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Abstract:

Global glaciation, oxidation event and eukaryotic expansion and diversification in the
Neoproterozoic period are marked events that characterize the early evolution of the
Earth, but how the interactions occurred among these events is not well understood. The
organic matters preserved in the black shales of the Datangpo Formation (Cryogenian
period) are sensitive to redox conditions, and thus its accumulation and preservation offer
beneficial clues to unravel the early evolutional history of the Earth. This study presents
new chemostratigraphic data of iron component, total organic carbon content, sulfur isotope
of pyrite, carbon and oxygen isotopes of carbonaceous shale of the Datangpo Formation
(Cryogenian period) in the Datangpo section, South China. The analyzed results imply
abundant nutrients existing in the ocean in the Early Cryogenian. The nutrients, such as
phosphorus, resulting from neighbor volcanic eruptions, provided nutrients that enabled
microbes to flourish during the Cryogenian interglacial gap. Iron components and sulfur
isotopes indicated anoxic, euxinic deep water environments for the black shales in the lower
portion of the Datangpo Formation. The anoxic setting was good for the preservation of
organic matter, but terrigenous materials inputs, as revealed by the high Al,O3 contents,
diluted the total organic carbon content.

1. Introduction

Organic-rich rocks are the research subject of great interest

The paleoenvironment of Cryogenian period (720 to 635
million years ago) is important for us to understand the
evolution of early life on Earth (Scott et al., 2008; Planavsky

for several decades (Lazar et al., 2015; Ilgen et al., 2017;
Jiang et al.,, 2017; Liu et al.,, 2017), because these rocks
are the primary source of hydrocarbon resource (Johnson et
al., 2016), and also because organic-rich rocks bear critical
clues for the interaction between Earth surface environments
and the biosphere in geological histories (Dodd et al., 2017;
Yeasmin et al., 2017). Several factors can influence the origin
of organic-rich rocks, including productivity, preservation,
dilution, and any combinations of these factors (He et al.,
2017). Productivity and preservation of organic matter are
greatly influenced by the paleoenvironment and relevant redox
condition (Arthur and Sageman, 1994).

et al., 2010). A series of marked geological events occurred
in this stage, such as the break-up and assembly of Rodinian
supercontinent, global glaciation, the second Great Oxidation
Event and eukaryotic expansion (Zhu et al., 2007). These
events greatly reshaped the paleogeography and paleoenvi-
ronment of the Earth surface, which is well preserved in
sedimentary rocks (Shi et al., 2016, 2018; Wei et al., 2017).

The Neoproterozoic Nanhua Basin was a rift basin in the
Yangtze Block caused by the breakup of the Rodinian super-
continent (Wang and Li, 2003). It has accommodated thick
sediments, of which the Datangpo Formation was deposited
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Fig. 1. Sedimentary lithofacies, paleogeographic and paleobathymetric map of the Nanhua Basin during glacial deposition of the Nantuo Formation (after Li

et al., 2012).

in an interglacial period. A great deal of research has been
conducted on the geochemical characteristics of the strata to
unravel the paleoenvironment and their linkage with Great
Oxidation Event and early life explosion (Li et al., 2017).
For example, the analysis of iron and molybdenum elements,
sulfur and nitrogen isotopes indicated a stratified redox marine
environment (Li et al., 2012; Wei et al., 2017). However, the
organic matter accumulation mechanism and its relationship
with the stratified redox waters are ambiguous. The Datangpo
Formation has a thick interval of black shale rocks that are
rich in organic materials, and thus provide an excellent target
to refine paleoenvironment and organic matter accumulation.

In this paper, we chose the Datangpo Formation from
the Datangpo section in the Guizhou province to conduct
iron component and total organic carbon (TOC) chemical
analysis, and sulfur, carbon, oxygen isotopic measurement.
Two main questions are addressed here: First, the organic
carbon accumulation mechanism in an interglacial stage of the
Cryogenian period; second, the coupling relationship between
biological flourishing and paleoenvironment.

2. Geological setting

The Neoproterozoic Nanhua Basin is located in the south-
ern margin of the Yangtze Block, occupied some portions of
the Hunan province and the Guizhou province. It developed as
a rift basin resulting from breakup of the Rodinian superconti-
nent at ~820 Ma (Wang and Li, 2003). Three sedimentary for-
mations have been recognized in the Cryogenian strata, from
base to top namely: Gucheng Formation, Datangpo Formation
and Nantuo Formation (Li et al., 2012). The Gucheng and
Nantuo formations are characterized by glacial diamictite of
the Sturtian and Marinoan ice ages, respectively (Macdonald et
al., 2010), while the between Datangpo Formation represents
the interglacial succession composed of manganese-bearing

carbonate, black shale, and siltstone. The timing of the in-
terglacial interval is suggested by zircon U-Pb ages of 663+4
Ma and 654.5+3.8 Ma (Zhou et al., 2004; Zhang et al., 2008)
which were obtained in the tuffaceous beds at the basal and
top of the formation, respectively. The overlying Ediacaran
Doushantuo Formation is composed of post-glacial marine
shales and carbonates containing multicellular fossil algae and
achritarchs, some of which might represent the Earth’s earliest
animal embryos (Yin et al., 2007; Cohen et al., 2009).

The thickness of the Cryogenian deposits is various in
different locations, with a total thickness of > 2,000 m in
the basinal facies in the southeast and about 100 m in the
shelf facies in the northwest (Wang and Li, 2003). Based on
the distribution of glacial deposits of the Nantuo Formation,
a confined marginal basin was suggested, with the range of
deep waters distributing along a northwest-to-southeast axis,
barely connection with the open ocean (Fig. 1; Wang and Li,
2003).

The samples were collected from the Datangpo section
(Songtao Town) in the Guizhou province, where the Datangpo
Formation was divided into two members. The lower member
consists of black carbonaceous shales with manganese, with
thickness of 13.4 m. The upper member consists of gray silty
shale with thickness of 437 m. This study collects 20 black
shales and 2 manganese ore samples in this section (Table 1).

3. Methods

The fresh samples are cleaned with distilled water 3 times
to remove surface impurities, and then dry the samples in 105
°C for 6 hours in drying box, and finally take the samples
in sealed capsules for testing. Microscopic observation uses
Quanta 250 scanning electron microscope produced by Amer-
ican FEI Company.

Major and trace elements were completed in the modern



69

Wang, C. and Shi, G. Advances in Geo-Energy Research 2019, 3(1): 67-75

JUSWIQINSBAW OU “-'ApNJS SIY) UT POIOPISUOD q JOU P[NOM PUE DI[EAUT I8 95,G’() UBY) IOMO] SJUSIUOD o

€20 S8°0 S6°0 70 (40! - S0°0 €0°0 ¥0°0 16°61 16'99 S8°0 I-1d ST°0
1€°0 L8°0 0¥'0 Tro 90 19 L0 170 170 L8'1T Tri9 €C'T 1 S1°0 Jreys
LOO 99°0 611 090 81 - 0T 200 1570 TLST 17°99 89°¢ €1da L0
LOO 9%°0 A €0 LT 0S°09 - - - - - - I-NIN 91 10
050 190 0€'l 600 €1'C 6879 - - - - - - T-NIN ST
780 S8°0 ¥S'T 16'C 86'C SS'Ts Y00 0S0 91 1191 16'%9 619 a LT
. o . e . . . . . . . . . areys
L80 €80 99T 0z 85T 95°€S €00 200 61'C 17°0C ¥L'9S 8L9 €d Tl snosoruogeen
€80 S6'0 we ¥8'C 19°¢ - 200  +00 €7'C 10°0C 67S ST'L ¥ 10
880 LLO €7'C S1'T vI'e L9°8S 18°C €0°0 85T 16'S1 1+'8S 61'C sa Tl oreys
9L'0 €80 0r'c 81 68°C - S0°0 €0°0 18°0 1€91 09°SS 619 9 10
. . . . . . . . . - . . . Jeys  Ioquuour
0L°0 L8°0 €5°C 8LT 16'C €509 0¥'0 110 W TELT 1L°09 919 La €T snocoruoqmy 1080
780 780 LT'T 960 6€'1 05’19 110 100 IL¢ 18'81 €1'8S 9S°L 8a 10
69°0 980 9¢'0 ST0 w0 - 900 LO0 840) 9'1¢€ TS6 150 6d T0 oreys
6L°0 780 ¥S'T 00T 10°¢ - 0€0 1€°0 8T [MR1! TS6F S9'S o1a ¥'1
880 69°0 85T LTT vL'E - 120 €0°0 1 1791 1L'69 8LY 11a ST
. . . . . _ . - . . -0 . . Jreys
¥8°0 160 T 98'1 8E'Y 1240] €00 780 9791 €9'8S L9'S ia 10 $100oBUOGIES
6L°0 260 1T¢ SLT e 91’19 Y00  +0°0 zro IL'81 TLS9 ¥1'8 €1a L0
€60 780 69°0 ¥9°0 780 16'8S 1L'ST LT0 110 wL 17°0T €5°el vid 1’0
99°0 €20 €10 80°0 S0 - €1l 110 LOT ILLY 99 85'S S1a 70 oreys
S9°0 ST0 LOO $0°0 LTO - €0 +00 81°0 €6l S6'8S 901 vzd 0°€l
840] 620 €70 81°0 6v'1 - 000 €0°0 600 19°0C 1629 050 std 00 a[eys IS ku,mwn
ST°0 9Z'0 70 LOO 89'1 - 000 200 19°0 T€0T 11°59 S€0 9z 056
¥Hoq/Adog  og/¥Hoq () ¥WHoq (%) Adog (%) ;2d (%) Spe® (W UN (B)d  (®B)S (%) fOUV (%) OIS (%) DOL  ON ddweg  (w) ssouydIy[, A3ojomog ejeng

‘uonoes od3uele(q oy) ur uonewtog odSueye oy Jo soeys oy} ur sodojost InJns pue sUONISOdWIOd UOII ‘SJUSWAO [BINAYS0dS Pajoo[es *T J[qeL,



70 Wang, C. and Shi, G. Advances in Geo-Energy Research 2019, 3(1): 67-75

8] Sj
7
6]
59
71
2 4]
] Al
34
] (0]
2? Au
1C
19
] F
] i Au
0L ———— - - A
0 2 4 6 8 10

keV

Fig. 2. Test of morphology and energy dispersive spectrometer (EDS) analysis of cyanobacterial cells.

analysis and testing center of China University of Mining and
Technology. Major elements use X ray fluorescence spectrom-
eter produced by Germany Brook AXS company (BRUKER
S8 TIGER) and the test precision is < 8%. The chemical
measurement of pyrite was converted on the basis of the
sulfur content of pyrite. Iron oxides/hydroxides, carbonates
and magnetite were measured by a continuous extraction
method according to (Poulton and Canfield, 2005).

Iron composition was measured by chromium reduction
method (Canfield et al., 1986) in the State Key Laboratory
of biological geology and environmental geology, China Uni-
versity of Geosciences (Wuhan). Carbon and oxygen isotopes
were tested in the State Key Laboratory of biological geology
and environmental geology and the modern analysis and
testing center of China University of Mining and Technology.
Sulfur isotope of pyrite was analyzed by a Quadrupole Induc-
tively coupled plasma mass spectrometer (ICP-MS). Organic
carbon content was tested by combustion method, which was
completed by the Jiangsu Institute of geological and mineral
design.

4. Results

The test results of the major elements, trace elements, iron
components, and sulfur isotopes of pyrite are shown in Table
1.

4.1 Organic matter content and phosphorus content

The carbonaceous shales of the lower member of the
Datangpo Formation are rich in organic matters. TOC is be-
tween 0.51% and 13.53%, and most samples (more than 90%
samples) show that the proportions of organic carbon content
are commonly more than 5% with an average content of
6.3%, implying that the shales are of high-quality hydrocarbon
source rocks.

The organic matter is mainly amorphous I type kerogen,
and the original organism is mainly algae. The scanning
morphology of cyanobacterial cells suggest they have been
metasomatized into ferrous carbonate and gold-bearing silicate
complexes while keeping the original cell textures (Fig. 2), and
the elemental contents are listed in Table 2.

The phosphorus content is 0.021%-0.145% in the lower
member of the Datangpo Formation, and the phosphorus
content is 0.012%-0.013% in the upper member. Although
a regularly positive correlation wasn’t shown between the
content of organic carbon and the content of phosphorus,
samples of high phosphorus content generally contain high
amount of organic carbon (Fig. 3(a)).

4.2 Fe chemistry, sulfur isotope and redox condition

The total Fe (Fe') ranges from 0.27% to 4.38%. Fe is
essential elements for the microorganism growth, but there is
no obvious linear correlation between the TOC and total Fe
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Fig. 3. Relationship of the phosphorus, total iron composition and TOC. (a) Relationship between phosphorus and TOC; (b) relationship between iron and
TOC, and it shows a slightly negative relationship when TOC is more than 2%.
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Fig. 4. The lithology and analyzed chemical data in the Datangpo Formation.

Table 2. Chemical composition of cyanobacterial cells by energy dispersive
spectrometer (EDS) analysis.

Element  Weight (%)  Atomic (%)  Error (10) (%)
C 32.80 50.10 5.11

(0) 31.07 35.64 4.27

Si 12.99 8.49 0.46

Al 5.96 4.05 0.26

Mn 0.16 0.05 0.05

Fe 0.36 0.12 0.05

Au 16.67 1.55 0.54

Total 100.00 100.00 -

(FeT) (Fig. 3(b)).

To estimate redox condition in the Cryogenian period, we
examined the concentrations of total Fe (Fel), pyrite iron
(Fepy), and highly reactive iron (Feyr) in the sedimentary
rocks of the Datangpo Formation. The reactive iron (Feygr)
was defined as Feyr = Fepy + ferric oxides (Feox) + Fe
magnetite (Fepn,e) + Fe carbonates (Fecap,) (Li et al., 2012).
These proxies are frequently used in the recognition of ancient

Bl
o\ cAe o
g

Carbonaceous shale Silty shale

oxic, anoxic, and euxinic environments (Poulton et al., 2004,
Lyons and Gill, 2010). For example, the modern and ancient
sediments have the empirically ratios that Fegr/Fe® is less
than 0.38 in oxic environments; and Feyr/Fe' > 0.38 and
Feyy/Feyr > 0.7 indicate euxinic environments (Raiswell and
Canfield, 1998; Poulton and Canfield, 2005).

Our results show that manganese ore layers, carbona-
ceous shale layers and silty shale layers have contrasting
Fe chemistry (Table 1, Fig. 4). The lower portion of the
section (samples D1-1~MN-2) have Fepr/FeT > 0.38 and
Feyy/Feyr < 0.7, indicative of ferruginous conditions. The
upper portion of the section (samples D2~D15) show high
Fepy/Fepyr ratios, generally more than 0.7 except that two
shale samples (Fe,y/Fegr = 0.68), suggesting predominant
euxinic environments (Table 1). The samples of the upper
member (silty shales, samples D24~D26) have Fepr/FeT <
0.38, suggesting an oxic environment.

The §3*Spy of manganese ore ranges in 60.50%0~62.82%o,
with average value of 61.66%.. The §3*Spy of carbonaceous
shales and silty shales is 53.56%0~61.66%o, with an average
of 57.8%o. Other studies have revealed that the sulfur isotope
anomaly during the Cryogenian interglacial period is ubiqui-
tous all over the world, generally in a range of 25%0~70%o
(Walter et al., 1995; Cui et al., 2018). The 83*Spy contents are
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Table 3. Carbon and oxygen isotopic results.

Lithology Carbonate shale Silty shale Manganese ore

Samples D2 D14 D5 D9 Mn-1 Mn-2

813C (%) -7.90 -7.60 -7.26 -7.20 -7.64 -8.26

580 (%o) -12.20 -14.80 -15.26 -14.60 -9.25 -10.50
influenced by sulfate concentration and the biological function 1.0
leading to sulfur isotope fractionation. The Nanhua Basin is 0.8 g___!.----“""'o
of limited, closed basin so that the sulfate concentration in o ° o T °
the deep water is low (Chen et al., 2008). When the sulfate f@ 061 T
concentration is relatively low, sulfur isotope fractionation by ~ 04| 7 ¥=0.064x+0.401
bacterial sulfate reduction process would become weak (Shen o ° ° R™=0.59
et al., 2003), and hence the §3*Spy values more possibly ’
represent a heritage of original sulfur isotope constitution in 0 0 > 4 6 3
deep water. More recently, Cui et al. (2018) revealed that Fe,,/Fe,,

the high 83*Spy values might be related to thermochemical
sulfate reduction in hydrothermal fluids during late burial
diagenesis. Although our data can’t preclude this possibility
of thermochemical sulfate reduction process, a reducing con-
dition is suggested in the formation of pyrite and high §3*Spy
fractionation. In contrast, D24-D26 layers of silty shale in the
upper member might be an oxic environment due to extremely
low pyrite content.

4.3 Carbon and oxygen isotopes

The analyzed C and O isotopes are listed in Table 3. The
8'3C shows negative values ranging from -8.26%o to -7.2%o.
The carbon contents are relevant to algae that can transfer car-
bon into organic materials, leading to the enrichment of §'3C
in waters. In contrast, degradation of organic matter would
decrease the §'3C value. The relatively negative §'3C values
suggest the carbonate minerals precipitation was accompanied
with a predominant process of degradation of organic matter.

The §'80 has values in a range between -15.26%0 and
-9.25%o. It is generally accepted that §'80 variation was
influenced by temperature and diagenesis (Oktia et al., 1988;
Nyame et al., 2006). In addition, dilution of fresh water can
produce extremely negative §'80 values (Fang, 2000). The
negative §'80 values in the Datangpo Formation might be
related with great amounts of input of fresh water during the
interglacial period.

5. Discussion

5.1 Paleoenvironment and organic matter accumula-
tion

Our TOC and phosphorus data reveal that the carbonaceous
shales bear very high organic matters. Modern studies revealed
that microbial bloom is associated with water eutrophication
(Wu et al., 2009), and volcanic ash brings nutrients into the
water giving rise to water eutrophication and biological flouri-

Fig. 5. Relationship between total iron and Fe,y/Fepr ratio.

shing. The negative §'80 values in the Datangpo Formation
imply that great amounts of input of fresh water during
the interglacial period in the Nanhua Basin. Simultaneously,
tuffaceous beds are frequently observed as lenses intercalated
in the carbonaceous shale and the manganese ore beds (Yin et
al., 2007; Zhou, 2013). The volcano eruptions along the break-
up of Rodinian supercontinent were recorded as tuffaceous
beds in the shales and it brought abundance nutrient substance
that can lead to water eutrophication. Our study suggests that
the organic matter is mainly amorphous I type kerogen, and
the original organism is mainly algae (Fig. 2). The samples
with high amount of phosphorus have more TOC, indicating
that the biological flourishing is one of key factors to form
abundant organic matters.

5.2 Redox condition and organic matter preservation

The redox state of ancient seawater is crucial to the
preservation of organic matter. As the data mentioned above,
the carbonaceous shales show Feyr/FeT > 0.38, Feyy/Fenr
is more than 0.7 indicating anoxic water environments. More-
over, the statistics of pyrite mineralization show that Fepy/Fepr
ratio and organic carbon content have a good positive corre-
lation (Fig. 5). This reflects that the carbonaceous shale of
the Datangpo Formation is formed in reducing and sulfidic
environment. It is well known that organic matters will be
limited to be degradation in anoxic condition. Therefore,
the lower portion of the Datangpo Formation that is in a
euxinic state is good for the preservation of organic matters. In
contrast, the upper portion where deposited the silty shales and
siltstones might be in an oxic environment due to low amount
of pyrite and featured iron compositions. We consider that the
upper portion deposited in an open system, fully exchange
with overlying waters. The §>*Spy in the manganese ore and



Wang, C. and Shi, G. Advances in Geo-Energy Research 2019, 3(1): 67-75 73

35
302

y=-0.815x+22.23
25 R’=0.414

ALO,(%)

0 5 10 15
TOC (%)

Fig. 6. Relationship between Al,O3 and TOC.

carbonaceous shales is higher than 50%. The sulfate reducing
bacteria give priority to the reduction of $3? and continue to be
supplemented. Therefore, the content of light sulfur isotopes
increased significantly, while the heavy isotopes of sulfur
decreased significantly. The light sulfur isotope is reduced
first in the process of dissimilation reduction, and the §34
is enriched in the residual liquid. The enrichment degree is
restricted by the contents of sulfate in pore water, active iron,
organic matter and temperature (Dai et al., 2001; Huang et
al., 2014). The fractionation of sulfur isotopes in the early
stage of the Datangpo Formation is the result of active organic
matter and sulfate biochemical action. Thus, the higher 534Spy
values imply a euxinic waters in deep portion and beneficial
for the organic matter preservation. §3*Spy is reduced rapidly
to 14.8%0-18.7%0 in the Datangpo Formation in shallow water
environment, which indicated that the pore water can be fully
exchanged with the overlying water (Li et al., 2012).

5.3 Terrestrial material input and organic matter di-
lution

High productivity is a necessary and sufficient condition for
the enrichment of organic matter. But, the dilution effect of
terrestrial source also has considerable influence on the content
of organic carbon. The content of Al,O3 ranges from 7.7% to
31.6%, and the statistical results show a significant negative
correlation between Al,O3 content and organic carbon content
(Fig. 6). It is generally believed that Al,O3 is mainly derived
from the weathered material in the continent, reflecting the
degree of supply of terrigenous debris (Saito et al., 1992).
Therefore, the intensive weathering and high inputs of terres-
trial clasts will greatly dilute the organic carbonate contents.

6. Conclusions

This study shows iron compositions, sulfur isotope of
pyrite, carbon and oxygen isotopes of the Datangpo Formation
in the Datangpo section. These new data lead us to conclude
that:

1) The carbonaceous shales that have high amount of phos-
phorus generally display more TOC. In addition, the

carbonaceous shales show relatively high oxygen iso-
topes, implying large volume of fresh water input in the
Nanhua Basin during the interglacial gap. Considering the
intercalated tuffaceous beds in the shales, we suggest that
the biological flourishing during the interglacial period
ensured sufficient supply of organic matters.

2) The euxinic environments provide ideal settings for the
organic matter preservation. Our iron chemistry and sulfur
isotope suggest the carbonaceous shales were in anoxic
and euxinic deep waters. Although the §3*C values are
relatively negative, correlative to degradation of organic
matter, the euxinic condition in deep waters ensures or-
ganic matter preservation. Terrestrial clasts might feed the
shale sediments because some layers have high contents
of Al,O3 and these terrestrial components greatly dilute
the organic matters.
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