12D). The degree of secondary material 
exchange in the deep stagnant waterbody was low, and the euxinic zone 
was more likely to develop in the DWS. 

Wang et al. (2019) performed TE, biomarker, and fossil analyses of 

Fig. 13. Proportions of hydrothermal activities and their impact on primary productivity under different shelf conditions, central Sichuan Basin. (A) Al/(Al + Fe +
Mn) versus Fe/Ti (Marchig et al., 1982; Tan et al., 2021). (B) Babio versus Eu/Eu*. (C) Babio versus TOC. 
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the QZS shales in the Ziyang–Weiyuan area and found that the shales 
exhibit strong reducing conditions and high salinity water characteris
tics. Based on the Sr/Ba ratios (avg. 0.41, DWS; avg. 0.14, SWS), the 
DWS had a higher salinity condition. Based on simulation experiments, 
Zhang et al. (2021b) found that the C27–C28–C29 regular sterane ternary 
diagrams still inherited the genetic characteristics of the original OM 
and could effectively indicate the OM input, even under the high 
maturity settings. The relative C27–C28–C29 content reflects the OM 
origin of the QZS shales, with plankton and bacteria being its parent 
genetic material (Adegoke et al., 2014; Huang and Meinschein, 1979) 
(Fig. 14). The OM of the deep anoxic to euxinic water layer in the QZS 
mainly stemmed from α-Proteobacteria (negative δ13Corg values), 
whereas the OM in the SWS was mainly derived from chlorophytes, 
pelagophyceae, and cyanobacteria (Wang et al., 2019). Fang et al. 
(2019) analyzed the Ediacaran–Lower Cambrian shale and found that 
algae are the main source of OM in platform facies (SWS) while 
chemoautotrophic and methanotrophic biomass are the main sources of 
OM in deep basinal water. Comprehensive analysis reveals that the 
shales in the DWS had higher paleosalinity, strongly restricted water 
mass, and higher primary productivity. 

5.4. OM enrichment process 

OM enrichment is caused by a combination of paleowater conditions, 
paleoclimate conditions, productivity supply, and preservation condi
tions (Lash and Blood, 2014; Müller and Suess, 1979; Pedersen and 
Calvert, 1990; Xiao et al., 2021). However, owing to the different con
tributions or degrees of influence of the various control factors, one or 
more factors become the main control factors of OM enrichment in a 
specific region. For example, the deposition rate needs to be considered 
only when it varies considerably from the deposition TOC content. 
Müller and Suess (1979) observed that when the deposition rate is low, 
OM enrichment is positively correlated with the deposition rate, 
whereas when the deposition rate exceeds the critical value, OM is 
diluted and diminished with an increase in the deposition rate. Simul
taneously, a stable water mass condition is conducive to OM enrichment 
and deep reducing water facilitates OM preservation (Henrichs and 
Reeburgh, 1987; Leythaeuser, 1973; Müller and Suess, 1979). Primary 
productivity is the basis of OM enrichment fluxes and often controls the 
TOC content in shale sediments, together with redox conditions 

(Hofmann et al., 2000). During the short depositional period of the QZS, 
large-scale transgression filled the carbonate platform, DWS, and SWS 
area of the Dengying Formation. A rise in sea level increases the 
development of OM, such as algae and deep-water chemoautotrophic 
and methanotrophic biomass bacteria, in the DWS. The QZS shales 
content of the central Sichuan Basin correlates best with the productivity 
proxy (Babio) (R2 = 0.447), while the correlations with other geological 
conditions are low, reflecting the characteristics of multifactorial joint 
participation and productivity domains (Fig. 15). 

Owing to the larger sedimentary capacity space, hydrothermal up
welling, and more restricted water mass conditions, the DWS had higher 
productivity than the SWS, which provided the basic conditions for the 
formation of high-quality shale in the DWS. The climate during this 
period was overall humid and the evaporation of water was limited, thus 
avoiding the formation of gypsum and ultra-high salinity waterbody. 
Fresh water may also infiltrate the ocean’s surface layer to reduce 
salinity under humid conditions, thereby enabling numerous types of 
organisms to thrive in the surface layer (Wang et al., 2020). Increased 
terrigenous input and deposition rates can carry nutrients, reduce near- 
surface microbial degradation, and enhance productivity (Hofmann 
et al., 2000; Ibach, 1982). Moreover, when further escalations occur, 
they usually result in OM dilution. Water turbulence deteriorates pres
ervation conditions and reduces productivity (Canfield, 1994; Rimmer 
et al., 2004). The deposition rate of the QZS shales in the study area is 
moderate, which is less than the threshold value (5 cm/Kyr) reported by 
Tyson (2001). Therefore, the deposition rate and terrigenous input of 
the QZS shales have a positive effect on OM enrichment, which can also 
be seen in Fig. 15F. 

Under the background of rapid deposition, many algae died and fell 
into the depositional interface. This process also led to the depletion of 
the inorganic carbon pool dissolved in water, resulting in a higher de
gree of anoxia and restriction of the water mass (Jiang et al., 2007). The 
paleosalinity also increases under the condition of anoxic and restricted 
water. Increased waterbody salinity tends to cause a decrease in bio
logical species, but it can result in a massive bloom of specific biological 
species (Warren, 2012), thereby increasing productivity and promoting 
anoxic conditions. Therefore, compared to the SWS, the DWS had a 
higher degree of water restriction, a lower degree of material exchange 
with the outside world, and a weaker subsequent material supplement. 
The role of the reduced waterbody in OM preservation cannot be 
neglected (Gao et al., 2016). However, the water mass in the study area, 
particularly at the base of the QZS shales, was under highly anoxic 
conditions. Primary productivity is the most important influential 
parameter under favorable overall preservation conditions (Fig. 16). The 
above analysis shows that there are differences in OM enrichment under 
different shelf environments and that the DWS was more favorable for 
the formation of organic-rich sediments than SWS. 

6. Conclusions 

Using a combination of mineralogy and organic and elemental 
geochemistry, the characteristics of the QZS shales in a typical 
DWS–SWS transition region were analyzed, and the main controlling 
factors for differential OM enrichment were revealed. The main findings 
and conclusions of this study are as follows: 

(1) During the large-scale transgression in the Early Cambrian stage 
and under the influence of the initial geomorphic phenomena, the DWS 
bore a greater amount of organic-rich sediments than the SWS. 

(2) Under the overall well-preserved anoxic conditions, primary 
productivity was the most important factor for OM enrichment in the 
QZS shales. 

(3) Owing to the larger sedimentary accommodation space and the 
promotion of hydrothermal upwelling, the sediments in the DWS had 
high primary productivity, which was conducive to the enrichment of 
high-quality organic-rich shales. 

Fig. 14. Ternary diagram of C27, C28, and C29 steranes of shales in the 
Cambrian Qiongzhusi Formation (QZS) showing the source of organic matter 
under different shelf conditions, central Sichuan Basin. Baseline in the figures 
reference from Adegoke et al. (2014). Data for the QZS shales in the shallow- 
water shelf (wells A1 and G1) were sourced from Wang et al. (2019). 
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fractionation in the global barium cycle: First evidence from barium minerals and 
precipitation experiments. Chem. Geol. 277 (1–2), 70–77. https://doi.org/10.1016/ 
j.chemgeo.2010.07.011. 

Awan, R.S., Liu, C.L., Gong, H.W., Dun, C., Tong, C., Chamssidini, L.G., 2020. 
Paleo–sedimentary environment in relation to enrichment of organic matter of Early 
Cambrian black rocks of Niutitang Formation from Xiangxi area China. Mar. Petrol. 
Geol. 112, 104057. https://doi.org/10.1016/j.marpetgeo.2019.104057. 

Bąk, K., 2007. Organic–rich and manganese sedimentation during the Cenomanian- 
Turonian boundary event in the Outer Carpathian basins; a new record from the 
Skole Nappe, Poland. Palaeogeogr., Palaeoclimatol., Palaeoecol. 256 (1-2), 21–46. 
https://doi.org/10.1016/j.palaeo.2007.09.001. 
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