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ABSTRACT: The Niutitang Formation in the South China Block might be a source of hydrocarbon as
it contains an enormous quantity of organic matter. Black rock of the Early Cambrian Niutitang For-
mation is widely distributed in the Yangtze region, but detailed geochemical understanding of it is still
emerging. This research discusses the detailed geochemical characteristics of the Niutitang Formation
to reconstruct the paleoenvironmental conditions, employing total organic carbon (TOC) content, ma-
jor, trace, and rare earth element data. For this purpose, black rock specimens of the Niutitang Forma-
tion from two outcrop sections were utilized for geochemical characterization, and the results com-
pared with another eight sections from the South China Block. The average total organic carbon in
these sediments is significantly higher (5.80 wt.%). In the platform region, lower quantities of TOC in-
dicate a poor potential to produce hydrocarbons. At the same time, significantly higher TOC is ob-
served in the deep shelf and slope sediments, indicating a significant potential to produce hydrocar-
bons. The average Ce, Eu and Y anomalies from both Longbizui and Sancha sections studied are 0.74,
0.86, 1.77, 1.07, and 1.19, 1.30, respectively. The chemical index of alteration (CAI) throughout the
Yangtze block is higher (averaging 71.32) than that of Post Archean Australian Shale (PAAS 69), indi-
cating a moderately weathered source of the Niutitang Formation relative to PAAS. As the sediments
are moderately weathered, this suggests these rocks might have been derived from felsic rocks, mainly
granite-granodiorite. The normalization of REEs in the black rocks reveals a reduction of light REEs
with increase in heavy REEs enrichment. Similarly, a positive Eu anomaly, negative Ce anomaly, and a
moderate Y/Ho (34.61) are clues to a hybrid depositional mechanism associated with hydrothermal ac-
tion and terrigenous input. These anomalies are also evidence of upwelling in the paleo-ocean and mix-
ing of organic matter, which created anoxic bottom water during the deposition of the Niutitang Forma-
tion in the basin and upper oxic water conditions before deposition. The main controlling factors for
the distribution of rare earth elements in these black rocks of the Niutitang Formation are pH, terrige-
nous input, source rock composition, tectonism, an upwelling mechanism, and hydrothermal activity.
KEY WORDS: anomaly, paleo-ocean, paleoenvironment, chemical index, alteration, weathering, meta-
somatism, sediments.
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sion. Early Cambrian marine sedimentary rocks are widely dis-
tributed all over South China (Fig. 1¢). The Niutitang Forma-
tion comprises various types of black sediments, e.g., shale,
black shale, siliceous shale, sandstone, silty shale, mudstone,
and silty mudstone, that have been described as the black rock
series (Awan et al., 2020). These rocks provide a new type of
mineral resource in China due to their enrichment of some
valuable elements, e.g., molybdenum, vanadium, and uranium,
but so far there has not been substantial exploitation of these el-
ements. Three aspects of the Cambrian Explosion are displayed
in the Niutitang Formation: (i) the existence of ancient remains
of arthropods in black shale; (ii) the presence of ancient re-
mains of tiny shells in phosphorites; (iii) the presence of meta-
zoans and trilobites in green/grey shales (Pi et al., 2013; Stein-
er et al.,, 2007; Weber et al., 2007). Shen et al. (2000) and
Shields and Stille (2001) proposed that environmental condi-
tions in South China were transformed due to bottom anoxic
settings preceding the first phase of the Cambrian Explosion.
Weathering (especially chemical weathering) in a rock is a sig-
nificant geological action that transforms the earth’s surface
and regulates the elemental geochemical cycle, and thus con-
trols global climatic conditions.

REEs or lanthanides are a series of heavy elements usually
with similar chemical characteristics. They comprise 15 ele-
ments from La to Lu, with atomic numbers from 57 for La to 71
for Lu. REEs are extensively used in research to explore the
chemical evolution (CE) of the continental crust (Singh, 2009;
Yang et al., 2002; Singh and Rajamani, 2001). They can also be
used to determine chemical or biochemical weathering in the
drainage areas of basins, the source provenance of sediments,
paleoenvironmental variations in the oceans, and tectonic set-
tings (Jiang et al., 2019; Munksgaard et al., 2003; Rudnick and
Gao, 2003; McLennan, 2001). During weathering processes,
rare earth elements may be mobile throughout a profile, mainly
during the initial phase of weathering. REE distributions in dif-
ferent rock profiles are variable under low pH conditions. As
pH rises to 7 or beyond in an alkali pH phase, REEs are precipi-
tated or adsorbed on the surfaces of hydroxides or clays (Singh
and Rajamani, 2001; Sharma and Rajamani, 2000a). Many re-
searchers have observed that REEs could then become redistrib-
uted in a discontinuous rock profile. In contrast, cumulative
losses or gains of a particular rare earth element that does not
escape from the network may not occur (Sharma and Rajamani,
2000a, b). Generally, REEs are highly concentrated in rocks
containing fine particles if their host minerals containing prima-
ry and secondary REEs have fine particle sizes.

The series of rare earth elements with a higher atomic
number are designated as heavy rare earth elements (HREES).
In contrast, the lower atomic number elements are known as
light rare earth elements (LREEs). Also, the middle rare earth
elements (MREEs) have been designated as the elements that
range from samarium to holmium (Dubinin, 2004). Due to the
short residence span of 102—103 years of REEs in ocean water
relative to the ocean’s mixing period of approximately 1 600
years, these elements have been used to reveal ancient oceanic
process (Grandjean et al., 1988). Generally, the light rare earth
clements (La-Sm) are mainly associated with trace minerals
such as apatite, while the HREEs (Gd-Lu) are particularly relat-

ed to zircon. The REEs are naturally enriched at deeper earth
horizons as REEs are adsorbed or precipitated on oxyhydrates
of clays, whereas they are depleted in near-surface horizons.
Some REEs, e.g., La, Tb, Ce, Dy, Lu, and Yb, have a strong ten-
dency to accompany organic matter (OM) relative to Eu and
Sm (Zhuang et al., 1998) Previous research on black rocks have
revealed enrichments of sapropelic OM, which originated from
marine plankton. Also, the degree of pyritization suggests eux-
inic bottom water settings (Awan et al., 2020).

In this study we aim to: (1) present fractionation and con-
centration patterns of the rare earth elements in black sediments
of the Niutitang Formation in the Yangtze Block; (2) illustrate
the factors influencing REE concentration; and (3) provide a
theoretical framework to reveal the metallogenic settings, gene-
sis, and redox environment of black rocks using various geo-
chemical characteristics.

1 GEOLOGY AND TECTONICS

Multiple events caused fragmentation of Rodinia during
Neoproterozoic time and the final phase of splitting and drift-
ing took place during the period 750—-690 Ma (Liu et al., 2015).
In North China, the Cathasian and Yangtze blocks were separat-
ed during the Ediacaran—Early Cambrian periods. A deep rifted
marine basin had arisen surrounding of the periphery of the
Yangtze Block (Cai and Liu, 1996). At that time, the Yangtze
Block was situated in the equatorial zone close to the S-W of
the Australian Plate (Fig. 1) (Liu and Xu, 1994). Due to con-
tinuing tectonic activity in the Ediacaran to the Early Cambrian
period, paleo-settings of the present research area were trans-
formed from a shallow to a deep marine shelf or slope environ-
ment, from carbonates to argillaceous rocks (Liu et al., 2015;
Zhu et al., 2003). Recent studies reveal that the Early Cambri-
an was marked by a maximum flooding span in the Yangtze re-
gion, which ended in an anoxic ocean event (OAE) of early
Tommotian age, and developed suboxic to anoxic bottom water
settings on a massive scale (Liu et al., 2015; Jiang et al., 2011;
Li et al., 2010; Wang et al., 2007). The Niutitang Formation
and its stratigraphic equivalents are comprised of black shale
deposits on the Yangtze Block, especially on the slope. It is
generally suggested that phosphorites at the base of the Cam-
brian indicate strong upwelling (Wille et al., 2008; Clark et al.,
2004). Some black shales are related to metallic ores (Fe-Ni-
Mo) which were deposited during hydrothermal episodes in the
Cambrian period (Orberger et al., 2007; Steiner et al., 2001).
Another indicator of Cambrian hydrothermal activity is higher
values of a Eu anomaly in phosphate nodules within the shales
(Zhu et al., 2014). Various metallic ratios (Co-Cu-Ni-PGE) sug-
gest ultramafic and mafic sources for these rocks (Han et al.,
2015). A few studies indicate a primary source for these metal-
lic ores in these black sediments due to seawater in a silled ba-
sin leading to long periods of stratigraphic condensation (Och
et al., 2013; Lehmann et al., 2007).

In the eastern Yunnan region, the geologic age of the lower
part of the Niutitang Formation is 540—536 Ma based on U-Pb
dating. The Guizhou area shows relatively younger ages sug-
gesting territorial diachroneity, for instance, 522.7 + 4.9 (Wang
et al., 2012) and 532.3 £ 0.7 (Jiang et al., 2009). The central
part of the black Niutitang Formation is dated to 521.0 + 5.0 us-
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Figure 1. (a) Sketch map showing the global distribution of black rock/shales (Awan et al., 2020) and the location of Yangtze Block in South China; (b) paleo-
geographic map of the Upper Yangtze region, deciphering the different lithofacies (modified after Zhang et al., 2018; Luo, 2014; Steiner et al., 2001); (c) global
paleogeography during the Early Cambrian period (modified after Liu et al., 2015).
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ing Re-Os dating (Xu et al., 2011). The deposition age of the
Niutitang Formation in the Guizhou area shows relatively
younger ages suggesting territorial diachroneity, for instance,
522.7 £ 4.9 (Wang et al., 2012) and 532.3 + 0.7 (Jiang et al.,
2009). The central part of the black Niutitang Formation is dat-
ed to 521.0 + 5.0 using Re-Os (Xu et al., 2011). The deposition
age of the Niutitang Formation based on recent research is 3—12
Ma, which started at 532523 and stopped at approximately
520 Ma from the bottom to the top. The average thickness of
Niutitang Formation based on recent research is 3 —12 Ma,
which began at 532-523 and stopped at approximately 520 Ma.
The average thickness of Niutitang Formation in the present re-
search area is 76 m, which shows that the rate of deposition was
about 6-7 up to nearly 25 m/Ma (Xu et al., 2012).

2 MATERIALS AND METHODOLOGY

Fresh black rock specimens of the Niutitang Formation
were selected for quantitative examination of REEs from two
outcrop sections at Longbizui and Sancha and compared with
published data from eight other outcrop sections. Samples were
collected at the outcrop section after digging at the sample
point up to 0.6 m depth. Niutitang Formation in South China
mainly comprises various types of black sediments, e.g., shale,
carbonaceous shale, siliceous shale, sandstone, silty shale, mud-
stone, and silty mudstone, as shown in the supplementary mate-
rials (Fig. S1). A LECO CS230 instrument was used to deter-
mine the quantity of total organic carbon content (TOC). The
crushed and ground samples were initially passed through a
sieve (<200). After that, for 24 h, the samples were cleaned with
diluted hydrochloric acid (HCL 5%) at 60 °C to eliminate inor-
ganic carbon and carbonates and then purified water was used to
eradicate the added HCI. Samples were then put into an oven for
24 h at 50 °C. At a higher temperature of 900 °C, the specimens
were combusted utilizing an oxygen-rich carrier gas. The re-
maining organic C was entirely oxidized to CO,, and the bulk
volume of produced CO, was utilized to compute TOC. X-ray
fluorescence spectrometry was used to determine the major ele-
ments using the AB1041/AL104 Axiosmaxat the State Key Lab-
oratory of Petroleum Resources and Prospecting, China Univer-
sity of Petroleum Beijing, China (CUPB). The powdered speci-
men was oxidized for an hour at 920 °C to eradicate the organic
matter. Finally, the 500 mg specimen was intermixed to 4 000
mg of Li,B,0, and incorporated in a disk of glass at 1 150 °C.
These experiments were performed using standard criteria with
relative humidity and temperature of 31% and 23 °C.

The concentration of trace and rare earth elements was
determined by Nex ION300D plasma mass spectroscopy using
the Peoples Republic of China National Standard GB/T 14506.
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30—2010 at the Laboratory of Hebei Institute of Regional Geol-
ogy & Mineral Resources, with an analytical precision of +5%.
Powdered samples were placed in a 700 °C furnace for 3 h to re-
move organic matter, and specimens were dissolved into solu-
tion using acids. The standard method is appropriate under tem-
perature and relative humidity of 21 °C and 32%, respectively
and inaccuracies in this method are below 10%. Elemental con-
centrations can be expressed as enrichment factors (EF) based
on the standardization of aluminum (Al) or titanium (Ti) (Brum-
sack, 1989). For example, the EF of element X can be ex-
pressed as EFX = (X/Al),,,../(X/Al),, in which the ratio in the
denominator is based on upper continental crust (UCC) values
(Tribovillard et al., 2006). A calculated EF > 1 means the shale
is enriched with respect to a given element, whereas an EF < 1
means the shale is depleted in a given element.

3 RESULTS
3.1 Total Organic Carbon (TOC)

In this research, we collected 27 outcrop samples from two
Longbizui (LA) and Sancha (CR) sections to determine the
TOC. The amount of TOC from the Longbizui Section ranges
from 0.65 wt.% to 8.16 wt.% with a mean value of 3.34 wt.%.
In contrast, a significantly higher TOC between 5.47 wt.% and
9.96 wt.% with an average value of 8.09 wt.% content was no-
ticed in the samples from the Sancha Section (Table 1).

3.2 Elemental Geochemistry

The concentrations of some major oxides and their calcu-
lated parameters are tabulated in Table 2. The oxides of major el-
ements show a higher concentration of SiO, from the Sancha
and the Longbizui sections with a mean value of 65.61 wt.% and
69.50 wt.% , respectively. Other oxides with concentrations of
1.0 wt.%—10 wt.% are Al,O,, Fe,0,, CaO, and K,O. The average
values of MgO and P,O, from the Sancha Section are greater
than 1.0 wt.%, while the Longbizui Section contains lower val-
ues. The remaining major oxides, TiO,, MnO, and Na,O, have
lower concentrations (<1.0 wt.%) in these sediments. Trace ele-
mental compositions are diverse. Barium and vanadium have a
substantially higher value in the Niutitang Formation from both
studied Longbizui and Sancha sections with an average value of
15444 ppm and 1 419 ppm, 641.7 ppm and 653.69 ppm, respec-
tively. A few trace elements such as Zr, Ni, and Cr, have a mod-
erately higher concentration from Longbizui and Sancha sec-
tions with typical values of 80.98 ppm and 67.69 ppm, 70.49
ppm and 119.84 ppm, 160.95 ppm and 60.78 ppm, respectively.
The mean concentrations of Mo and U from the Longbizui and
Sancha sections are 37.54 ppm and 140.38 ppm, 24.62 ppm and
52.39 ppm, respectively. Some trace metals such as Co and Th

Table 1 Total organic carbon content (wt.%) in the black rocks of Niutitang Formation from different sections of Yangtze Block

Rongxi Ganziping Lianxing Wenshui Yangtiao Jiumen Tanguanyao Zouma
Longbizui Sancha (Gaoetal,, (Panetal., (Jia et al., (Jia et al., (Jia et al., (Jia et al., (Zhou etal.,  (Zhou et al.,
2018) 2004) 2018) 2018) 2018) 2018) 2017) 2017)
(0.65-8.16 (5.37-9.96)  (0.5-18.2) (0.27-12.31)  (0.99-3.85)  (2.77-3.51)  (1.41-7.25)  (2.13-6.45) (0.15-0.63) (0.21-3.23)
3.34(13) 8.09(14) 8.65(17) 7.43(19) 2.74(4) 3.11(5) 3.65(5) 4.7(4) 0.30(9) 1.50(14)
Range

Mean (sample amount)’ the same as in the following tables.
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Table 2 Major (wt.%) and trace elements (ppm) concentrations and some parameters

CIwW
82.68-94.56
90.38(13)
85.34-98.61

CIA
67.46-79.22

P,0,
0.02-0.75

TiO,
0.09-0.74
0.57(13)
0.12-0.44
0.30(14)

MnO

0.004-0.027

K,0

0.04-3.45

Na,O

0.12-2.11

CaO
0.14-8.24

MgO
0.20-1.77

Fe,O,
0.16-6.38

2.9(13)
0.74-5.45

ALO,

0.21-16.13

Si0,
46.06-92.22

Section

75.0(13)
64.77-74.04

0.18(13)
0.035-22.88

0.009(13)
0.004-0.042

2.10(13)
1.04-3.76
2.51(14)

0.93(13)

0.08-0.563

1.28(13)
0.08-30.88

0.88(13)

0.47-4.33
1.20(14)

9.24(13)

69.50(13)
24.27-78.76

Longbizui

3.35-9.46
6.84(14)
Si0,/AL,0,

4.21-19.70

70.34(14) 94.49(14)

1.75(14)

0.016(14)

0.33(14)

3.30(14)
K,0/ALO,

0.17-0.26

3.65(14)

65.61(14)

Sancha

Zr
6.87-158

Ba
1423-21390

Mo
6.2-92.3
37.54(13)
65.9-330
140.38(13)

Co
1.66-25.8

Cr
25.5-1 001
160.95(13)

46.4-107

Al/Na

6.21-16.63

MnO/TiO,
0.09-0.74
0.57(13)
0.12-0.44
0.30(13)

Icv

0.55-1.96

Section

80.98(13)
50.4-99.9
67.69(14)

15 444(13)
727-5 340
1419(14)

7.15(13)
0.89-23.3

9.36-265
70.49(13)
422212

74.6-3 398
641.7(13)
228948

653.69(13)

0.23(13)

0.33-0.39

10.52(13)
14.12-44.40

8.09(13)
5.98-12.64

0.93(13)
0.65-1.97

Longbizui

16.78(13)

119.84(13)

60.78(13)

0.36(14)

19.64(14)

9.62(13)

1.24(14)

Sancha

EF,
1.8-11.24

4.94(13)
1.04-38.85
14.68(14)

EF,
1.04-250.72
33.09(13)
11.85-28.99
21.49(14)

EF,,,
2.37-238.1

EF,;
0.25-1.30

EF,
0.54-1.27

EF,,
0.44-1.52

EF,,
0.54-1.41

s

EF
0.55-4.18

EF,,
0.47-0.73

EF,,
1.5-364.0
83.93(13)

8.76-48.01
24.10(14)

Th
0.54-15.1

Section

4.45-62.7

52.12(13)
37.57-186.9

0.53(13) 0.68(13) 0.76(13) 0.51(13)
0.33-0.40

0.32-0.47
0.40(14)

1.23(13)
1.23-2.67

0.63(13)
0.65-0.86
0.71(14)

24.62(13)
27.9-78.1

8.09(13)

Longbizui

0.63(14) 0.36(14) 105.69(14)

0.49-0.72

0.43-0.60
0.51(14)

1.42(14)

52.39(14)

3.76-6.75
5.78(14)

Sancha

have lower values from both Longbizui and Sancha sections,
with a median value of 7.15 ppm and 16.78 ppm, 8.09 ppm, 5.78
ppm (Table 2). Total rare earth elements (XREE) from the Long-
bizui Section range of 58.66 ppm to 395.68 ppm, with an aver-
age value of 174.87 ppm, while the values of the total rare earth
clements (XREE) from the Sancha Section vary from 102.51
ppm to 423.09 ppm with a mean value of 156.02 ppm (Table 3).
The light rare earth elements and the heavy rare earth elements
are La, Pr, Ce, Sm, Eu, Nd; and Gd, Ho, Tm, Dy, Yb, Tb, and
Lu, respectively (Taylor and McLennan, 1985). The mean value
of light rare earth elements (LREEs) from the Longbizui part
(126.76 ppm) is higher than the Sancha Section (101.28 ppm).
Only one sample from the Longbizui Section contains LREEs
values lower than 50 ppm (around 40.05 ppm). However, most
of the samples comprise higher content of LREEs (over 100
ppm) with a higher value of 231.32 ppm at the lower part of the
Longbizui Section. Similarly, the average amount of heavy rare
earth elements (HREEs) from the Sancha Section (13.59 ppm)
is slightly lower than the Longbizui Section (14.87 ppm). In the
same way, the ratio of light rare earth elements to heavy rare
earth elements (LREE/HREE) from the Longbizui and Sancha
sections average 10.02 ppm and 8.311 ppm, respectively. The
average quantity of yttrium from the Longbizui and Sancha sec-
tions is 39.32 ppm and 41.32 ppm, respectively, lower than the
average values of Rongxi and Jiumen. On the other hand, the Y/
Ho ratios from the Longbizui and Sancha sections are 34.54
ppm and 36.69 ppm, respectively (Table 3). Different REEs
anomalies were calculated via the following formulae after Jia
etal. (2018); Shields and Stille (2001); Steiner et al. (2001).

Eu/Eu* = &
J Smy x Gdy
2Pr
%k — N
Pr/Pr Ce. + Ndy
3Ce
* — N
CelCe® = oy + Nd,
2Y
* — N
Y Dyy + Hoy
U= - 71
— +
(v 7]

These specimens for REEs were computed by normalized Post
Archean Australian Shale (PAAS), where the standard con-
straints are marked by the sub-index N (McLennan, 2001; Tay-
lor and McLennan, 1985). The value of the cerium anomaly
from the Longbizui Section is 0.74 ppm, whereas the Sancha
Section is 0.86 ppm. The Eu anomalies in these dark sediments
from the Longbizui and Sancha sections are 1.77 and 1.07, re-
spectively. Additionally, the Pr anomaly at the Longbizui and
Sancha sections varies of 0.99 ppm—1.18 ppm and 0.90 ppm—
1.12 ppm, respectively (Table 3).
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4 DISCUSSION
4.1 Organic Geochemical Characterization

Organic carbon determines the quantity of TOC in sedi-
mentary rocks (Awan et al., 2021a). Outcrop samples labelled
as CR and LA were selected from two Sancha and Longbizui
sections to determine total organic carbon which can be utilized
to categorize the source rock quality, such as excellent >4.0
wt.%, very good 2.0 wt.%—4.0 wt.%, good 1.0 wt.%—2.0 wt.%,
fair 0.5 wt.%—1.0 wt.%, and poor <0.5 wt.% (Peters and Cassa,
1994). The results show higher TOC quantities in the Sancha
Section relative to the Longbizui Section. The comparison of
TOC from lower to higher amounts relative to the other sec-
tions is as follows: Tanguanyao 0.30 wt.%, Zouma 1.5 wt.%,
Lianxing 2.74 wt.%, Wenshui 3.11 wt.%, Longbizui 3.34 wt.%,
Yangtiao 3.65 wt.%, Jiumen 4.7 wt.%, Ganziping 7.43 wt.%,
Sancha 8.09 wt.%, Rongxi 8.65 wt.% (Table 1). This increasing
trend reveals the content of total organic carbon in the Niuti-
tang Formation is lower in the platform areas, whereas it in-
creases towards the deep shelf and slope regions. Moreover, the
TOC reveals the Niutitang Formation in the study area has
good to excellent potential to produce hydrocarbons. At the
same time, lower TOC values were encountered at the Tanguan-
yao Section, which suggests the Niutitang Formation deposited
on the platform has a poor potential to produce hydrocarbons.
In the studied sections, mainly four lithofacies were encoun-
tered. In these lithofacies, silty mudstone and siliceous rocks
contain lower quantities of TOC, whereas the shales and mud-
stone facies contain higher quantities of total organic carbon
(Fig. 2). In sediments, various factors such as transgression and
regression of sea level, rapid sedimentation that could enhance
the OM burial efficiency, upwelling, and anoxic setting, are fac-
tors that could increase the amount of TOC in the sediments
(Yeasmin et al., 2017; Arthur and Sageman, 2005; Katz, 2005).
The higher TOC quantities in these rocks could suggest the an-
oxic setting during the deposition of the Early Cambrian Niuti-
tang Formation and inadequate bacterial action on the organic
matter that could have eradicated organic matter to a certain ex-
tent (Loucks and Ruppel, 2007).

4.2 Inorganic Geochemistry

The pattern of REEs may be used to determine deposition-
al processes, the architectural background of the basin, and the
deposition environment of sediments. Geologists have devoted
much attention to the pattern of rare earth elements from deep
rift basins, marine basins, mid-oceanic ridges, and oceanic ba-
sins, particularly deep-seated sediments associated with hydro-
thermal activities. In clastic rocks, the chemical constituents
are due to the net effect of various prevailing geological condi-
tions. The following are the main factors: (i) composition of
the source rock; (ii) disintegration of rock (weathering) both
via chemical and physical agents; (ii) post-depositional weath-
ering; (iv) sorting of sediments; (iv) sedimentation rate. These
factors must be assessed before concluding the nature of the
rock and the regional tectonics from the clastic rocks’ compo-
sition. The abundance of REEs and Y in black rock sediments
of the Niutitang Formation from the studied Longbizui and
Sancha sections, and its comparison with different sections of
South China Block are displayed in Table 3. These two studied

sections contain higher quantities of XREE compared to the
Ganziping, Lianxing, and Yangtiao sections, whereas they con-
tain lower quantities than those of the Rongxi, Wenshui, Jiu-
men, Tanguanyao, Zouma sections. Moreover, the Longbizui
Section is enriched in the concentration of REEs comparative
to the amount of global crust (146 ppm) (McLennan, 2001)
and Post Australian Archean Shale (173 ppm) (Ma et al,
2017), North American Shale Composite (NASC 167.41 ppm)
(Haskin et al., 1968), Chinese coals (162.51 ppm) (Dai et al.,
2008), worldwide coals (34.1 ppm) (Valkovic, 1983) and world
black shales (134.19) (Ketris and Yudovich, 2009). However,
the ZREEs of the Sancha Section are depleted relative to the
amount of Post Australian Archean Shale (173 ppm) (Ma et al.,
2017), North American Shale Composite (NASC 167.41 ppm)
(Haskin et al., 1968), and Chinese coals (162.51 ppm) (Dai et
al., 2008), while they are more enriched than those of world-
wide coals (34.1 ppm) (Valkovic, 1983), world black shales
(134.19) (Ketris and Yudovich, 2009), and global crust (146
ppm) (McLennan, 2001). The normalized pattern of REEs
from various sections of the Niutitang Formation using PAAS
reveals a slight inclination towards the left side with a negative
Ce anomaly (Fig. 3a). Here in the black specimens of the Niuti-
tang Formation, we have divided the sample/PAAS into three
intervals (Figs. 3a—3c). (i) As the value of sample/PAAS is
about 1.0, where REEs’ distribution pattern is displaying a flat
profile. This kind of flat profile in REEs is similar to that of
seawater. (ii) As the amount of sample/PAAS is between 0.1—
1.0 in this scenario, the REEs pattern is slightly tilting towards
the left. This type of model reveals a lower concentration of
LREEs with relatively higher enrichment of HREEs. (iii) In the
third pattern, the concentration amount of sample/PAAS ranges
between 1 to 10.0 due to the higher level of REEs. A couple of
samples from both studied section present this kind of pattern.
Generally, REEs’ overall concentration in the Niutitang Forma-
tion is lower than the Post Australian Archean Shale, excluding
the Rongxi Section (Fig. 3a).

4.3 Redox Conditions

Redox-sensitive trace elements such as V, Mo, and U, can
be utilized to determine the paleoceanographic conditions.
These susceptible elements are enormously enriched in redox
settings, and their concentration can vary in anoxic conditions
(Awan et al., 2020; Wu et al., 2020; Tang et al., 2017; Algeo,
2004). The trace elements pattern in the Niutitang Formation is
useful in inferring paleo sedimentary settings. The average val-
ues of V/(V + Ni) from the Longbizui and Sancha sections are
0.83 and 0.77, respectively, indicating oxygen-deficient set-
tings during the Niutitang Formation deposition. Ni/Co and V/
Cr values in the studied samples are greater than 7.0 and 7.25,
respectively. Similarly, the quantities of U/Th and 8U are great-
er than 1.25 and 1.0. All samples studied show higher quanti-
ties of U/Th, Ni/Co, V/(V + Ni), and V/Cr (Table 4), which in-
dicates the black rocks of the Niutitang Formation in the stud-
ied block was deposited under oxygen-deficient, anoxic and re-
ducing condition consistent with previous researches (Awan et
al., 2021b; Wu et al., 2020; Li et al., 2019; Zhang et al., 2019;
Algeo and Maynard, 2008). Comparing these redox indicators
with other sections revealed the Niutitang Formation in the
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and Langmuir, 1998). Additionally, Zr, Hf, Ta, and Nb are con-
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sidered high field strength elements (HFSEs) (Pan et al., 2004).
Nb/Ta and Zr/Hf's relationship reveals a positive relationship
(Figs. S2c, S2d), while their enrichment factors are lower than
1.0. These results show the HFSEs in the Niutitang Formation
might be diluted by biogenic elements. Both LILEs and HFSEs
suggest the effect of detrital input is significantly lower on the
concentration of trace elements. Paleo sedimentary settings in-
fluenced by post diagenetic process can be predicted by Ce
anomalies (Shields and Stille, 2001; Wilde et al., 1996; Ger-
man and Elderfield, 1990) which can also be used to determine
and predict the variation in redox settings (Jia et al., 2018; Wil-
de et al., 1996). It was first used by Elderfield and Greaves
(1982) due to an alteration in Ce ionic state based on oxidation.
The ratio of Ce/Ce* was used to estimate the Ce anomaly. The
Ce element has two valence variants, Ce’* and Ce*, and Ce*
can shift to Ce*" in oxidation settings. In this paper, Ce is the
concentration of Ce in Niutitang Formation (Ce,,) divided by
the value of Ce in the upper continental crust (Ce,/Ce,), and
Ce* is acquired by incorporating the normalized amount of La
and Pr. It can be used to distinguish the loss and enrichment of
Ce and to determine the oxic and anoxic setting of paleo-
ocean. A loss of Ce anomaly causes positive and negative
anomalies in sediments and in water, respectively. In oxidizing
settings, a few oxides (Mn and Fe) quickly adsorb Ce and con-
sequently, Ce becomes isolated from other REEs. Thus, the Ce
loss in seawater unveils a negative anomaly, whereas its enrich-
ment in sedimentary rocks displays a positive Ce anomaly or
no substantial negative Ce anomaly (=1). Moreover, the frac-
tionation of Ce from the other REEs could take place due to
dwindling solubility and oxidation of Ce’" to Ce* (Sholkovitz
et al., 1994). Besides redox settings, the Ce behavior could be
affected by water depth, pH, the age of the water body, and the
microbial actions (German and Elderfield, 1990; Moffett,
1990). Conversely, the dissolution of Fe oxides in anoxic set-
tings of ocean water or in sediments results in a positive anom-
aly and a negative Ce anomaly (<1), respectively. Moreover, if
Ce is triggered and liberated in the form of Ce™ into the water
and thus in sediments and seawater, it will show a negative and
positive Ce anomaly, respectively (Morad and Felitsyn, 2001).
A significant number of samples containing Ce anomaly over
0.65 exhibit weak negative anomaly, whereas one particular
specimen keeps lower values (<0.50), revealing a more robust
negative Ce anomaly. In contrast, a few samples from the Gan-
ziping Section show a weak positive Ce anomaly. In contrast,
the average Eu anomaly quantities from Lianxing, Tanguan-
yao, and Zouma sections are unexpectedly lower than 1.0 (Ta-
ble 3). Based on smaller to more significant Ce anomaly, the
studied sections are classified as Rongxi (0.49) < Yangtiao <
(0.52) < Longbizui (0.73) < Jiumen (0.74) < Zouma (0.75) <
Lianxing (0.85) < Sancha (0.86) < Wenshui (0.87) < Tanguan-
yao (0.88) < Ganziping (0.91) (Table 3). These outcomes re-
veal a higher reducibility at the Rongxi area located on the
deep shelf (Fig. 1). The sections with higher reducing settings
were situated near or on the deep shelf/slope areas during sedi-
mentation in the Cambrian period. The negative Ce anomalies
with reducing conditions in these zones might be influenced by
the depth of ocean water and hot subsurface fluids’ activity.
The Niutitang Formation in the Ganziping Section area was de-

posited in less reducing conditions similar to the Australian
Heartherdale Shale, Emu Bay Shale, and Talisker Formation.
Additionally, the Niutitang Formation in the Rongxi Section ar-
ea was deposited in higher reducing conditions similar to the
Tal Formation from India (Fig. S3). In the upper parts of the
Longbizui, Sancha, and Zouma sections, the reducibility is rela-
tively weaker as compared with the lower section, which might
be due to hydrothermal activity. Submarine magmatic actions
created numerous deep faults providing massive organic-rich
nutrients in the form of various elements, developed not only in
reducing settings, and provided heat for the Cambrian Explo-
sion. In these circumstances, local anoxic settings were devel-
oped, and numerous quantities of OM deposited. Therefore, it
is suggested that the redox setting could be controlled by vari-
ous factors such as massive quantities of OM, hydrothermal ac-
tivities, and variations in seawater depth. In the sediments, the
enrichment of Ce varies with redox settings and the sedimenta-
ry environment. The amount of La/Ce in prehistoric ocean wa-
ter or in the hydrothermal crust is around 2.8, deprived of Ce en-
richment. In hydrogenetic rocks (containing Mn-Fe), the ratio
is far lower, nearly 0.25, with an apparent advancement of ceri-
um. The quantity of La/Ce in the studied section ranges of 0.49—
1.43. However, significantly higher La/Ce values were noticed
at the Yangtiao and Rongxi areas 1.11 and 0.96, respectively (Ta-
ble 3). As the ratio (La/Ce) declines, the enrichment of Ce in-
creases progressively (Fig. S3b). Moreover, if there is no rela-
tionship between Ce/Ce* and La,/Sm, ratios, it is possible to de-
termine the primary Ce anomaly (Morad and Felitsyn, 2001).
Additionally, iagenetic phenomena may produce a positive asso-
ciation between REEs and Ce anomaly and a negative linkage
between Dy,/Sm, and Ce anomaly (Shields and Stille, 2001). In
the studied samples, we have noticed a relatively positive link-
age between Ce anomaly and La /Sm,. A weak linkage exists be-
tween the REEs and Ce anomaly and a negative linkage be-
tween Dyn/Smn and Ce anomaly. Similarly, the relationship of
Ce anomaly and the PASS normalized values La /Nd, Y/Y*,
and Eu anomaly reveal no relationship (Figs. 4a, 4e, 4f). It is de-
batable, either the Eu anomaly altered or not throughout diagen-
esis. However, these relationships exhibit alteration of Ce anom-
aly during diagenesis.

The quantity of Eu may easily be enriched in sediments af-
fected by hydrothermal activity or by reducing settings. Eu in
magmatic and high calcium minerals such as potash feldspar
and plagioclase may vary via substitution of Sr** by Eu* held
by the identical ionic frameworks. In marine settings where re-
ducing sulfates and high organic carbon are located, Eu’" may
presumably be reduced to Eu* by diagenesis. The relationship
between the Eu anomaly and Ba can be utilized to indicate the
ancient sedimentation setting due to the value of BaO/BaOH,
which can be attributed to a linear association between Ba/Eu
(Dulski, 1994). The specimens in the Niutitang Formation show
no clear association of Eu anomaly with Sr and Ba (Fig. S4)
that might provide preliminary information and clues to the
presence of ocean water. A significant proportion of Ba in sedi-
ments or in water bodies signifies higher biological productivi-
ty. The disintegration of organic matter (OM) under anoxic set-
tings may result in barite precipitation on organic particles.
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Figure 4. The scattered diagrams revealing the characteristics of rare earth elements (REEs). Some data from Gao et al. (2018); Jia et al. (2018); Zhou et al.

(2017); Hall (2012); Pan et al. (2004).

4.4 Effect of Hydrothermal Activity

Hydrothermal actions indicate reducing settings and there-
fore hydrothermal activities are key for predicting reducing
conditions (Steiner et al., 2001). A normal depositional rate of
10 cm/ka or a faster depositional rate of 40 cm/ka is viable for
the deposition of massive quantities of hydrothermal sediments
in a short period (Li et al., 2013). Therefore, several elements
could be enriched in sediments associated with hydrothermal
sedimentation (Marchig et al., 1982; Rona, 1978). Antimony
(Sb) commonly prevails in hydrothermal fluids and magmas
and is considered an indicator element for hydrothermal sedi-
mentation. The enrichment factor of Sb could be utilized to pre-

dict sediments that are affected by hydrothermal activities. The
enrichment factor of Sb from the studied Longbizui and San-
cha sections falls in the range of 1.5-3.64 and 8.76—48.0, re-
spectively. These results reveal the Niutitang Formation is
highly affected by hydrothermal activities. The distributions of
rare earth elements in rocks are used to determine the nature of
sedimentation and provenance (Zhu et al., 2014; Uysal et al.,
2007). The chemical and geological behaviors of REEs may re-
veal an understanding of geochemical progressions that hap-
pened through the sedimentation period. The various diagenet-
ic process can be predicted by incorporation of the relationship
between REEs and the ratio of La/Yb (Allegre and Michard,
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1974) and Ce/La vs. La/Yb (Yang et al., 2011). Most of the
samples in the study area reveal an association with basalts or
their equivalents, and some from granites. These results inicate
a typical marine setting, influenced by a deep hot water activi-
ty during the sedimentation process (Figs. Sa, 5b). The positive
Eu anomalies during diagenesis are usually related to extreme
reducing settings (Kidder et al., 2003; Ogihara, 1999). In these
settings, the decomposition of OM would devour the existing
oxygen, which causes the reduction of Eu’" to Eu*. Later due
to phosphates, the Eu*” may be scavenged and develop a posi-
tive Eu anomaly. The ratio of Eu/Eu* was used to estimate the
Eu anomaly. Here Eu is the concentration of Eu in the Niuti-
tang Formation (Eu,,) divided by the frequency of Eu in the
upper continental crust (Eu,,/Ce,), and Eu* is acquired by in-
corporating the normalized amount of Sm and Gd. The Eu
anomaly has a close relationship with ambient temperature and
can be utilized to discriminate natural and hydrothermal sedi-
ments. A positive Eu anomaly specifies a medium-higher ther-
mal degree of sedimentary settings for sediment deposition
(temperature higher than 250 °C) most frequently related to hot
water fluids associated with MOR (mid-oceanic ridges) or with
back-arc basin. In shallow seawater, a positive Eu anomaly
may not be an indicator of reducing conditions (Kamber and
Webb, 2001). Negative and no anomalies are a sign of natural
sediments and intermediate to lower thermal degree of sedi-
mentation (temperature lower than 250 °C), respectively (Jia et
al., 2018; Schijf et al., 1991).

In the study area, the Eu anomaly from the Longbizui and
Sancha sections is 1.77 and 1.07, respectively, revealing a posi-
tive Eu anomaly. In contrast, the average Eu anomaly values
from Lianxing, Tanguanyao, and Zouma sections are unexpect-
edly lower than 1.0 (Table 3). The maximum specimen exhibits
a positive Eu anomaly except for the samples of Zouma Sec-
tion with weak negative anomaly designates typical marine sed-
imentation or not affected by hot water fluids (Fig. S5). The Li-
anxing and Tanguanyao overlap with the Niutitang Formation,
Emu Bay Shale, the lower part of the Heatherdale Shale, Tal-
isker, and Tal Formation in showing weak negative or no Eu
anomaly as a sign of natural sediments, and intermediate to

lower thermal degree of sedimentation. Throughout the Edia-
caran and Early Cambrian rocks of the Yangtze region, a slight-
ly positive Eu anomaly has been observed (Tian and Luo,
2017; Guo et al., 2007). This might be due to weaker hot water
phenomena, or that the hydrothermal activity’s focal point was
far away from these zones. The weaker negative Eu anomaly
indicates that sedimentary deposits aren’t instantly affected by
the hydrothermal flux. The combination of seawater and hydro-
thermal fluids may develop a weak positive Eu anomaly associ-
ated with authigenic deposits. Eu” in euxinic settings could be
stable as in the modern Black Sea. Strong positive anomalies
in the Longbizui, Sancha, Yangtiao, Jiumen, Rongxi, and Gan-
ziping sections and the upper part of Heatherdale Shale, Tal-
isker, and Tal formations could be due to significant hydrother-
mal action during their deposition in the Cambrian period. This
scenario suggests that the subsurface source of hydrothermal
fluids is most likely associated with a mantle plume that could
be between the Rongxi, Longbizui, Ganziping, and Yangtiao
sections areas. Liu et al. (2016) and Awan et al. (2020) suggest-
ed the submarine hot water fluids related to volcanic plumes or
with hydrothermal activities may deposit metallic ores on the
seabed. Therefore, we still need to find a commercial polyme-
tallic deposit in the study area as it is thought that hydrother-
mal events profoundly influenced the Niutitang Formation. Pre-
vious research suggested submarine rocks influenced by hydro-
thermal intrusion contained a higher concentration of Zn and
Ba. The U/Th factor is critical in reflecting the characteristics
of such a rock. For instance, the quantity of U/Th for a typical
sedimentary setting is lower than 1, whereas it is over 1 in those
rocks that are affected by deep mantle hydrothermal activities.
Most of the specimens from the black rocks of the Niutitang
Formation lie within the range 1.0-100 (Fig. 6a), which also is
a close characteristic of hydrothermal imprint deposition. In the
Tanguanyao and Zouma sections, the ratio is 0.1-1.0 and is a
clue to normal marine condition beyond the hotspot zone range.
Trace elements such as Co, Cu, and Ni are poorly enriched in
rocks interacting with deep hot water fluids relative to hydroge-
nous rocks. Similarly, these values are lower in the East Pacific
Rise (EPR) and higher in typical marine sediments. The enrich-

1000 100
() ®)
\Y%
100+
10
O
= =
5 107 3
=] -
1
15 m Longbizui @ Sancha = Iliongbi.ZU-i L4 %anchal
. { A Rongxi v Ganziping A Rongx1i v Ganziping
Chondrite > ¢ Lianxing < Wenshui ¢ Lianxing < Wenshui
» > Yangtiao ¢ Jiumen » Yangtiao e Jiumen
01 * Tanguanyao # Zouma 0.1 LX Tanguanyao® Zouma | |
1 10 100 1000 10 000 ‘0.01 0.1 1 10 100
SREE (ppm) Ce/La

Figure 5. (a) Diagram showing the relationship between La/Yb and ZREE (modified after Allegre and Michard, 1974); I-1. oceanic basalt; I-2. continental tho-

leiitic; I-3. alkali basalt; II. sedimentary rocks; III. granite; IV. kimberlite; V. carbonatite. (b) Diagram showing the association of La/Yb with Ce/La (modified

after Yang et al., 2011); I. deeper ocean sedimentation; II. ferromanganese nodules and ferromagnesian rocks; III. submarine basaltic rocks, and their equiva-
lent. Some data from Gao et al. (2018); Jia et al. (2018); Zhou et al. (2017); Pan et al. (2004).
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ment of these elements (Co, Cu, and Ni) in ferromanganesian
rocks indicates a lower deposition rate and the absorption ca-
pacity of transition elements in ocean water. The proportional
discrepancies in the concentration of Zn and Co may better dis-
criminate the genesis of diverse rocks, e.g., the ratio of Co/Zn
can differentiate sediments related to deep hot water activities
and typical authigenic sediments (Choi and Hariya, 1992). A
positive Eu anomaly except for the Zouma Section sample with
a weak negative anomaly designates typical marine sedimenta-
tion or deposition not affected by hot water fluids (Fig. S5).
That the Lianxing and Tanguanyao sections comprising the
Niutitang Formation, Emu Bay Shale, the lower part of the
Heatherdale Shale, Talisker, and Tal Formation show weak neg-
ative or no Eu anomalies as a sign of natural sediments, and in-
termediate to lower thermal degree of sedimentation. Through-
out the Ediacaran and Early Cambrian rocks of the Yangtze re-
gion, a slightly positive Eu anomaly has been observed (Tian
and Luo, 2017; Guo et al., 2007). It might be due to weaker hot
water phenomena, or the hydrothermal activity’s focal point
was far away from these zones. The weaker negative Eu anoma-
ly states that sedimentary deposits aren’t instantly affected by
the hydrothermal flux. The combination of seawater and hydro-
thermal fluids may develop a weak positive Eu anomaly associ-
ated with authigenic deposits. The positive Eu anomaly except
for the samples of Zouma Section with weak negative anomaly
designates typical marine sedimentation or not affected by hot
water fluids (Fig. S5). Lianxing and Tanguanyao section com-
prising Niutitang Formation, Emu Bay Shale, the lower part of
the Heatherdale Shale, Talisker, and Tal Formation shows weak
negative or no Eu anomaly is a sign of natural sediments, and in-
termediate to lower thermal degree of sedimentation. Through-
out the Ediacaran and Early Cambrian rocks of the Yangtze re-
gion, a slightly positive Eu anomaly has been observed (Tian
and Luo, 2017; Guo et al., 2007) which might be due to weaker
hot water phenomena, or that the hydrothermal activity’s focal
point was far away from these zones. The weaker negative Eu
anomaly shows that sedimentary deposits aren’t instantly af-
fected by hydrothermal flux. The combination of seawater and
hydrothermal fluids may develop a weak positive Eu anomaly
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associated with authigenic deposits. The Eu* in euxinic settings
could be stable suchlike in the modern Black Sea. A vigorous
positive anomaly in the Longbizui, Sancha, Yangtiao, Jiumen,
Rongxi, and Ganziping sections and the upper part of Heather-
dale Shale, Talisker, and Tal Formation could be due to signifi-
cant hydrothermal action during their deposition in the Cambri-
an period. This scenario suggests that the subsurface source of
hydrothermal fluids most likely associated with a mantle plume
could be between the Rongxi, Longbizui, Ganziping, and Yang-
tiao section areas. Liu et al. (2016) and Awan et al. (2020) sug-
gested the submarine hot water fluids related to volcanic
plumes or with hydrothermal activities may deposit metallic
ores on the seabed. However, we still need to find a commercial
polymetallic deposit in the study area as it is thought that hydro-
thermal events profoundly influenced Niutitang Formation.
Previous research has suggested the submarine rocks in-
fluenced by hydrothermal intrusion contain a higher concentra-
tion of Zn and Ba. The U/Th factor is critical in reflecting the
characteristics of a rock. For instance, the value of U/Th for a
typical sedimentary setting is lower than 1, whereas it is over 1
in those rocks that are affected by deep mantle hydrothermal
activities. Most of the specimens from the black rocks of the
Niutitang Formation lie within the range 1.0—100 (Fig. 6a),
which also reflects a characteristic of hydrothermal imprint de-
position, but in the Tanguanyao and Zouma sections, the ratio
is 0.1-1.0 and is a clue to normal marine conditions beyond the
hotspot zone range. Trace elements such as Co, Cu, and Ni are
poorly enriched in rocks interacted with deep hot water fluids
relative to hydrogenous rocks. Similarly, these values are lower
in the East Pacific Rise (EPR) and higher in a typical marine
sediment trap. The enrichment of the elements Co, Cu, and Ni
in ferromanganesian rocks indicates a lower deposition rate
and the absorption capacity of transitional elements in ocean
water. The proportional discrepancies in the concentration of
Zn and Co may better discriminate the genesis of diverse
rocks, e.g., the ratio of Co/Zn can differentiate sediments relat-
ed to deep hot water activities and typical authigenic sediments
(Choi and Hariya, 1992). The crossplot between Co/Zn vs. (Cu
+ Co + Ni) reveals (Fig. 6b) all the available Niutitang Forma-
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tion samples are highly affected by deep submarine hydrother-
mal actions. The typical praseodymium (Pr) anomaly in the
studied Longbizui and Sancha sections are 1.04 and 0.97, re-
spectively. Bau and Dulski (1996) suggested the higher content
of La could also exaggerate the negative Ce anomaly. There we
also used the Bau and Dulski (1996) method to evaluate the de-
gree of La enrichment. Most of the specimens in the bivariant
Ce/Ce vs. Pr/Pr graph fall within the zone Ila, while the select-
ed samples from Australia and India are in region I (Fig. 7a).
These results reveal that neither enrichment in La nor Ce signi-
fies an increase of the La anomaly indicated by a negative Ce
anomaly. However, Cambrian samples from Australia and In-
dia might exhibit a weak positive Ce anomaly due to the en-
richment of La (Shields and Stille, 2001). Holser (1997) also
suggested the negative Ce anomaly in the modern ocean is due
to the enrichment of intermediate rare earth elements. The
crossplot between Dy,/Sm, and Ce anomaly of the Niutitang
samples displays no relationship, suggesting the negative Ce
anomaly is insignificantly influenced by the mid-rare earth ele-
ments (MREEs) (Fig. 7b). Generally, these black sediments
have an actual negative Ce anomaly instead of La or midrare
carth elements enrichment. Usually, these black sediments in
euxinic settings could be stable suchlike in the modern Black
Sea. Strong positive anomalies in the Longbizui, Sancha, Yang-
tiao, Jiumen, Rongxi, and Ganziping sections and the upper
part of Heatherdale Shale, Talisker, and Tal Formation could be
due to significant hydrothermal action during their deposition
in the Cambrian period. This scenario suggests that the subsur-
face source of hydrothermal fluids most likely associated with
a mantle plume could be between the Rongxi, Longbizui, Gan-
ziping, and Yangtiao sections areas. Liu et al. (2016) and Awan
et al. (2020) suggested the submarine hot water fluids related
to volcanic plumes or with hydrothermal activities may deposit
metallic ores on the seabed. Therefore, we still need to find a
commercial polymetallic deposit in the study area as it is
thought the hydrothermal events profoundly influenced the
Niutitang Formation.
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4.5 Degree of Weathering and Source Rock Composition

The chemical compounds in rocks commonly represent
their major mineral contents. In numerous instances, these
chemical compounds are readily altered by chemical weather-
ing (Ding et al., 2018). The cations of certain elements such as
Mg, Al, Rb, and Cs are typically more resistant to chemical
weathering than other elements with slightly small atomic radii
such like K, Ca, and Na, that can quickly wash out in a dis-
solved state (Kasanzu et al., 2008). The percentage of elements
lost is relative to the grade of weathering (Condie, 1993). Lu-
tites are chiefly comprised of finegrained particles of silicate
minerals as in clays and silts. Their degree of weathering can be
determined using the chemical index of alteration and weather-
ing (CIA and CIW). These indexes are measured as follows

- ALO, .
cia (CaO* + ALO, + Na,0 + K,0 ) X 100 M
- ALO, )
CIw (Cao* TALO, ¥ Naj0 | < 100 (i)

The units used for these major elemental oxides in the
above equations is mol proportion. The amount of CaO* in
these equations is acquired from silicates (Nesbitt and Young,
1982). In this context, there is a need to calibrate the estimated
content of CaO for the amounts of carbonate minerals. CaO is
mainly correlated with phosphate in the current research via
the assessed amount of P,O, (McLennan et al., 1993).

5)

3
If the residual mol quantity is less than Na,O, then the

mol quantity of CaO can be defined as CaO*. If not, then the

mol proportion of CaO is thought correspond to Na,O (Tang et
al., 2018; Bock et al., 1998). The studied specimens are mainly

CaO* = Ca0 - (ons x (iif)

comprised of quartz and clay minerals. Therefore, CIW and
CIA can be utilized to illustrate the degree of weathering in
these samples. The quantities of CIW and CIA in the Niutitang
Formation are presented in Table 2. In the studied samples, the
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vs. La /Nd, in Niutitang Formation. Some data from Gao et al. (2018); Jia et al. (2018); Zhou et al. (2017); Hall (2012); Pan et al. (2004).
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values of CIA fluctuate between 61.33 and 79.46, with a mean
of 71.32. The value of the CIA in the Niutitang Formation is rel-
atively higher than the CIA quantity in PAAS (69), indicating a
more weathered source than PAAS. Figure 8a displays the rela-
tionship of Al/Na with CIA, which indicates moderate weather-
ing even though the black rocks of Niutitang Formation are
composed of shale, siltstone, and mudstone. This might be due
to diagenetic reduction of Na ions (Kasanzu et al., 2008). More-
over, CIW values that range from 71.91 to 98.61, averaged at
88.24, are analogous to CIA in the studied sections. Both the
chemical index of weathering and chemical index of alteration
show these black sediments might be from moderately weath-
ered sources. The occurrence of major elements in a rock such
as shale or mudrock reveals its transformation over time, main-
ly diagenetic and metamorphic changes. Existing chemical
compounds can indicate a novel mineralogic composition in
shales. For this purpose, the proportional ratio of K,0/AlO,
and the index for compositional variability [ICV = (K,0 + CaO
+ Fe,O, + TiO, + Na,O + MgO)/Al,0,] can be used. Clay miner-
als compared with non-clay minerals have a lower proportion
of major cations to Al,O, and therefore, the clay minerals usual-
ly have a depleted ICV. For example there is an increasing or-
der of ICV in kaolinite (~0.03—0.05), montmorillonite (~0.15—
0.3), illite and muscovite (~0.3), plagioclase (~0.6), alkali feld-
spar (~0.8 — 1.0), biotite (~0.8), and amphibole and pyroxene (~
10—-100) (Cox and Lowe, 1995). Immature shales with a higher
percentage of non-clays usually have a higher ICV > 1. Shale
with higher ICV normally exists in active tectonic regions in a
first cycle deposit. On the other hand, clay-rich matured mu-
drocks normally have a lower ICV content (<1), which is
thought to be usually formed in cratons of quiescent settings,
which have also been identified in intensely weathered first cy-
cle matter. The content of ICV in Niutitang Formation in the
studied region ranges of 0.49—1.69 with a mean value of 1.01.
These results reveal the Niutitang Formation is moderately
weathered and are first cycle deposits of an active tectonic area.
In original rock sediments, the actual amount of alkali feldspar
vs. clays/plagioclase minerals is determined by using the ratios
of K,0/AL0,. Lower to higher values of the K,0/Al,O, ratio of
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minerals are as follows; clay minerals (~0), illite (~0.3), but al-
kali-felspars normally have (~0.4—1.0) (Cox and Lowe, 1995).
In shales, higher ratios of K,0/ALO, (>0.5) indicate a substan-
tial amount of alkali-feldspar relative to other minerals. In con-
trast, lower ratios of K,0/Al,0, (<0.4) in original rock sedi-
ments are an indication of a normal concentration of alkali-feld-
spar. The ratio of K,0/AlLO; in black sediments of Niutitang
Formation varying of 0.15-0.48 with a median amount of 0.27
reveals the minimum concentration of alkali-feldspar with re-
spect to other minerals. Additionally, we can determine the
components of the source sediments by displaying the molar ra-
tios of K,0-(Na,O + CaO)AlO; in a ternary graph. This plot in-
dicates diagenesis/metamorphism, transportation, composition,
and intensity of chemical weathering (Fedo et al., 1997, 1995),
provided that extensive compositional data of sandstone or
shale are available to plot in the A-CN-K ternary graph. It can
then be used to infer the mean compositional compounds and
the metasomatic effect of the source sediments. In this type of
ternary plot, if the specimens settle parallel to the A-CN line, it
indicates a weathering mechanism. The initial phase of chemi-
cal weathering starts with the hydrolysis of plagioclase. It leads
to the development of kaolinite that lies at the apex of A (Fig.
8b). Thus specimens that have been affected by chemical
weathering would have a more significant amount of alumi-
num and will fall at the apex of A corresponding to the A-CN
limit. Owing to K-metasomatism, weathered sediments of ka-
olinite may lead to illitic shale if the sample data fall perpendic-
ular to the A-K boundary (Fig. 8b). According to the ternary
plot, some specimens of the Niutitang Formation fall along the
A-K line revealing moderate chemical weathering and high
CIA. Conversely, half of the examined specimens are parallel
to the A-CN boundary revealing these sediments have been af-
fected by K-metasomatism. These sediments might originate
from tonalite-basalt. As the sediments are moderately weath-
ered, it suggests these rocks might have been derived from fel-
sic rocks, mainly from granite-granodiorite. Similarly, the low-
er ratios of K,O/Al,0, indicate the quantity of granite in the
source of the Niutitang Formation can be nominal if other pro-
cesses eliminated the original K,O/ALO, from the system.
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These explications are coherent with the interpretation of trace
elemental composition.

4.6 Sedimentary Source and Origin of Rare Earth Ele-
ments

To determine the source of rocks is a substantial element
in determining the paleoenvironmental conditions of that rock.
The most viable indicator in identifying the source of a rock is
the ratio of SiO,/AlL,O,. The studied sections reveal the average
value of SiO,/ALO, is relatively higher than that of the crust
(3.6, Table 2). These higher values indicate the sedimentary
supply of silicious matter was not only from a terrestrial source
but also from hydrothermal action or biological input. One of
the significant indicators for determining the geotectonic envi-
ronment is the ratio of MnO and TiO,. Most of the studied sam-
ples display lower MnO/TiO, (<0.5) ratios, suggesting the sedi-
ment supply was from a marginal sea and continental slope
(Sugisaki et al., 1982). The Y/Ho ratios can be used to depict
the source of sediments, i.e., marine versus terrestrial (Tang et
al., 2009; Webb and Kamber, 2000). If the ratio of Y/Ho is 26—
28, it designates the terrestrial sedimentary input. On the other
hand, the ratio of Y/Ho is 44—72 indicates a marine sedimenta-
ry input. In the studied Logbizui and Sacha sections, some sam-
ples have high Y/Ho values greater than 44, indicating mixed
terrestrial and marine sources. Compared to the other sections,
the average value of the Y/Ho ratio from the lowest to the high-
est in these sections is as follows: Tanguanyao 28.24, Wenshui
28.94, Lianxing 29.52, Zouma 31.12, Ganziping 32.70, Longbi-
zui 34.54, Sancha 36.69, Yangtiao 38.5, Jiumen 41.27, and
Rongxi 41.47. Therefore, on a broader scale, it can be suggest-
ed the sediment of the Niutitang Formation that formed during
the Early Cambrian period was not only contaminated by ter-
rigenous input, but also by marine biological and hydrothermal
deposits. It is also suggested there was a transgression phase of
sea level during the Early Cambrian period (Awan et al., 2020).
Its depocenter was situated towards the southwestern side, i.e.,
it was deep on the west and shallow at the east. The quantita-
tive amount of (Gd/Yb) is used to differentiate Archean (Gd/
YD), > 2.0 and the post Archean strata (Gd/Yb), < 2.0 (Taylor
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and McLennan, 1985). In the studied Logbizui and Sacha sec-
tions, the average value of (Gd/YD), is 0.93 to 0.75, respective-
ly (Table 3), which indicates the provenance of the Early Cam-
brian Niutitang Formation was from the post Archean strata.
The distribution of rare earth elements also infers the origin of
fine-grained sediments (Kasanzu et al., 2008; McLennan et al.,
1993). Commonly, rocks with greater LREE/HREE are thought
to be associated with felsic sediments, whereas rocks with low-
er LREE/HREE proportions are thought to be related to mafic
rocks (Roddaz et al., 2006; Taylor and McLennan, 1985).
Therefore, the nature of the parent rocks can be traced by the
distributional pattern of REE. In this context, we utilized the
pattern of REEs in the Niutitang Formation to determine its
source. In the studied samples, the quantities of LREEs are
higher than the HREESs, similar to the general distribution of
REEs in limestones or shales (Ketris and Yudovich, 2009;
Condie, 1991; Gromet et al., 1984). The minimum mean quan-
tity of ZLREE is encountered in the Yangtiao Section (33.29
ppm), where the maximum occurs in the Rongxi Section (460
ppm). In the studied Longbizui and Sancha sections, the aver-
age value of LREE/HREE is 10.02 and 8.31, respectively, indi-
cating enrichment of LREE, distinguishing a felsic protolith.
These average quantities are far higher than the average values
of the Rongxi, Lianxing, Wenshui, Yangtiao, and Jiumen sec-
tions. Few immobile elements such as Th and La, are indica-
tive of felsic source rocks, whereas Sc is a feature of mafic
sources. To determine the provenance of the fine-grained black
rocks in the study area, we used a diverse proportion of immo-
bile elements, e.g., Th/Co, Th/Sc, Cr/Th, La/Co, and La/Sc.
These elements are vital as they are not affected by sedimenta-
tion processes (Nowrouzi et al., 2014; Cullers and Podkovyrov,
2000). The comparison of these elements in the Niutitang For-
mation and their relative values in oceanic crust, upper, and
lower continental crust is presented in Table 5. The value of
these ratios is closer to felsic rock sediments compared to sedi-
ments from mafic rocks. Therefore, it can be suggested the
black rocks in Niutitang Formation are probably of a felsic ori-
gin (Table 5). The source and the composition of the specimen
can be examined through various geochemical constraints. The

30 ® Longbizui (a) 100 j = Longbizui )
® Sancha 1 ® Sancha
A Ganziping
25
io\\ﬂc i P, Basalts
204 Qg\‘a\ O 107 )
—_ A @ Andesites
5 ﬁ\“\%c"'““ & ®
2 154 . w i 3 o "
ﬁ . d\(‘)\c ov o l-: °
10 \(\W\'(\\e 1 Felsicivolcanic rocks
_ 6 E n
=" ] » .
[] }QO " ““‘SC s @D
- . source
’ B % ° Mafic sour - Granites
o«lg T T T T 0.0 T T T
1] 5 10 15 20 25 0 5 10 15 20
Sc (ug/g) La/Sc

Figure 9. Diagrams displaying the discrimination of compositions and sources. (a) Sc vs. Th; (b) La/Sc vs. Co/Th for the black rocks of Niutitang Formation.

Some data from Pan et al. (2004).
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Table 5 The ratios of immobile elements in the Niutitang Formation and their average ranges in felsic, mafic, LLC, OC, and UCC rocks to determine the

provenance of the rocks

Range in the present

Range from felsic Range from mafic

Elements ratio research Lce! ucc? oc’ source” source”
Th/Co 0.22-6.68 0.06 0.63 0.01 0.67-19.4 0.04-1.14
Th/Sc 0.55-2.41 0.06 0.79 0.94 0.84-20.5 0.05-0.22
Cr/Th 3.81-336.07 109.5 7.76 - 4.0-15.0 25-500
La/Co 1.03-12.54 0.33 1.76 - 1.80-13.8 0.14-0.38
La/Sc 1.77-16.11 0.31 2.21 0.10 2.5-16.3 0.43-0.76

. LCC and UCC data from McLennan et al. (1993); Taylor and McLennan (1985); . OC and range of felsic and mafic sources are from Cullers and

Podkovyrov (2000).

relationship between Th and Sc indicates that the Niutitang
Formation black rocks in the studied region were primarily
from a felsic or intermediate source (Fig. 9a). Furthermore,
most of the specimens in the La/Sc vs. Co/Th crossplot lie in
the zone of felsic volcanic rocks (Fig. 9b).

This observational evidence decisively indicates felsic
sediments formed the Niutitang Formation. Here we also incor-
porated ternary diagrams of Co-Th-Zr/10 and Sc-Th-La to de-
pict the tectonic conditions of the Niutitang Formation (Fig.
S6). According to the ternary graph of Sc-Th-La (Fig. Sé6a),
most examined specimens lie in the zone of continental island
arc settings, while a few are in the region of active and passive
continental margins. Similarly, Co-Th-Zr/10 ternary plot (Fig.
S6b) shows scattered distribution of the specimens, but a great-
er number of samples fall within the zone of a continental is-
land arc and in the active continental margin. Hence, in a
broader sense, these geochemical constraints suggest the black
rock sediments of Niutitang Formation in the study area were
from a continental island arc and active continental margin. Cr
in deep oceanic or in metalliferous rocks originated from terrig-
enous detrital particles, which indicate that Cr is associated
with other metals like Zr. However, uncertain evidence may
suggest a share of Cr is enriched in sediments that were depos-
ited during hydrothermal events in the absence of elemental
emigration. The ratio Cr/Zr exhibits a definite affinity with
metalliferous and deep oceanic rocks. However, the source re-
gion is abruptly dissimilar in hot water metalliferous rocks, and
enrichment of Cr is not linked with Zr (Fig. S7a). The sedimen-
tary source and the structural framework for black marine
rocks can be distinguished using a ternary graph of Ta-Th-, Hf/
3 (Fig. S7b). According to the ternary diagram, a considerable
proportion of specimens from the Niutitang Formation lie in
Zone I revealing these sediments were associated with a diver-
gent plate boundary. In this study, all the comprehensive analy-
ses based on different ratios and graphs can infer the black
rocks of the Niutitang Formation in the area were potentially
influenced by deep-seated hydrothermal activities.

4.7 Controlling Factors for the Distribution of REEs

The REEs and Ti and Al elements are thought to be immo-
bile throughout transformation processes (Karadag et al., 2009;
Liaghat et al., 2003). There is a positive association between
REEs and Ti and Al elements in the Niutitang Formation black
rocks (Figs. S8 and S9). This positive linkage reveals negligi-

ble or weak mobility of REEs and is considered resistant to
fractionation through weathering in the various surficial set-
tings. In the black sediments of the Niutitang Formation,
coarse grained detrital minerals are few or rare. Therefore it is
suggested the occurrence mode of REEs in the Niutitang For-
mation might be substantially due to adsorption on OM or fine-
grain minerals. AL,O, and TiO, of the Niutitang Formation dis-
play a positive linkage with REEs’ individual concentration
(Figs. S8 and S9). These positive linkages might reveal clay
minerals that might chiefly control the concentration of REEs
in the black sediments of the Niutitang Formation. Figure 2 re-
veals a positive association between various major element ox-
ides (Si0O,, Al,0,, Na,0, MgO, CaO, Fe,O,, MnO, K,O, P,0O,,
and TiO,) and REEs. Moreover, the significant positive rela-
tionship between REEs and Fe,O, content suggests that pyrite
could separately control the REEs’ concentration. Total organ-
ic carbon also exhibits a positive association with the REEs, de-
ciphering the rare earth elements’ affinity. Mn and P are the
most significant nutrients for plant growth (Chatziapostolou et
al., 2006). It is also suggested element P could be chiefly asso-
ciated with bioproductivity (Awan et al., 2020; Brumsack,
2006; Webb and Kamber, 2000). The REEs in coals are
thought to be mainly linked with fine-grain P (Finkelman,
1982). It is also observed in the present research the P,O; and
REEs exhibited a positive association that could indicate the
REEs in the Niutitang Formation might be associated with the
fine-grained phosphates. Moreover, the combinational avail-
ability of anoxic settings and higher biological productivities
might have created favorable conditions during the Early Cam-
brian period. The relationship of REEs with certain mobile
trace elements (TEs) within the upper continental crust is pre-
sented in Fig. S10. Non-clastic sedimentary rocks such as evap-
orites and limestones, contain a lower proportion of V, Zr, and
Ba. These lower quantities are analogous to the mean upper
crustal values of shales. In the Niutitang Formation, the value
of La vs. V in the majority of the samples is slightly lower than
the compositional value in the upper crust. However, the speci-
mens from the Ganziping Section have an unexpectedly higher
concentration than upper continental crust, while the Zouma
section reaches the limit of the upper crust (Fig. S10a). Similar-
ly, the amount of La vs. Ba is also lower than the limits of the
upper continental crust although a couple of them have a high-
er quantity (Fig. S10b). In contrast, La vs. Zr value in the stud-
ied samples has a higher value relative to the upper continental
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anomalies during the deposition of the Early Cambrian Niutitang Formation.

crust (Fig. S10c) due to the immobile nature of elements dur-
ing deposition and diagenesis. The lower values of La/V, La/
Ba, and the higher quantities of La/Zr relative to the upper con-
tinental crust reveal depletion of V, Ba, and enrichment of Zr
during deposition of the sediments (McLennan, 2001). Under
an extremely low Eh environment, Eu’* reduces to Eu*". Fur-
ther, the increase of Eu under severe reducing settings favored
substantial mobilization of Eu, which was responsible for the
decrease and mobilization of Eu. The higher concentration of
organic carbon in these rocks is due to the higher biological
productivity and nutrients supply from the deep crust through
hydrothermal veins. The diagenesis under alkaline conditions
or in extremely reducing settings is beneficial for the reduction
of Eu3+, although its reduction is very rare in other conditions.
The occurrence of pyrite and organic matter in these sediments
is a sign of anoxic settings, whereas the presence of carbonate
(dolomite and calcite) minerals indicate alkaline environments
in the basin during deposition. The positive Eu anomalies of
the studied specimens indicate the Niutitang Formation in the
study area was highly affected with deep water hydrothermal
fluids. These anomalies (Eu and Ce), along with original sea-
water features, favor deposition of these black sediments by in-
termixing oxic and anoxic seawater through upwelling phe-
nomena during the Early Cambrian period. Due to this upwell-
ing mechanism, deep-seated anoxic rich Ce’ and OM moved
towards the upper oxic zone. In the upper region, it reduced Ce
through oxidization of Ce*-Ce*". Ce depleted by intermixing,
and the Eu anomaly, together with organically enriched water
that migrated over the shallower part of the marine basin, show
that these currents also deposited the black rocks (Fig. 10).

5 CONCLUSIONS
This research primarily discusses the geochemical charac-

terization of organic-rich black rocks of the Early Cambrian
Niutitang Formation from the Xiangxi area to evaluate its pa-
leoenvironmental conditions during the Early Cambrian peri-
od. Conclusive outcomes of this research are as follows.

(1) The total organic carbon content in the platform region
is extremely low, indicating a poor potential to produce hydro-
carbons. In contrast, significantly higher TOC quantities are ob-
served in the deep shelf and slope sediments, indicating a sig-
nificantly higher potential to produce hydrocarbons.

(2) Black rock sediments with enrichment of rare earth el-
ements in unexpectedly low quantities are observed in Yang-
tiao and Rongxi areas. The enrichment of REEs, positive Eu
anomaly, negative Ce anomaly, and a moderate Y/Ho are the
clues for a hybrid mechanism associated with hydrothermal ac-
tion and the terrigenous input.

(3) The values of the chemical index of weathering, chem-
ical index of alteration, and index for compositional variability
reveal these black rock sediments might be from moderate
weathered sources. Additionally, the sediments of the Niutitang
Formation in the study area were sourced from continental is-
land arcs and active continental margins. The immobile ele-
ments such as Th/Co, Th/Sc, Cr/Th, La/Co, and La/Sc that are
not affected by sedimentation processes, suggest the Niutitang
Formation is closer to the felsic rock sediments. Moreover, the
susceptible trace elements V, Ni, Cu and negative Ce anomaly
indicate the Niutitang Formation was deposited in oxygen-
depleted/anoxic conditions and deeper water levels in weak hy-
drodynamic conditions, which were beneficial for the preserva-
tion and enrichment of organic matters.

(4) The main controlling factors for the distribution of
rare earth elements in these black rocks of the Niutitang Forma-
tion are pH, terrigenous input, source rock composition, tecto-
nism, upwelling mechanism, and hydrothermal activities.
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