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Abstract: Natural gas generation is the result of organic matter degradation under the effects of
biodegradation and thermal degradation. Early Cambrian black shales in the Upper Yangtze Region
are rich in organic matter and have shown great shale gas potentiality in recent years. Nevertheless,
the enrichment mechanism and distribution of organic matter in these black shales between different
sedimentary settings, such as intra-platform basin, slope, and deep basin, are still poorly understood.
In this paper, based mainly on elemental geochemistry, a comprehensive study of the marine redox
conditions, primary productivity, sedimentation rate, terrigenous input, hydrothermal activity, and
water mass restrictions was conducted on the Early Cambrian Niutitang black shale in the Upper
Yangtze Region. Our data showed that an intra-platform basin received a higher terrigenous input
and that it deposited under more restricted conditions than the slope and deep basin settings. The
primary productivity in the slope and deep basin settings was higher than that in the intra-platform
basin setting. In the intra-platform basin, the productivity increased from its inner part to its margin.
For the slope and deep basin settings, the high paleoproductivity generated large amounts of organic
matter and its preservation was synergistically affected by the redox conditions. In contrast to the
slope and deep basin, the preservation of organic matter in the inner part of the intra-platform basin
was mainly controlled by redox conditions because the paleoproductivity in it was much lower than
in the slope and deep basin settings. The intra-platform basin margin was the most favorable area for
accumulating organic matter.

Keywords: Early Cambrian; paleoenvironment; black shale; shale gas; Southern China

1. Introduction

The development of black shales mostly occurs during particular periods of geological
history, and they not only record the changes in the paleoenvironment, paleoclimate,
and paleontology, but also contain large quantities of metal-rich minerals and oil and
gas resources [1-4]. The Early Cambrian Niutitang black shale in the Guizhou Province
and northwest Hubei Province is an iconic deposit dating from the Neoproterozoic to
the Early Paleozoic Era in Southern China [5,6]. This black shale, which is rich in shale
gas resources, contains 3.55 x 10'> m? shale gas in the Upper Yangtze Region alone [7].
Shale gas production in China reached 228 x 108 m?® per annum in 2021, but this shale
gas was mainly extracted from the Late Ordovician Wufeng and Early Silurian Longmaxi
formations in the Sichuan Basin [4,8]. In contrast, the development of shale gas from the

Energies 2022, 15, 4551. https:/ /doi.org/10.3390/en15134551

https:/ /www.mdpi.com/journal/energies


https://doi.org/10.3390/en15134551
https://doi.org/10.3390/en15134551
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://doi.org/10.3390/en15134551
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15134551?type=check_update&version=2

Energies 2022, 15, 4551

2 of 21

Early Cambrian Niutitang black shale has been very limited, even though abundant gas is
preserved in it.

The abundance, type, and maturity of organic matter are three key parameters de-
terming gas potentiality in shales [9,10]. Organic matter accumulation is the first require-
ment for generating and preserving shale gas, and accurately identifying the organic matter
accumulation mechanism is helpful for shale gas development. Previous studies have
focused on the depositional environment, lithofacies, mineral composition and genesis,
and pore structure of the Early Cambrian Niutitang black shale. These studies concluded
that this black shale is rich in organic matter, dominated by quartz and clay minerals, and
strongly heterogeneous [7,11-18]. However, the mechanism of organic matter accumula-
tion in this black shale has been debated for many years because it is a very complicated
biogeochemical process [19-21].

Currently, it is widely acknowledged that organic matter accumulation and preser-
vation in sedimentary strata are determined by a combination of primary productivity,
paleoredox conditions, and sedimentation rate in sedimentary basins [21-24]. Primary pro-
ductivity determines the input quantity of the organic matter, while the preservation of this
organic matter is controlled by the paleoredox conditions and sedimentation rate [22,25].
A high sedimentation rate not only promotes organic matter preservation by reducing its
exposure time under oxic conditions, but also dilutes the organic matter [23]. Moreover,
other factors such as hydrothermal activity, upwelling, river input, continental weathering,
and water mass restrictions also influence organic matter accumulation [6,21,26]. Owing to
the combination of the abovementioned influences, it is difficult to accurately explain the
organic matter accumulation mechanisms of black shale.

Taking the Early Cambrian Niutitang black shale as an example, some researchers
have reported that an anoxic paleoenvironment is the most significant factor affecting
organic matter accumulation [27,28], while other researchers argue that a high productivity
is the most important factor [14,29]. Still, others have concluded that the organic matter
preserved in this black shale was accumulated by a combination of ideal preservation con-
ditions and a high productivity [30,31]. It is worth noting that during the deposition of the
Early Cambrian Niutitang black shale, the Upper Yangtze Region mainly included the intra-
platform basin, slope, and deep basin settings [32], and the redox conditions, hydrothermal
activity, and amount of terrigenous flux in these settings were different [6,26,33,34]. More-
over, Zhu et al. (2019) [7] reported that the total organic carbon (TOC) content of the Early
Cambrian Niutitang black shale decreases from the intra-platform basin margin, through
the slope and inner intra-platform basin, to the deep basin and shore settings in the Upper
Yangtze Region (Figure 1). Thus, the organic matter accumulation mechanism may be com-
pletely different for the various settings. Previous studies have discussed the distribution
of the organic matter content in the Early Cambrian Niutitang black shale [14,26,35-37],
while the differences in organic matter accumulation and its mechanism among the contem-
poraneous sediments of the different sedimentary settings (such as intra-platform basin,
slope, and deep basin) are still unclear.

The primary goals of this study were to determine the characteristics of the paleoredox
conditions, paleoproductivity, paleoclimate, hydrothermal activity, terrigenous flux, and
water mass restrictions of the different settings (intra-platform basin, through slope, to deep
basin) and to compare the organic matter accumulation mechanisms among these settings
during the sedimentation of the Early Cambrian Niutitang black shale. Geochemical
proxies such as U/ Th, V/(V + Ni), V/Cr, Ni/Co, biogenic Ba (Bay,,) and Si (Sip;,), and 6Ce
were used to reconstruct the paleoenvironment. Then, organic geochemical methods were
combined with these geochemical proxies to investigate the organic matter accumulation
mechanism. The results of this study improve our understanding of the distribution of
the organic matter in the Early Cambrian Niutitang black shale and provide important
information for predicting favorable areas for shale gas production.
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Figure 1. (A) Paleoenvironment reconstruction of the Yangtze Block during the Ediacaran-Cambrian
transition stage illustrating the geological setting of the study area (modified from [32,38]). The red
stars are the sample locations. 1—Yankong section, 2—Songlin section, 3—Yonghe section, 4—well
ZK102, and 5—well ZK205. (B) Sketch showing the sedimentary environment and the relative TOC
contents of the Lower Cambrian black shale, Guizhou Province (modified from [39], and the TOC
data are from [7]). Zody—the Ediacaran Dengying Formation, Zyl—the Ediacaran Laobao Formation,
€1n—the Cambrian Niutitang Formation, and €1zl—the Cambrian Zhalagou Formation.

2. Geological Setting

The South China Continent and the Jiangnan orogeny gradually developed around
880-860 Ma as a result of the collision between the Yangtze Block and Cathaysia Block [40,41].
This coupled South China Continent was then subjected to intense rifting during 850-820 Ma,
resulting in its gradual separation into the Yangtze Block and Cathaysia Block once again;
the Nanhua Basin was developed between these two blocks [41,42]. In the Ediacaran,
especially during the Ediacaran-Cambrian transition stage, the Yangtze Block was subjected
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to intense extension and block tilting, resulting in the development of a carbonate platform
on the paleohigh surrounded by a large-scale open siliceous basin (Figure 1A) [14,32,43].

The Yangtze Block developed sedimentary setting belts, generally including an intra-
platform basin, slope, and deep basin, from northwest to southeast during the Ediacaran—
Cambrian transition stage [32]. Interestingly, the Early Cambrian black shale has completely
different stratigraphic contact relationships in the intra-platform basin compared to the
slope and deep basin [6,18]. In the intra-platform basin setting, the Early Cambrian black
shale of the Niutitang Formation unconformably overlies the dolostone of the Ediacaran
Dengying Formation (Figures 1B and 2). However, this black shale conformably overlies the
chert of the Ediacaran Laobao Formation (Figures 1B and 2)-a contemporaneous sediment
of the Dengying dolostone—in the slope and deep basin settings [18,44,45]. Thus, this black
shale is considered to be the key layer representing the transition from the Ediacaran to the
Cambrian in the Yangtze Block and the change in the environment and climate [6,11,26,46],
and it is one of the most significant shale gas reservoirs in China [4,7].
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Figure 2. Contact relationship between the Ediacaran and Cambrian strata, and the stratigraphic
columns and TOC contents of the Early Cambrian black shale. The ages are cited from [47-49].

3. Materials and Methods
3.1. Sample Collection and Preparation

A total of 110 fresh black shale samples were collected from three sections and two
wells for the geochemical analyses conducted in this study (Figure 1A), and all the sam-
ples were sealed in plastic bags to ensure as little contamination as possible. Among
them, 15 samples were from the Yankong section in northwestern Guizhou Province;
18 samples were from the Songlin section in northern Guizhou Province; 14 samples were
from the Yonghe section in southern Guizhou Province; and 37 and 26 samples were from
well ZK102 in northeastern Guizhou Province and well ZK205 in southeastern Guizhou
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Province, respectively. All the potentially weathered surfaces, visible pyrite grains, and
post-depositional veins were removed from each sample. Then, the samples were cut
into small pieces. Approximately 100 g of the freshest pieces was crushed to powder
(<200 mesh) using a tungsten carbide crusher.

3.2. Analytical Methods

The TOC content and element concentrations (including major, trace, and rare earth
elements) of all sample powders were measured after they were acidified using 5% HCl to
remove the carbonates, and neutralized to a pH of 7.0 by adding deionized water. The mea-
surement of TOC content was conducted at the Central Laboratory of Geological Sciences,
China National Petroleum Corporation (CNPC) Petroleum Exploration and Development
Institute, using a LECO CS-230 sulfur-carbon analyzer.

The analysis of the element concentrations was conducted at the Institute of High
Energy Physics, Chinese Academy of Science, following four Chinese National Standards
(GBW07103, GBW07104, GBW(7107, and GBW07108). Prior to the major element analysis,
about 200 g of sample powder was dried at 100 °C to remove any moisture. A LipB4O7-
LiBO;-LiF mixture (about 6 g), ammonium nitrate (0.4 g), and 1 mg of sample powder were
accurately weighted into a crucible, and the crucible was then slightly shaken to ensure
that the solid particles within it were completely mixed. About 0.25 mL of lithium bromide
solution was added to the mixture. Subsequently, the mixture in the crucible was fused at
1080 °C for 10 min to generate a glass bead, and the generated glass bead was measured
with an X-ray fluorescence spectrometer.

For the trace and rare earth element content analyses, about 300 mg of sample powder
was ashed at 850 °C for 8 h to remove any volatiles before the analysis. A mixture of
HE, HNOj3, and HCI was used to dissolve each ashed sample (about 50 mg). After this
digestion, the solution was diluted using 2% nitric acid and then measured using an
inductively coupled plasma mass spectrometer. The procedures for the element analyses
have also been described by Li et al. (2010, 2020) [11,12]. The results of the trace and rare
earth element analyses have also been presented in our previous publications [15,18].

4. Results
4.1. Total Organic Carbon Content

The TOC contents of the shale samples are shown in Figure 2, and they vary from
0.29% to 28% with an average of 4.93%. Among the sampling profiles, the TOC contents
decrease from the Yonghe section, through the Songlin section and well ZK102, to the
Yankong section and well ZK205. In the Yonghe section, the average TOC content is as high
as 7.19%. In the Songlin section and well ZK102, the TOC contents are 2.93-10.2% (5.78%
on average) and 1.19-28% (6.4% on average), respectively. In the Yankong section and well
ZK205, the TOC contents are as low as 1.66-4% (2.79% on average) and 0.29-4.7% (2.25%
on average), respectively (Figure 2).

4.2. Major Elements

The experimental results of the major elements are presented in the Supplementary
Materials. In general, SiO, and Al,O3 are the major components of the shale samples from
the Yankong section (average SiO, and Al,O3 contents of 57.65% and 15.5%, respectively),
Songlin section (average content of SiO, is 65.9% and Al;O3 is 12.92%), Yonghe section
(average SiO, and Al,O3 contents of 72% and 8.93%, respectively), and well ZK102 (average
5i0; and Al,O3 contents of 52.7% and 11.13%, respectively), while the shale samples from
well ZK205 have much lower Al,O3 contents (0.21-8.17%, 3.75% on average).

4.3. Trace Elements

The trace element data are presented in the supplementary materials. The total trace
element concentrations (40 trace elements) of the shale samples range from 1058.27 to
46,941.16 ppm. Among the sampling profiles, the Yonghe section has the highest trace
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element concentrations, with an average concentration of 8557.21 ppm. In addition, the
shale samples from the intra-platform basin setting (average concentrations of 3223.94 and
4809.08 ppm for the Yankong section and the Songlin section, respectively) have much lower
trace element concentrations than the samples from the slope and deep basin settings (aver-
age concentrations of 7459.64 and 7982.13 ppm for wells ZK102 and ZK205, respectively).

The enrichment factor is a good indicator for elemental enrichment or depletion and
the enrichment factors of trace elements were calculated using the following

Xef = (X/Sc)sample/(X/SC)UCC

where X is the target trace element (such as Ni, Ba, Mo, U, and V), and UCC is the average
composition of the upper continental crust [50]. The calculated results show that (1) the
shale samples in this study are rich in Ni, Mo, Re, U, V, Cr, Cu, Zn, Ga, Cd, In, Sb, and Ba
in contrast to the upper continental crust (Figure 3); and (2) the shale samples indicating
the intra-platform basin setting have higher enrichment factors than the shale samples
correlated to the slope and deep basin settings (Figure 3).

50007

SL BYII ZK102 B 7K205

5007

504

Enrichment factor

.05 F—T—F———— T — T — T T T T T T T
Li Be V Cr Co Ni CuZn Ga Rb Sr Y Mo Cd In Sb Cs Ba La Ce Pr Nd Sm Eu Gd Tb Dy o Er Tm Yb Lu W Re Tl Pb Bi Th U
Trace elements

Figure 3. The average enrichment factors of trace elements in the Early Cambrian black shale.

4.4. Rare Earth Elements (REEs)

The rare earth element (REE) concentrations are presented in the supplementary mate-
rials and the REEs pattern of NASC was used to normalize the REEs data in this study [51].
Figure 4 shows the REE distribution patterns, total REE (}_REE) contents, and the ratios of
light REEs and heavy REEs (LREE/HREE) of the shale samples in this study. The } _REE
values of the shale samples vary from 2.46 to 230.02 ppm (47.17 ppm on average), and the
LREE/HREE ratios are 1.87-48.87, with an average of 12.15, indicating light REE enrich-
ment. The Yankong section has the highest average ) REE value of 85.48 ppm. The average
Y_REE values of samples from wells ZK102 and ZK205 (50.37 and 43.47 ppm, respectively)
are much lower than in the Yankong section, but they are significantly higher than in the
Songlin and Yonghe sections (28.68 and 28.31 ppm, respectively). The LREE/HREE ratios
decrease from the intra-platform basin to the slope and deep basin. The Yankong and
Songlin sections of the intra-platform basin setting have ratios of 25.07 and 23.47, respec-
tively. In contrast, the ratios of wells ZK102 (slope setting) and ZK205 (deep basin setting)
are as low as 7.07 and 5.71, respectively. The Yonghe section is located in the transition
zone between the intra-platform basin and slope (Figures 1 and 2), and it has a medium
ratio (9.15) among the sampling profiles studied (Figure 4).
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Figure 4. Rare earth element (REE) distribution patterns for the Early Cambrian black shale, and
REE contents and light REE to heavy REE (LREE/HREE) ratios. (A) ZK205 well, (B) ZK102 well,
(C) Yankong section, (D) Songlin section, (E) Yonghe section, (F) REE contents and light REE to
heavy REE (LREE/HREE) ratios (1—Yankong section, 2—Songlin section, 3—Yonghe section, 4—well
ZK102, and 5—well ZK205. Box-plot: asterisks are the maximum and minimum values, hollow
square is average value).

5. Discussion
5.1. Hydrothermal Influences

Hydrothermal fluids carry many ore-forming elements (such as Mn, Ba, Cu, Pb, Fe,
and Zn), and these elements can be transported and precipitated in response to changes in
the physical and chemical conditions [52,53]. As a result, the contents of these elements
in the sediments will be abnormally and radially distributed around the center of the
hydrothermal fluid input channel. Thus, anomalous abundances of these elements are one
of the most important geochemical characteristics of hydrothermal sediments and can be
used to distinguish between hydrothermal sediments and normal sediments [26,54-56]. In
contrast to normal sediments, hydrothermal sediments are generally enriched in elements
such as Si, Mn, P, Pb, Zn, Cu, Ba, Fe, Sr, and U, while they are depleted in elements
such as Al, Ti, Mg, Cr, Th, Zr, and Rb. As shown in Figure 5, the contents of the major
element set Si+Fe+Mn+P and trace element set Cu+Pb+Zn+Ba+Sr+U in the shale samples
are generally higher than those in the crust, while the contents of the major element set
Al+Ti+Mg and trace element set Cr+Th+Rb are lower than those in the crust, indicating
that the sedimentation of this shale was related to a hydrothermal event. In particular, in
the slope and deep basin regions, the thick chert beds at the top of the Ediacaran strata
(Figures 1B and 2) indicate that the hydrothermal activities mainly occurred in these regions
during the Ediacaran—-Cambrian transition stage. Wei et al. (2018) [57] suggested that the
mounded cherts in the Yangtze Block were deposited in a syngenetic fault zone on the
margin of the basin, and they are the results of strong submarine hydrothermal activities.
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In this study, bedded cherts were observed in the slope (Laobao Formation, well ZK102)
and deep basin (Laobao Formation and the bottom of the Niutitang Formation, well ZK205)
regions, but no mounded chert was observed in these regions, indicating that hydrothermal
activities occurred in the slope and deep basin regions during the Ediacaran—-Cambrian
transition stage, and the wells (ZK102 and ZK205) are not located in the central area of the
hydrothermal activities.
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Figure 5. Relationships between different (A) major element sets and (B) trace element sets for the
Early Cambrian black shale.

Sediments affected by hydrothermal activities are characterized by (1) relatively low
REE abundances, (2) pronounced enrichment of HREEs relative to LREEs, and (3) positive
Eu anomalies [51,53,58]. The REE distribution patterns and the ranges of the REE abun-
dances and LREE/HREE ratios of the shale samples are shown in Figure 4. The samples
from the two wells (wells ZK102 and ZK205) and the Yonghe section have relatively low
REE abundances and ) LREE/Y HREE ratios, and large positive Eu anomalies, confirming
the effects of hydrothermal activities on the Early Cambrian Niutitang black shale from the
intra-platform basin margin, through the slope, to the deep basin. It should be noted that
the samples from the Songlin section (intra-platform basin setting; Figures 1 and 2) also
have relatively low REE abundances and positive Eu anomalies. However, these samples
have high proportions of LREEs and Cr+Th+Rb concentrations (Figure 5B), suggesting that
their positive Eu anomalies and low REE abundances did not originate from hydrothermal
activities. The samples from the intra-platform basin setting may have been significantly
affected by the terrigenous flux.

5.2. Paleoclimate and Terrigenous Flux

In general, a warm and humid tropical climate triggers stronger chemical weathering
than a cold and dry climate. The chemical index of alteration (CIA) is one of the most
effective proxies evaluating the intensity of chemical weathering, which is expressed
as follows:

CIA = molar[Al,O3/(Al,O3 4+ CaO * +NayO + K,0)] x 100,

where CaO* represents the CaO in the silicate minerals only [59,60], which has been cor-
rected using the P,Os5 data (CaO* = mole (CaO-P,05) x 10/3). If the remaining molar
amount of CaO is less than that of Na,O, CaO* should be used as the CaO value; oth-
erwise, the CaO* should be equivalent to the NayO value [61]. It should be noted that
K-metasomatism of shales has a large effect on the CIA value; thus, it is necessary to make
corrections using the Al,O3 — (CaO* + NapO) — K70 (A-CN-K) ternary diagram [62].
The shale samples from the intra-platform basin (including the Yankong, Songlin, and
Yonghe sections; Figures 1 and 2) generally exhibit moderate-high CIA values (Yankong
section: 73.1 £ 2.7; Songlin section: 75.0 £ 2.7; and Yonghe section: 78.7 & 7.0; Figure 6),
suggesting that their source rocks underwent intense weathering under a warm and humid
climate condition. In contrast, the slope (ZK102 well) to deep basin (ZK205 well) setting
samples have low—-moderate CIA values of 69.2 + 7.1 in well ZK102 and 69.7 £ 8.4 in
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well ZK205 (Figure 6). These values are indicative of weak chemical weathering in the
source area, likely under a cooler and drier condition [6,12]. This spatiotemporal chemical
weathering intensity pattern implies that the influx of terrigenous sediments to the intra-
platform basin may have been different from that to the slope and deep basin settings.
Combining results from this study and previous research, we suggest that the influx to the
intra-platform basin was mainly from the Yangtze Block, while that to the slope and deep
basin region was partly from the Cathaysia Block [12,16,63].
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Figure 6. A-CN-K ternary diagram showing the diagenetic K-metasomatism of the Early Cambrian
black shales. The associated range of the CIA values is also indicated. A—Al,O3; CN—CaO* + NayO;
K—K;,0O; CIA—chemical index of alteration; Ka - kaolinite; Chl—chlorite; Gi—gibbsite; Sm—smectite;
II—illite; Mu—muscovite; Pl—plagioclase; and K-fs—K-feldspar.

Elements such as Al, Ti, Th, and Zr are mainly from continental rocks and are not
significantly affected by diagenesis and weathering; thus, they are considered to be in-
dicators of the terrigenous flux [64]. Aluminum (Al) generally exists as aluminosilicate
clay minerals, while Ti, Th, and Zr are usually contained in clays and heavy minerals [65].
Therefore, the Ti/Al, Th/Al, and Zr/ Al ratios can indicate the input of coarse terrigenous
clasts. In this study, Al, Ti, and Th were used as indicators of the terrigenous flux of the
Early Cambrian Niutitang black shale, and the results are shown in Figure 7. The Yankong,
Songlin, and Yonghe sections, along with well ZK102, exhibit high Al and Ti concentrations,
especially in the Yankong (average concentrations of Al = 15.50%; Ti = 0.71%) and Songlin
(Al =12.92%; Ti = 0.68%) sections, which are much higher than those of the samples from
well ZK205 (Al = 3.75%; Ti = 0.25%). The changes in these contents indicate that the ter-
rigenous input to the deep basin was much lower than that to the intra-platform basin. It
should be noted that Al, Ti, and Th have significant negative correlations with the TOC
content for the intra-platform basin (Figure 7), suggesting that the terrigenous input had a
dilution effect on the organic matter enrichment of the shale.

5.3. Sedimentation Rate

Rare earth elements (REEs) are transported into the ocean with suspended particles
and detrital minerals, and the residence time of these particles and minerals in the sea water
determines the degree of differentiation of the REEs [66]. Generally, a fast sedimentation
rate corresponds to a moderate Layn /Yby ratio and a low Nd concentration, while a slow
sedimentation rate results in differentiation between La and Yb and the enrichment of
Nd [66-69]. As shown in Figure 8, wells ZK102 and ZK205 have lower Lay /Yby ratios and
approximately equal Nd concentrations compared to the Yankong and Songlin sections,
indicating that the sedimentation rate in the slope and deep basin settings was slightly
faster than that in the intra-platform basin during the Ediacaran—-Cambrian transition
stage. This result conflicts with the general belief that the intra-platform basin has a faster
sedimentation rate than the slope and deep basin settings. Thus, we speculate that the
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higher Yb concentration in shale samples from wells ZK102 and ZK205 is the result of
hydrothermal activities and upwelling events.
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Figure 7. Plots of TOC versus (A) Al, (B) Ti, and (C) Th, and (D) plot of Ti/Al versus Th/Al
CCl—correlation coefficient of each element concentration and TOC content of all the black shales
(including Yankong, Songlin, and Yonghe sections and wells ZK102 and ZK205); CC2—correlation
coefficient of each element concentration and TOC content of black shales from the intra-platform
basin (including Yankong, Songlin, and Yonghe sections).

5.4. Paleoproductivity

Various geochemical proxies have been effectively used to reconstruct paleoproductiv-
ity, such as the TOC content, biogenic barium (Bay;,) and silica (Sip;o), phosphate, nutrient
elements (Ni, Cu, and Zn), N and C isotopes, and biomarkers [64,70-73]. Because only a
small part of the organic matter can be preserved during the stages of its passage through
the water column and diagenesis, the measured TOC content of the shale is controlled by a
combination of paleoproductivity, paleoredox conditions, and dilution. Some biomarkers
are inaccurate when applied to over-mature shale [74]. Given the uncertainties involved
in estimating the paleoproductivity based on the TOC content and biomarkers, other geo-
chemical indicators, including Bay,, Sipio, Ni+Cu+Zn, and phosphate, were used in this
study (Figure 9).
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Figure 8. Plot of Lan/Yby versus Nd showing the sedimentation rate of the Early Cambrian
black shale.
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Figure 9. Stratigraphic variations in the paleoproductivity and paleoredox proxies for the (A) Yankong
section, (B) Songlin section, (C) Yonghe section, (D) well ZK102, and (E) well ZK205. The unit for
V+Mo+U, Ni+Cu+Zn, and Bay;, is ppm, the unit for Siy;, and P is %, and U/Th, V/(V + Ni), V/Cr,
Ni/Co, and dCe are dimensionless.

In a shale sample, the fraction of the Bay,, is in excess relative to normal terrigenous
material, and it can be calculated using the following formula [75]:

Babio = Batotal_ [Altotal X (Ba/ Al)

terrigenous} ’

where Bayy, is the total amount of barium in the sample, ppm; Al is the total amount of
aluminum in the sample; and (Ba/ Al)terrigenous is the average Ba/ Al ratio of the upper crust.
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The Bay,, value appears to originate from the decayed organic matter. This organic matter
was produced by the surface productivity. In the ideal case, for shale, a high Bay;, content
indicates a high paleoproductivity [75]. However, barium is an unstable element under
anoxic to euxinic conditions, which can be recycled into the overlying water column under
the effects of sulfate reducing bacteria (such as bacterial sulfate reduction, BSR). Among
the shale samples in this study, the Bay,, contents of the intra-platform basin range from
11.05 to 5508.97 ppm, with an average of 1141.38 ppm, while those of the slope and deep
basin range from 263.9 to 44,655.79 ppm, with an average of 4769.18 ppm (Figure 9). These
results imply that (1) the slope and deep basin had a much higher primary productivity
than the intra-platform basin during the Ediacaran—-Cambrian transition stage in the study
area, or (2) during this stage, the intra-platform basin was in anoxic condition.

Previous studies have shown that the silica content is positively correlated with the
TOC content for the Early Cambrian Niutitang black shale, indicating the existence of
Sipio in this shale [17,76,77]. The fraction of the Siy;, content in the shale samples can be
estimated as follows [78]:

Sibio = Sitotal - [Altotal X (Sl/ Al) terrigenous]/

where Siy, is the total amount of silica in the sample, ppm; Aly, is the total amount of
aluminum in the sample; and (Si/ Al)terrigenous is the average Si/ Al ratio of the upper crust.

The Siy;, contents of the shale samples analyzed in this study range from 0.17% to
94.44% (Figure 9). It should be noted that the samples of the slope and deep basin regions
have much higher Siy;, contents (average of 27.52%) than those of the intra-platform basin
(average of 18.08%), which indicates that the slope and deep basin environments had a
higher productivity than the intra-platform basin. This conclusion is further verified by the
Ni+Cu+Zn contents. As shown in Figure 9A-C, the Ni+Cu+Zn concentrations of the shale
samples from the intra-platform basin region (85.11-881.34 ppm, average of 324.84 ppm)
are lower than those from the slope and deep basin regions (36.97-4415.29 ppm, average of
415.55 ppm) (Figure 9D,E).

Phosphorous (P) is one of the essential nutrient elements for the growth of marine
organisms on both short and long timescales, and its concentration in sediments has
been used as an indicator of paleoproductivity [79,80]. In the studied shale samples, the
P contents are 0.015-0.77% (Figures 9 and 10), which are higher than the content in the
crust (700 ppm). These results suggest that the Upper Yangtze Region was a productive
and dynamic region during the deposition stage of the Early Cambrian Niutitang black
shale. As shown in Figure 10, there is a moderate correlation between P and TOC (R? = 0.32,
n = 109), and this phenomenon probably indicates that during the deposition of this black
shale, the primary productivity was high, which controlled the organic matter production.
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Figure 10. Plot of TOC versus P. The blue and red dotted lines indicate the average P contents of the
different materials. NASC—North American Shale Composite; AAS—Average Archean Shale.



Energies 2022, 15, 4551

13 of 21

5.5. Paleoredox Conditions

The preservation of organic matter is mainly controlled by the redox conditions.
In general, anoxic and euxinic conditions are beneficial for the preservation of organic
matter [81-83]. The redox conditions during sedimentation can be indicated by single
redox-sensitive elements (such as V, Mo, Ni, Re, U, Ce, and Eu) and the ratios of two
different elements (mainly including U/Th, U/Mo, Re/Mo, V/(V + Ni), V/Cr, V/Sc, and
Ni/Co). However, no single proxy can conclusively indicate the redox conditions because
the distribution of these elements is affected by various factors [64,78,84,85]. In this study,
indicators including U/Th, V/(V + Ni), V/Cr, and Ni/Co ratios and the V+Mo+U and JCe
values, were adopted to analyze the paleo-sedimentary conditions of the Early Cambrian
Niutitang black shale. The §Ce value can be calculated using the following formula:

0Ce =3 x Cesample/ (2 x Lasample + Ndsample)

where Cegample, Lasample, and Ndsample are the Ce, La, and Nd concentrations, respectively,
of the shale samples [86].

Uranium (U) and V are redox-sensitive elements, and they are generally enriched
under anoxic and euxinic conditions [64]. Cr and Th, unlike U and V, are not redox-sensitive
elements and remain insoluble in the marine environment [78]. Therefore, the U/Th and
V/Cr ratios can indicate oceanic redox conditions. Generally, U/Th > 1.25 represents
anoxic conditions, and ratios as low as 0.75 represent strongly oxidizing conditions [87].
For V/Cr, >4.25 indicates anoxic conditions, 4.25-2 indicates suboxic conditions, and <2
indicates oxic conditions [81]. The V/(V + Ni) and Ni/Co ratios can also indicate redox
conditions. It is widely accepted that both V/(V + Ni) and Ni/Co increase from oxic
[V/(V + Ni) < 0.45; Ni/Co < 5], through suboxic [0.45 < V/(V + Ni) < 0.6; 5 < Ni/Co < 7],
to anoxic [0.6 < V/(V + Ni); 7 < Ni/Co] conditions [64,78,81,88,89]. In addition, 6Ce > —0.1
and <—0.1 indicate anoxic and oxic conditions, respectively [90]. Since V, Mo, and U are all
enriched in sediments deposited under anoxic to euxinic conditions but are dissolved and
transported by oceanic water under oxic conditions, the V+Mo+U content can be used to
effectively evaluate the evolution of the paleoredox conditions.

As shown in Figure 9, the U/Th ratios of the shale samples from the intra-platform
basin vary from 0.88 to 209.03 (Figure 9A-C), with an average of 17.54. In contrast, the
shale samples from the slope and deep basin regions have slightly lower U/Th ratios of
0.35-129.85 (Figure 9D,E) (excluding an abnormal value of 509.24 from well ZK205), with
an average of 8.59. These results imply that (1) the studied area was dominated by suboxic
to anoxic environments and there may have been short oxygenation events in the slope
region, and (2) the intra-platform basin experienced a much stronger reducibility than
the slope during the sedimentation of the Early Cambrian Niutitag black shale. These
two deductions are also supported by the V/(V + Ni) ratios. The V/(V + Ni) ratios of the
intra-platform basin shale samples are 0.756-0.994 (average of 0.906), indicating anoxic or
even euxinic conditions of sedimentation, while those of the slope and deep basin shale
samples range from 0.483 to 0.973, with an average of 0.803, indicating deposition under
suboxic to anoxic conditions. This is consistent with the conclusions of our recent work,
which is based on the concentrations and enrichment factors of U, Mo, Ni, and V [18].

The Early Cambrian Niutitang black shale samples have Ce values of 0.19-1.78,
which are much higher than —0.1, supporting the conclusion that this shale was deposited
under anoxic conditions. However, the other indicators, including V/Cr (1.54-22.24 for
intra-platform basin region, and 0.13-25.22 for the slope and deep basin regions) and
Ni/Co (3.65-62.98 for the intra-platform basin, and 1.65-40.63 for slope and deep basin
regions), indicate that the sedimentary environment of this shale fluctuated between
oxic, suboxic, and anoxic (or even euxinic) (Figure 9). Previous studies constructed a
stratified and fluctuating model for the oceanic water mass on the Yangtze Block during the
Ediacaran—Cambrian transition stage, arguing that several oxygenation events occurred in
the background of a generally anoxic environment [11,13,34].
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Taking into account the numerous indicators used in this study, including U/Th,
V/(V +Ni), V/Cr, Ni/Co, V+Mo+U, and 6Ce, we suggest that the Early Cambrian black
shale in the Upper Yangtze Region was deposited under primarily anoxic conditions, with
several short oxygenation events. In contrast to the slope setting, the water environment
in the intra-platform basin setting was more anoxic. The reasons for this may include (1)
that hydrothermal activities and upwelling events improved the oxygen concentration
of the water in the slopesetting, and (2) the intra-platform basin was relatively restricted
during the sedimentation of the Early Cambrian Niutitang black shale. In addition, the
typomorphic characteristics of the pyrite are significantly different in the intra-platform
basin and slope to deep basin regions. The pyrite is mainly framboids in the intra-platform
basin, but there is a large amount of colloidal pyrite in the slope to deep basin (Figure 11),
implying a euxinic condition in the intra-platform basin [91,92].
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Figure 11. SEM images of the Early Cambrian black shale. (A,B) Samples from well ZK102; (C,D) sam-
ple from the Songlin section; (E-H) distributions of C, S, Fe, and Si corresponding to subgraph A;
(I-L) distributions of C, P, Al, and Si corresponding to subgraph D; (M-P) energy spectra of subgraphs
(A-D), respectively.
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5.6. Water Mass Restriction

The degree of water mass restriction affects the sedimentary environment and the
geochemical cycle, and it is a significant feature of marine systems [85]. The trace ele-
ments U and Mo can be combined to evaluate water mass restriction because (1) both of
these elements have long retention times in seawater, and thus exhibit global seawater
concentrations; (2) both of these elements exist in high valence states (U*® and Mo*%) under
oxic conditions and are enriched in sediments in low valence state forms (U™ and Mo*4)
under anoxic conditions; (3) the sediments absorb U earlier than Mo in unrestricted water
masses; and (4) the absorption rate of Mo by sediments is faster than that of U in weakly
and strongly restricted water masses [93-95]. Thus, a plot of Uy versus Mogs can be used
to evaluate the degree of water mass restriction. In addition, the supply of Mo to the
basin decreases with increasing water mass restriction, resulting in low Mo/TOC ratios
in a strongly restricted basin [96]. In this study, the U,-Mogs and Mo-TOC diagrams were
combined to evaluate the degree of water mass restriction during the deposition of the
Early Cambrian black shale in the Upper Yangtze Region.

As shown in Figure 12A, the Mo/TOC ratios of the shale samples from the intra-
platform basin range from 0.37 x 1074 t0 29.74 x 10~%, while the ratios of the slope and
deep basin shale samples vary from 0.19 x 10~% to 94 x 104, suggesting that (1) the intra-
platform basin was more restricted than the deep basin, and (2) the water mass restriction
of the slope and deep basin regions changed more frequently than that of the intra-platform
basin during the deposition of the Early Cambrian Niutitang black shale.
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Figure 12. Plots of TOC versus Mo (modified from [94]).

5.7. Controls on Organic Matter Accumulation

The Yangtze Block experienced intense extension and block tilting, leading to the
development of an intra-platform basin on the paleohigh surrounded by a large-scale open
siliceous deep basin. As a result, during the terminal Ediacaran—earliest Cambrian stage
of the Yangtze Block, the intra-platform basin, slope, and deep basin sedimentary setting
belts were distributed from northwest to southeast (Figure 1) [14,32,47]. During this stage,
upwelling events brought a large amount of nutrients to the shallow water regions, resulting
in the phytoplankton in the shallow water flourishing [14,26]. In addition, organisms such
as worms, sponges, and bacteria exploded around the hydrothermal centers (especially
the large faults in the slope region) [26,53]. As a result, the intra-platform basin margins
and slope had significantly higher primary productivities than the inner intra-platform
basin (Figure 9).

Based on their profiles, the Yonghe section and ZK102 and ZK205 wells are all dis-
tributed in areas with relatively high primary productivities (see Section 5.4), and the
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organic matter content decreases from the Yonghe section, through well ZK102, to well
ZK205. These results suggest that the organic matter accumulation was mainly controlled
by the paleoproductivity in areas of high primary productivity. In these areas, the high
paleoproductivity generated a large amount of organic matter, part of which was oxidized
and the rest of which was diluted (Figure 13). The combined effects of the high primary pro-
ductivity, sedimentation rate, and suboxic-anoxic conditions are supported by the results of
the correlation analysis of the TOC content and various geochemical proxies. Taking well
ZK102 as an example, none of the proxies have a correlation coefficient greater than 0.26
with the TOC content (Figure 14).

Weining

\ ° ..'.'zO%'). b."S.;;!'J'oxic L/
&—Shore——> €<———Intra-platform basi-————> e / csl}i':lt'c-)
Yangtze Block Cathaysia
Block

“hemical weatherin
Terrigenous CO21
: l 7

(Cal-ngx)C03+2H+ —(1 -x)Ca2++x.\/lg2++H20+C02
Biomass
A

s EF S F s ees
IREIURARS LG L

SO4*+CH20—H28+C02 _ a. Oxig

Deep basin

Figure 13. Schematic sketch illustrating the organic matter accumulation mechanism in the Upper
Yangtze region during the deposition of the Early Cambrian black shale.
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Figure 14. Correlation coefficients of TOC content with various geochemical proxies (Purple mean
positive correlation, and blue mean negative correlation).

As was discussed in Section 5.4, the inner part of the intra-platform basin (Yankong
and Songlin sections) had a lower primary productivity than the slope (well ZK102), deep
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basin (well ZK205), and the margins of the intra-platform basin (Yonghe section) (Figure 9),
indicating that the amount of initial organic matter on the inner intra-platform basin was
low during the deposition of the Early Cambrian Niutitang black shale. Thus, the anoxic
conditions of the marine water were necessary for the accumulation and preservation of the
organic matter. As shown in Figure 2, the Songlin section has a much higher TOC content
than the Yankong section, which may be because the former section experienced more
anoxic conditions than the latter during the deposition of the Early Cambrian Niutitang
black shale (Figures 9 and 11). In addition, the TOC contents of the Yankong section are
positively correlated with the geochemical redox proxies (Figure 14), which indicates that
the organic matter accumulation and enrichment in the intra-platform basin setting were
controlled by the preservation conditions (Figures 9 and 13). In this study, we could not
definitively conclude whether a preservation model or a productivity model was best for
the Early Cambrian Niutitang black shale in the Upper Yangtze Region based on only
five profiles. However, the distributions of the geochemical proxies and the TOC contents
indicate that the mechanisms of the organic matter accumulation were different in the
intra-platform basin setting compared to the slope to deep basin settings.

6. Conclusions

(1) For the Early Cambrian Niutitang black shale in the Upper Yangtze Region, geochem-
ical proxies were used to compare the paleoenvironments and the mechanisms of
organic matter accumulation in this shale in the intra-platform basin, slope, and deep
basin settings. In contrast to the slope and deep basin settings, the intra-platform
setting had a significantly higher terrigenous input and was deposited under more
restricted conditions. Hydrothermal activities and upwelling events supplied a large
amount of nutrients and metal elements to the surface layer of the sediments during
the sedimentation of the Early Cambrian Niutitang black shale, especially in the slope
and intra-platform basin margin settings.

(2) The redox proxies, mainly including U/Th, V/(V + Ni), V/Cr, V+Mo+U, and 6Ce,
indicate that the black shale studied was deposited under suboxic-anoxic conditions.
The intra-platform basin was more anoxic than the slope setting. The primary pro-
ductivity was higher in the slope and deep basin settings than in the intra-platform
basin. For the intra-platform basin setting, its inner part had a low productivity, but
the productivity was high on its margins.

(3) In the slope and deep basin settings, the high paleoproductivity generated a large
amount of organic matter, and its preservation was affected by the redox conditions.
The redox conditions were the most significant factor controlling the preservation of
the organic matter in the inner intra-platform basin because the paleoproductivity was
lower than that in the intra-platform basin margins, slope, and deep basin settings.
The intra-platform basin margins were the most favorable areas for preserving organic
matter because these areas had a high paleoproductivity and anoxic conditions.
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