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The redox condition of the ocean played an important role in the evolution of the Ediacaran biota, but it
remains largely unexplored, particularly for the deep ocean environment. In this study, we present a
comprehensive study of Fe speciation and trace elements of the Doushantuo black shales from the
Longe and Jinjiadong sections in South China, to investigate the redox condition of basinal environments
in Ediacaran. In general, both sections show high Feyg/Fer ratios (>0.38), low Fepy/Feyg ratios (<0.7), sug-
gesting a predominately anoxic and ferruginous condition in the deep water of Nanhua basin during the

Il__f;}i’a"z‘;:‘;;: Doushantuo period. A few high Fepy/Feyr ratios (>0.7) in the Jinjiadong section indicating occasional eux-
Deep water inia in the basin facies. Fepy/Feyr ratios show an increase in the middle part both in the Longe and

Fe speciation Jinjiadong sections, indicating enhanced production of H,S via bacteria sulfate reduction (BSR) in the
Trace element deep anoxic water, which was likely responsible to the upper Doushantuo negative carbon isotope excur-
South China sion.
The enrichment factors (EFs) of most redox sensitive trace elements in the sediments of both sections
are low (<1), while EF-Mo shows moderately enriched (~3-60), which is similar to the modern Cariaco
Basin. Because of paleogeographic restriction or persistent ocean stratification, the trace elements
renewal would be mostly obstructed in the isolated deep water, and their inventory could become
depleted, which cause the low EFs of most trace elements in sediments. However, for the non-euxinic
deep ocean, a “particulate shuttle” would transport Mo from shallow water to deep water through
adsorption-desorption on the Mn-Fe-oxyhydroxides, which maintained moderate Mo enrichment in sea-
water and related sediments.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction fined, particularly for the redox condition of the Ediacaran deep

ocean.

Early animal evolution has been proposed to be intimately asso-
ciated with the atmosphere and ocean redox chemistry (Knoll,
1992). Lines of evidence support that the emergence and diversifi-
cation of Ediacaran biota was tied to varying levels of pulsed atmo-
sphere oxygenation during the Ediacaran (Canfield et al., 2007,
Fike et al., 2006; McFadden et al., 2008; Och and Shields-Zhou,
2012; Sahoo et al., 2012; Shen et al., 2008). However, the mecha-
nism and extent of this oxygenation event remain largely uncon-
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The Ediacaran deep ocean was thought widely oxygenated from
perspectives of elemental and isotopic compositions and iron
chemistry (Ader et al., 2014; Canfield, 1998; Canfield et al., 2007;
Fike et al., 2006). In contrast, more studies suggested that the Edi-
acaran ocean was stratified with oxic shallow water, while with
widespread anoxia in the deep ocean (Canfield et al., 2008; Fan
et al., 2014; Han and Fan, 2015; Jiang et al., 2011, 2010, 2008; Li
et al,, 2010; Och and Shields-Zhou, 2012). In addition, it has been
actively debated that whether the anoxic deep ocean was ferrugi-
nous or euxinic (Canfield et al., 2008; Li et al., 2010; Shen et al.,
2008). Recent oceanic redox model proposed that below the shal-
low oxic water, a metastable zone of the euxinic water column
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may be sandwiched within ferruginous open deep water at the
outer shelf and slope locations (Li et al., 2010). These controversies
likely were caused by the chemical heterogeneity of the Ediacaran
ocean, which was not only introduced by the oxygen level in the
atmosphere, but also other factors (e.g. the substance input and
paleogeography) (Li et al.,, 2010; Scott et al., 2008; Tribovillard
et al., 2012). Therefore, comprehensive studies with multiple geo-
chemical proxies on more typical sections are important to further
decipher the redox state of the Ediacaran ocean.

Here we investigated the redox-sensitive elements and Fe spe-
ciation of the black shales that were deposited in basin facies from
Doushantuo Formation in South China, which proxy the redox con-
dition of deep water in Nanhua basin during most of the Ediacaran
period. In addition, the enrichment mechanism of trace elements
also provided new information on the elements migration and
paleogeography in Nanhua basin.

2. Geological setting

The Ediacaran System of South China was deposited in a passive
continental margin along a paleoseawater depth gradient from the
northwest to the southeast on the Yangtze Block (Jiang et al., 2003;
Wang and Li, 2003). The Ediacaran System in South China is mostly
composed of the Doushantuo Formation (ca. 635-551 Ma) and
with Dengying Formation (ca. 551-542 Ma) at the terminal stage.
The Ediacaran System directly overlies the Nantuo diamictite
(equivalent to the Marinoan glaciation), and was overlain by the
lower Cambrian phosphorite-bearing shale (Condon et al., 2005;
Jiang et al., 2003; Zhu et al., 2007). The lithology of those strata var-
ies for different sedimentary facies. In the northwest, the carbonate
and shale-interbedded (10 m->100 m) Doushantuo Formation is
overlain by the carbonate-predominant (>100 m thick) Dengying
Formation, which are deposited in shallow water (i.e., the shelf
area); in the southeast, the shale-predominant Doushantuo Forma-
tion is overlain by the chert-predominant Liuchapo/Laobao/
Piyuancun Formation (equivalent to the Dengying Formation),
which was deposited in deep water (i.e., the basin area).

In this study, we investigated two typical sections of the
Doushantuo Formation, the Longe and the Jinjiadong sections.
The Longe section is located in Longe village of Liping County,
southeastern Guizhou Province, comprising the Nantuo Formation,

the Doushantuo Formation, and the Laobao Formation (Fig. 1). The
Doushantuo Formation in the Longe section is approximately 35 m
thick and is characterized by the basal cap carbonate (~2.5 m) and
the upper black shale (Fig. 1), which were deposited in basin facies.
The Jinjiadong section is located in Jinjiadong village of Xupu
County, Hunan Province, comprising the Nantuo Formation, the
Doushantuo Formation, and the Liuchapo Formation (Fig. 1). The
Doushantuo Formation in the Jinjiadong section is approximately
25m thick and is characterized by the basal cap carbonate
(~1.5 m) and the upper black shale (Fig. 1), which were deposited
in basin facies.

3. Sample and method

Large hand samples of black shales were collected by digging in
depth from the outcrop site. The surface of hand samples were
removed, and the inner parts were chosen carefully to avoid possi-
ble weathering impact on the geochemical analyses. To avoid the
contamination from analytical procedures, the samples were
ground (<200 mesh) with agate mortar and pestle for elemental
and isotopic analyses. 28 samples from the Longe section and 21
samples from the Jinjiadong section were selected for the geo-
chemical analysis.

About 50 mg of each sample powder from the Longe section
was weighed and ashed at 450 °C for 12 h. Dissolution of the ashed
samples was carried out using HNO3 and HF (Qi et al., 2000). For
each ashed sample, 1 ml of HF (38%) and 0.5 ml of HNO3 (68%)
were added in a Teflon bomb, and the solution was heated to dry-
ness. Then 1 ml of HF and 0.5 ml of HNO3; were added again to dis-
solve the solid materials completely, and the sealed bomb was
heated to 190°C for 12 h. After cooling, 1 ml of Rh solution
(1 mg/ml) was added as an internal standard, and the solution
was again heated to dryness (at about 150 °C). Addition of 1 ml
of HNO; and subsequent heating to dryness was repeated twice.
The final residue was dissolved in 8 ml of 40% HNOs3, and the sealed
bomb was heated at 110 °C for a period of 3 h. The solutions were
subsequently analyzed by Induced Coupled Plasma-Mass Spec-
trometer (ICP-MS) at the Key Laboratory of Ore Deposit Geochem-
istry, Institute of Geochemistry, Chinese Academy of Sciences,
Guiyang. Based on duplicate analysis, the analytical precision is
better than 8% for all of the analyzed trace metals. Similar proce-
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Fig. 1. Paleogeographic reconstruction of the Ediacaran Doushantuo Formation (modified after Jiang et al., 2011

column.

, the study regions in South China, and the stratigraphic



Table 1
Fe speciations, TOC, trace elements and 33S,,, variations from the Doushantuo black shales in the Longe section.
Sample  Depth AlLOs; S(%) TOC(%) V(ppm) Cr(ppm) Co(ppm) Cu(ppm) Zn(ppm) Ni(ppm) Mo (ppm) U (ppm) Fecar Feoxide Femag Fepy Fepr Fer Fepy/Feur  Fenr/Fer 634Spy
m & () (%) ® @) @ (%) (%e)

LE07-01 2.6 13.07 0.09 131 97.00 50.00 0.60 11.00 16.00 6.00 6.00 2.33 0.03 039 016 002 060 1.06 0.04 0.56

LE07-02 2.9 1572 005 1.03 149.00  60.00 0.60 8.00 21.00 7.00 7.00 3.88 003 020 0.16 0.03 043 084 0.07 0.51

LEO7-04 3.5 15.02 008 324 242,00  70.00 0.80 10.00 20.00 2.50 21.00 3.97 004 032 019 001 055 095 0.01 0.58

LE07-06 4.1 1499 005 0381 235.00  80.00 1.90 12.00 20.00 9.00 9.00 5.08 0.06  0.09 0.03 001 019 041 005 0.48

LE07-08 4.7 1582 020 1.65 251.00  100.00 0.90 19.00 16.00 5.00 8.00 5.95 004 043 030 000 077 114 0.00 0.67

LEO7-10 5.3 1527 007 276 269.00  110.00 0.90 6.00 17.00 7.00 4.00 4.25 0.09  0.09 002 000 020 037 0.01 0.55

LE07-12 5.9 1499 006 1.83 370.00 120.00 0.50 15.00 17.00 7.00 9.00 4.59 0.05 035 030 001 071 110 0.02 0.65

LE07-14 6.5 16.77 013 0.73 336.00  90.00 0.50 11.00 14.00 2.50 3.00 4.60 006 025 017 002 050 0.78 0.03 0.64 15.35
LE07-16 7.1 1645 0.04 027 24400  60.00 0.25 6.00 19.00 2.50 2.00 3.11 004 024 013 000 041 0.73 0.00 0.56

LE07-18 7.7 1510 0.03 226 244.00  70.00 0.50 12.00 21.00 2.50 4.00 3.71 0.04 0.16 011 000 031 0.58 0.00 0.54

LE07-21 8.6 1566 003 1.19 227.00  70.00 1.80 17.00 20.00 8.00 3.00 3.86 011 0.20 0.13 000 045 069 001 0.65

LE07-24 9.5 1651 0.01 047 164.00  70.00 7.90 26.00 42.00 12.00 1.00 2.46 009 032 028 000 069 1.04 0.00 0.67

LE07-27 10.7 751  0.06 1.69 111.00  30.00 1.80 18.00 12.00 15.00 1.00 1.92 028 039 025 001 093 141 001 0.66

LE07-30 11.6 741 005 122 91.00 30.00 7.30 18.00 138.00 37.00 1.00 1.39 0.07  0.46 037 000 090 242 0.00 0.37

LE07-33 125 6.86 0.03 1.12 95.40 31.03 1.20 21.50 31.20 4.89 1.41 1.51 035 055 061 002 153 229 0.01 0.67

LE07-35 13.1 899 0.03 160 163.00  63.92 0.77 15.90 18.80 14.16 2.21 2.87 0.14 021 0.18 0.01 054 074 0.01 0.73

LE07-36 15.4 1260 0.02 046 240.00  77.12 0.85 12.30 20.40 16.21 1.85 3.84 014 0.19 013 001 047 070 0.02 0.67

LE07-38 16.2 551 0.08 154 38.50 31.38 333 43.10 46.60 11.49 0.86 247 011 047 029 001 087 172 0.01 0.51

LE07-39 17 13.62 004 4.11 147.00  86.70 0.36 17.10 24.10 5.61 6.63 11.70 002 0.14 007 000 023 031 002 0.75

LE07-40 18 1286 039 5.86 200.00  85.10 0.75 17.50 23.50 8.90 20.40 8.82 0.03 024 011 012 049 054 023 0.91 12.60
LE07-41 19 1056 1.13  6.22 13400  71.01 2.00 12.50 20.50 14.96 16.70 7.77 006 023 013 050 092 121 054 0.76 13.64
LE07-42 20 1128 036 8.00 136.00  87.23 0.77 20.70 77.70 12.91 15.70 8.97 0.15 047 024 010 096 149 0.10 0.64

LE07-43 21 13.01 0.07 6.49 205.00 115.24 2.11 23.50 235.00 28.23 24.00 19.80 009 0.70 042 001 121 179 0.01 0.68

LE07-44 29 1216 024 6.11 198.00  109.04 0.77 28.10 36.60 11.13 21.20 11.30 0.02 049 024 001 075 122 001 0.62

LE07-45 30 821 012 826 125.00  92.19 9.00 85.30 216.00 62.24 15.30 19.00 0.10 0.89 066 004 169 3.05 0.02 0.55

LE07-46 32 1048 017 1430 153.00  180.84 0.82 63.90 46.10 21.91 18.50 13.40 009 0.52 035 001 097 132 0.01 0.73 8.49
LE07-47 33 1192 017 636 113.00  147.16 0.89 64.40 72.00 20.66 10.60 9.15 0.08  0.55 0.18 002 083 131 0.03 0.63 25.29
LE07-48 34 1084 061 12.01 138.00  141.84 0.85 98.40 33.80 91.72 15.30 10.70 006 041 018 035 101 134 035 0.76 2227
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dure of digestion was carried for the samples from the Jinjiadong
section, and the solutions were subsequently analyzed by a Perki-
nElmer DRCII ICP-MS at University of Science and Technology of
China (USTC). Based on duplicate analysis, the analytical precision
is better than 8% for all of the analyzed trace metals.

Total Fe (Fer) and Al contents were determined on a Shimadzu
X-ray fluorescence spectrometer (XRF-1500) at the State Key Lab-
oratory of Lithospheric Evolution, Institute of Geology and Geo-
physics, Chinese Academy of Sciences, Beijing, and the analytical
precision is better than 5%. Total organic carbon (TOC) contents
were measured by a Flash HT Elemental analyzer at the Biogeo-
chemistry Laboratory of USTC, and the analytical precision is better
than 5%. The enrichment factors (EFs), as used in previous studies,
are applied to describe the authigenic trace elements enrichment
with the equation EF-X=[(X/ADsampie/(X/Al)paas] (Tribovillard
et al., 2006). The values of X and Al refer to their weight concentra-
tions, and the PAAS (post-Archean average shale) data for normal-
ization were from Taylor and McLennan (1985).

The highly reactive iron (Feyg) consists of iron in pyrite (Fepy),
carbonate-associated iron (Fe.,,), ferric oxides (Feox) and mag-
netite (Fep,g). Following a previously described procedure (Li
et al., 2010), the extractions for Fecam, Feox and Fep,ag were carried
out at the Biogeochemistry Lab of USTC. The extracts were ana-
lyzed for the Fe contents using an Atomscan Advantage ICP-AES
at the Public Experimentation Center of USTC, and the analytical
precision is better than 5%. Pyrite extraction and quantification
was carried out by using the chromium reduction method with sil-
ver nitrate traps (Arnold et al., 2014), and Fe,y, was calculated sto-
ichiometrically based on the concentration of sulfur in pyrite. The
sulfur isotopic composition of pyrite (3*%S,y) was measured by
online combustion of Ag,S precipitates with an excess of V,05 on
a Thermo Delta V Plus isotope ratios mass spectrometer coupled
with a Costech elemental analyzer at the State Key Laboratory of
Lithospheric Evolution, Institute of Geology and Geophysics, Chi-
nese Academy of Sciences, Beijing. Sulfur isotopes are reported in
standard &-notation relative to Vienna Canon Diablo Troilite
(VCDT). Analytical precision for 3*4S,, of the sample set from repli-
cate analyses of IAEA standards (IAEA S1, S2 and S3) is better
than +0.3%. (1c; SD).

The samples were cracked, and the fresh surfaces were pol-
ished. After coating with gold, the electron microscopic analysis
was carried out immediately (Xu et al., 2015). The observations
were under the secondary electron mode (SE) and backscatter elec-
tronic (BSE) mode respectively on an FEI Sirion 200 Scanning elec-
tron microscope (SEM) at CAS Key Laboratory of Crust-Mantle
Materials and Environments in USTC. The SEM electron beam
was set at 15kV and 18 nA. An energy dispersive spectrometry
(EDS) Oxford Inca XMax 50 equipped with the SEM were used to
identify and quantify major element for the minerals.

4. Results
4.1. Longe section

Fe speciation, trace element concentration, TOC, and §**S,, of
the samples from the Longe section are listed in Table 1 and are
plotted in Fig. 2. Fer values range between 0.31% and 3.05%, and
Feyr values range between 0.19% and 1.69%. Most Feyg/Fer values
exceed 0.38, except one sample (0.37). Most Fey/Feyr values are
very low (<0.1) due mainly to very low Fepy, (<0.05%). Some sam-
ples in the middle part (around 14.5 m) show relatively high Fey
contents (>0.1%), and their Fepy/Feyr values are relatively high
(up to 0.54). However, all the Fep,/Feug ratios are lower than 0.7.
The TOC are relatively high (>5%) in the upper part (above
14.5 m) while low in the lower part (<5%).

For most trace elements (V, Cr, Co, Ni, Cu, and Zn), the concen-
trations are equal to or less than the average shale values (Table 1).
Thus, the enrichment factors of these elements are equal to or less
than 1 (Table 2; Fig. 3). Mo concentrations range between
0.86 ppm to 24.00 ppm, and the EF-Mo range between 1.14 and
35.22. U concentrations range between 1.39 ppm and 19.80 ppm,
and the EF-U range between 0.91 and 14.11. The EF-Mo and EF-U
show similar variation trends with TOC.

4.2. Jinjiadong section

Fe speciation, trace element concentration, TOC, and §**S,, of
the samples from the Jinjiadong section are listed in Table 3 and

34,
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Fig. 2. Fe speciation, TOC, and 634Spy variations from the Doushantuo black shales in the Longe section.
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Table 2

Enrichment factors of trace elements from the Doushantuo black shales in the Longe section.
Sample Depth (m) EF-V EF-Cr EF-Co EF-Cu EF-Zn EF-Ni EF-Mo EF-U
LE07-01 2.6 0.94 0.66 0.04 0.32 0.27 0.16 8.68 1.09
LE07-02 29 1.19 0.66 0.03 0.19 0.30 0.15 8.42 1.50
LEQ7-04 3.5 2.03 0.80 0.04 0.25 0.30 0.06 26.42 1.61
LE07-06 4.1 1.98 0.92 0.10 0.30 0.30 0.21 11.35 2.07
LEO7-08 4.7 2.00 1.09 0.05 0.45 0.22 0.11 9.56 2.29
LEO7-10 53 2.22 1.24 0.05 0.15 0.25 0.16 4.95 1.70
LE07-12 5.9 3.11 1.38 0.03 0.38 0.25 0.16 11.35 1.87
LEO7-14 6.5 2.52 0.92 0.02 0.25 0.19 0.05 3.38 1.67
LE07-16 71 1.87 0.63 0.01 0.14 0.26 0.05 2.30 1.15
LE07-18 7.7 2.04 0.80 0.03 0.30 0.31 0.06 5.01 1.50
LE07-21 8.6 1.83 0.77 0.09 0.41 0.28 0.18 3.62 1.50
LE07-24 9.5 1.25 0.73 0.39 0.60 0.57 0.25 1.14 0.91
LEQ7-27 10.7 1.86 0.69 0.20 0.91 0.36 0.69 2.52 1.56
LEO7-30 11.6 1.55 0.70 0.81 0.92 4.14 1.72 2.55 1.14
LE07-33 12,5 1.75 0.78 0.14 1.18 1.01 0.24 3.88 1.34
LE07-35 13.1 2.28 1.22 0.07 0.67 0.46 0.54 4.65 1.95
LE07-36 15.4 2.40 1.05 0.06 0.37 0.36 0.44 2.78 1.86
LEO7-38 16.2 0.88 0.98 0.50 2.96 1.88 0.72 2.95 2.73
LE07-39 17 1.36 1.09 0.02 0.47 0.39 0.14 9.20 5.24
LE07-40 18 1.96 1.14 0.05 0.51 0.41 0.24 29.98 418
LE07-41 19 1.60 1.16 0.16 0.45 0.43 0.49 29.89 4.49
LE07-42 20 1.52 133 0.06 0.69 1.53 0.39 26.31 4.85
LE07-43 21 1.99 1.52 0.13 0.68 4.02 0.75 34.87 9.28
LE07-44 29 2.05 1.54 0.05 0.87 0.67 0.31 32.95 5.67
LEO7-45 30 1.92 1.93 0.90 3.93 5.85 2.61 35.22 14.11
LE07-46 32 1.84 2.96 0.06 2.30 0.98 0.72 33.36 7.80
LE07-47 33 1.19 2.12 0.06 2.04 134 0.60 16.81 4.68
LE07-48 34 1.60 2.25 0.06 3.43 0.69 291 26.68 6.02

are plotted in Fig. 4. Fer values range between 0.16% and 5.50%, and
Feyr values range between 0.05% and 5.06%. Most Feyg/Fer values
exceed 0.38, except three samples (<0.38, but >0.15). Most samples
show very low Fep,y, (<0.06%), so most Fep,y/Feyg values are very low
(<0.1). Some samples in the basal, middle and top part show rela-
tively high Fep, contents (>0.2%), and their Fep,y/Feyg values are rel-
atively high (up to 0.93). The samples in the top part show high
TOC values (>4.5%), and those in lower part are relatively low
(<4.5%).

For most trace elements (Cr, Co, Ni, Cu, Zn, and U), the concen-
trations are equal to or less than the average shale values (Table 3).
Thus, the enrichment factors of these elements are equal to or less
than 1 (Table 4; Fig. 5). Mo concentrations range between
0.07 ppm and 26.99 ppm, and the EF-Mo range between 0.10 and

5. Discussion
5.1. The iron speciation and sulfur isotope

The Fe speciation has been one of most important proxies to
distinguish the paleoredox conditions in the ocean, by assessing
the limitation of reactive iron in the sediments (Poulton and
Canfield, 2011). Extensive investigations of modern and ancient
sediments showed that the Feyg/Fer ratios in most sediments
deposited beneath anoxic bottom waters were higher than 0.38
(Poulton and Raiswell, 2002; Raiswell and Canfield, 1998;
Raiswell et al., 2001). Some research further indicated that thermal
alteration would cause a loss of Feyg, and this threshold value
should be reduced to 0.15 for some ancient sedimentary rocks,

54.69. V concentrations range between 14.49ppm and including the Doushantuo Formation sediments (Li et al., 2010;
414.48 ppm, and the EF-V range between 0.89 and 11.90. Raiswell et al., 2008). Furthermore, the ferric oxides, magnetite,
e EF-V EF-Cr EF-Co EF-Cu EF-Ni EF-Zn EF-Mo EF-U
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Fig. 3. Enrichment factors of trace element from the Doushantuo black shales in the Longe section.



Table 3

Fe speciations, TOC, trace elements and 3*S,, variations from the Doushantuo black shales in the Jinjiadong section.

634Spy

Femag Fepy Feur Fer Fepy/ Feur/
Fenr Fer (%o)

Feoxide

Fecarb
(%)

TOC Cr Co Cu Zn Ni Mo

(%)
457 036

Al
0.29
0.00

Depth

Sample

(ppm)
2.04
0.44
0.31
0.07
0.53
0.41
0.50
0.57
0.59
1.52
1.51
0.27
0.23
0.22
0.54
0.23
0.12
1.14
3.65
2.56
1.98

(ppm)
23.18

(ppm)
36.97
0.47
0.73
2.95
0.91
0.65
1.44
0.91
5.75
1.01
1.26
2.79
9.75
3.83
2.07
3.25
422
6.03

(ppm)

(ppm)
55.36
7.66
3.98
3.80
4.70
2.87
1.88
2.87

(ppm)  (ppm)
4251

62.87

(ppm)

0.93
1.04
0.15
0.32
0.52
0.40
0.58
0.53
0.45
0.46
0.55
0.48
0.97
0.48
0.38
0.40
041
0.69
0.98
0.72
0.83

0.93
0.80
0.00
0.00
0.21
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.84
0.00
0.55
0.33
0.71
0.68
0.79
0.75
0.77

4.63
0.30
0.30
0.28
0.55
0.48
0.55
0.16
0.32
0.30
0.26
0.24
4.06
043
0.29
0.30
233
0.46
5.15
5.50
3.02

4.30
0.31
0.05
0.09
0.29
0.19
0.32
0.09
0.14
0.14
0.14
0.11
3.95
0.20
0.11
0.12
0.95
0.32
5.06
3.95
2.51

4.00
0.25
0.00
0.00
0.06
0.00
0.00
0.00
0.00
0.00
0.00
0.00
3.30
0.00
0.06
0.04
0.67
0.22
4.01
2.98
1.94

0.01
0.01
0.02
0.01
0.05
0.05
0.06
0.03
0.02
0.03
0.03
0.02
0.13
0.01
0.02
0.02
0.06
0.02
0.10
0.15
0.07

0.28
0.04
0.01
0.06
0.18
0.14
0.25
0.05
0.08
0.06
0.06
0.09
0.51
0.19
0.03
0.06
0.22
0.08
0.67
0.81
0.44

0.00
0.02
0.01
0.02
0.00
0.00
0.01
0.01
0.05
0.05
0.04
0.01
0.02
0.00
0.00
0.00
0.00
0.01
0.28
0.02
0.05

68.50
4.79
3.98

261.81

7.46
7.56
6.26
5.86
6.96
6.70
3.79

4.35

3.60
4.70
5.40
6.00
6.90
7.90

D17

11.00

2.08
4.86

173.28 44.04 9.59
9.49

1.55
1.29

J)D01

240.39 4298
240.35

JID02

12.33
1047
2.99
4.43
2.53
1.93
3.90

5.70
4.70
3.83
2.82
3.83

10.46
9.07

40.85

0.00 230

D03

46.04
35.43

46.99

225.51

0.07 3.45

0.00

JID04

12.56
0.29
0.21

154.19

1.60

JJD05

143.78
93.76

0.00 2.78
0.00
0.00
0.00

10.40
11.60

14.10

JID06

51.67
20.51

1.55
1.01
1.37

J)D07

6.84
3.89
2.86
2.84

34.18

57.02
71.10
37.06
0.40
8.79
137
6.42
0.86
0.94

208.96

1.80
2.56
2.32
3.27

JJD09

40.85

28.21

294.72

15.10
16.10

JID10

12.70
2.00
1.99
1.04
0.85
0.07
4,79

4.76

34.30

414.48
78.63

0.00 2.98

D11

1.89

53.05
51.87

0.00 237
3.77

16.40
16.60
17.60
17.70
18.70
21.70
22.30
22.80
23.40

24.20

D12

13.50

6.26
23.18

32.20

122.53
14.49

2.07

5.88
0.70

D13

5.80
4.67
3.76
3.70
2.79

15.46
43.94
43.24
53.59

42.76

0.00 0.63

JID14

4.67

114.06
94.95

0.07 2.40

0.05

8.51
6.

D15
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6.58
4.62
2.79

1.95

62

JID16

8.90
9.50
9.00

78.53

504 0.77 258
025 253

7.20
5.87

4.52

JID18

13.02
26.99
11.81

4.56

13.75
64.00
22.29

159.89

D19

78.65 52.43 158.06

117.20
92.79

188.91

4.58 9.08
341

JID20

14.40
9.10

123.86
61.65

176.47

81.49

125.11
73.52

235.30
71.75

5.48

D21

25.86

54.03

222 476

2.30

D22

and Fe-associated carbonate occur at elevated concentrations in
marine sediments as a result of deposition beneath an Fe(Il)-
containing water column, and they were also constrained by dis-
solved sulfide due to their proactive reactions (Canfield and
Berner, 1987; Poulton and Canfield, 2005). Thus, Fepy/Feyr ratio
can reflect whether dissolved sulfide or Fe(Il) is predominant in
the water column. The previous investigations also showed that,
if the water column was euxinic, Fepy/Feyg ratios in the underlying
sediments usually exceeded 0.7 (Anderson and Raiswell, 2004;
Marz et al., 2008; Raiswell and Canfield, 1998).

Most samples in the Longe and Jinjiadong sections show that
the Feyg/Fer ratios exceed 0.38, with a few exceptions from the Jin-
jiadong section but still exceeding 0.15 (Tables 1 and 3; Figs. 2, 4
and 6). These high Feyg/Fer ratios support an anoxic condition in
the deep water of Nanhua basin during the Doushantuo period.
All the Fepy/Feyg ratios in the Longe section are much lower than
0.7 (Figs. 2 and 6), indicating a predominately ferruginous condi-
tion. Most Fepy/Feyr ratios in the Jinjiadong section are much lower
than 0.7, but some samples in the basal, middle and top parts show
high Fepy/Feyg ratios close to or exceeding 0.7 (Figs. 4 and 6), indi-
cating that the depositional environment was predominantly fer-
ruginous, with occasional euxinic conditions during the initial,
middle and terminal Doushantuo period.

The shales in the Longe section mainly consist clay minerals and
quartz (Fig. 7A and B). Rich carbon also can be detected accompa-
nied with the clay minerals, which would be the organic carbon
that is adsorbed on the clay minerals. There is no framboid pyrite
identified by the mineral shapes and structures in the Longe shales
(Wignall and Newton, 1998; Wilkin et al., 1996, 1997) (Fig. 7).
Some small and amorphous iron oxides scatter in the samples,
and very few pyrites with good crystal shape can be observed in
the samples (Fig. 7A and B). The sparse distribution of pyrites show
that the H,S was limited in the depositional condition. The side-
rites are common accompanying with the carbonate minerals
(Fig. 7C and D), also suggesting that no available H,S incorporated
with the Fe?* during the deposition process. A few minerals con-
taining sulfur were identified as the barite (Fig. 7E and F), implying
that the limited sulfur preferred occurring as sulfate rather than
sulfide. These results further indicate that the iron mainly presents
as iron oxides, siderites, or possible iron-bearing silicates in the
Longe shales, suggesting a non-euxinic condition. It is consistent
to the Fe speciation results.

This study suggests a ferruginous condition in the deep ocean of
the Nanhua basin during the Doushantuo period. Chang et al.
(2010, 2012) studied the sediments of the Laobao Formation
(equivalent to the Dengying Formation), and supports that deep
water in the Nanhua Basin was also anoxic and ferruginous during
the terminal Ediacaran. Han and Fan (2015) reported averagely
higher Fepy/Feyr ratios (~0.5-0.9) in the Ediacaran sediments from
the basinal Xiangtan section in South China, but most of them are
still lower than 0.7, also indicating a predominantly ferruginous
condition. In the Wuhe section that was located paleogeographi-
cally on the middle-lower slope of the Nanhua basin, most sedi-
ments have Fepy/Feyr ratios exceeding 0.7, indicating persistent
euxinia (Sahoo et al., 2016). These results seem to support the “sul-
fidic water wedge” model of the Ediacaran ocean that was pro-
posed by Li et al. (2010) (Fig. 8).

It is noted that Fepy/Feyg ratios show an obvious increase in the
middle part in both Longe and Jinjiadong section despite that
majority are much lower than 0.7 (Figs. 2 and 4). The increase of
Fepy/Feyr ratios indicates that the production of H,S via bacteria
sulfate reduction (BSR) was enhanced. The rough covariation
between Fepy/Feyg ratios and TOC in the Longe section is consistent
with increased production/input of organic matter that would
enhance BSR and H,S production (Fig. 2). However, most samples
in the Longe and Jinjiadong sections have very little or no pyrite
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Fig. 4. Fe speciation, TOC, and 634Spy variations from the Doushantuo black shales in the Jinjiadong section.
Table 4
Enrichment factors of trace elements from the Doushantuo black shales in the Jinjiadong section.
Sample Depth (m) EF-V EF-Cr EF-Co EF-Cu EF-Zn EF-Ni EF-Mo EF-U
D17 3.60 2.34 0.77 2.48 1.49 1.08 0.90 31.10 0.88
JIDo1 4.70 1.53 0.53 0.55 0.20 0.07 0.01 2.75 0.19
JJD02 5.40 2.56 0.63 0.66 0.13 0.07 0.02 7.78 0.16
JJD03 6.00 2.74 0.63 0.78 0.13 0.11 0.09 21.06 0.04
JJD04 6.90 2.16 0.60 0.57 0.14 0.08 0.02 15.05 0.25
JJD05 7.90 1.53 0.48 0.82 0.09 0.07 0.02 4.46 0.20
JJD06 10.40 2.53 1.13 0.03 0.10 0.09 0.07 11.70 0.42
JID07 11.60 144 1.08 0.02 0.13 0.10 0.04 5.81 0.42
JJD09 14.10 7.76 1.04 13.81 3.81 0.45 0.58 10.77 1.05
JJD10 15.10 7.69 1.00 12.10 3.20 0.18 0.07 15.26 1.92
JID11 16.10 11.90 1.34 6.94 0.41 0.14 0.10 54.69 2.09
JJD12 16.40 1.61 1.48 0.05 0.12 0.10 0.16 6.12 0.26
JJD13 16.60 1.39 0.80 0.65 1.10 0.13 0.30 3.38 0.13
JID14 17.60 1.39 2.02 0.86 1.67 3.93 1.00 15.02 1.01
JJD15 17.70 0.89 0.47 0.33 0.11 0.06 0.04 1.00 0.21
JJD16 18.70 0.96 0.59 0.06 0.11 0.12 0.09 0.10 0.11
JJD18 21.70 1.04 0.97 0.08 0.15 0.11 0.15 9.52 0.08
JID19 22.30 148 0.54 0.83 0.08 0.05 0.15 18.12 0.51
JJD20 22.80 2.15 1.82 4.75 2.68 1.05 4.90 46.04 2.01
JjD21 23.40 3.47 1.87 2.14 5.54 4.59 4.98 26.14 1.83
JID22 24.20 2.08 2.14 4.89 6.39 417 4.87 19.83 2.78
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Fig. 5. Enrichment factors of trace element from the Doushantuo black shales in the Jinjiadong section.
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(Fepy/Fepr < 1%), yet high organic C contents (TOC > 1%) was found
in them (Tables 1 and 3). The low pyrite S/TOC ratios suggest that it
was sulfate availability rather than organic matter supply limiting
the BSR in the deep water of the Nanhua Basin (Fig. 9) (Berner and
Raiswell, 1984; Li et al., 2010). Furthermore, with appropriate esti-
mation of the sulfur isotopic compositions (~+20%o) in deep water
based on the carbonate-associated sulfate (CAS) from Doushantuo
cap carbonates in the Longe section (Huang et al., 2013), the posi-
tive 5>*Spy values in this study (mostly >10%o) suggest low fraction-
ations (A>4S<10%.) associated with BSR, which is consistent with
low SO3  concentrations in deep water (Habicht and Canfield,
2001; Habicht et al., 2002; Li et al., 2010; Ries et al., 2009). These
observations are in line with the previous studies that a large
and long-stable organic matter pool with very small sulfate con-
centrations existed in the Ediacaran deep water of Nanhua basin
(Jiang et al., 2007, 2010, 2008; McFadden et al., 2008; Rothman
et al., 2003). Therefore, increased sulfate input to deep water pos-
sibly have played a more important role to enhance BSR and H,S
production.

More work is needed to determine the primary mechanism of
the enhanced BSR and H,S production during the middle Doushan-
tuo period, but the enhanced BSR would result in more extensive
organic matter remineralization in the deep ocean of Nanhua
Basin. This means that BSR facilitated the conversion of more
organic matter with '*C-depleted carbon to dissolved inorganic
carbon (DIC) in the ocean, which was subsequently deposited as
carbonate. There is no direct correlation between the Fepy/Feur
increasing and negative 5'3C..p, (carbon isotopic composition in
carbonate) excursion in this study due to the lack of carbonate
records, but previous studies revealed globally negative 8'>Cearp
anomalies from the middle Ediacaran period (Grotzinger et al.,
2011; Halverson et al., 2005; Johnston et al., 2012; Kaufman
et al., 2007; Le Guerroué, 2010; Macdonald et al., 2010). In Nanhua
basin, specifically, a Doushantuo negative carbon isotope excursion
(DOUNCE) was widespread in various depositional settings ranging
from coastal shallow basin, offshore intra-shelf basin to deepwater
slope, characterized by a large shift in '>Cear, (from +5%0 down to
—12%o0) from the middle part of Doushantuo Formation (Jiang et al.,
2007; Lu et al., 2013; McFadden et al., 2008; Zhou and Xiao, 2007;
Zhu et al., 2007). If the Fepy/Feug increase in the middle part of
Doushantuo Formation can be correlated to DOUNCE, it is sug-
gested that the negative 8'>C.p excursion was caused by

enhanced organic matter remineralization via BSR, which supports
the previous hypothesis about the largest-known carbon isotope
excursion in Earth’s history (Fike et al., 2006; Jiang et al., 2007,
2008; McFadden et al., 2008).

5.2. The trace elements

Most redox sensitive elements in both sections have the con-
centrations close to or less than the average shale values, and thus
their enrichment factors are equal to or less than 1 (Figs. 3 and 5).
The lack of the enrichment of redox sensitive elements is generally
considered as an indicator for the oxic depositional environment
(Tribovillard et al., 2006). However, the oxic condition is incompat-
ible with the moderate Mo enrichment and the iron speciation sig-
natures in this study, and also inconsistent with the previous
studies on the deep ocean in Nanhua basin (Han and Fan, 2015;
Jiang et al., 2007, 2008; Li et al., 2010; McFadden et al., 2008). An
alternative explanation is the “basin reservoir effect”: in an iso-
lated deep water, the sink flux of trace metals to the sediments
generally exceeds the input associated with deep-water renewal,
and thus the inventory of dissolved trace metals in the seawater
could become depleted (Algeo and Lyons, 2006; Tribovillard
et al., 2008). In this case, very few available trace elements are
removed to the sediments in spite of anoxic conditions, and result
in very low enrichment factors. However, it is not yet affirmative
that the Nanhua basin is paleogeographically restricted based on
current evidence. The persistent stratification and “sulfidic water
wedge” at outer shelf/slope facies in the ocean may lead to an iso-
lated deep ocean as well, obstructing the trace elements renewal in
deep water (Li et al., 2010; Sahoo et al., 2016).

Mo and U are extensively used for paleoenvironmental recon-
structions due to the well-established knowledge for their geo-
chemical properties (Algeo and Maynard, 2004; Algeo and
Tribovillard, 2009; Lyons et al., 2009; Partin et al., 2013; Piper
and Calvert, 2009; Scott and Lyons, 2012; Tribovillard et al.,
2012). The different uptake pathways of Mo and U from seawater
cause their different magnitudes of enrichment in sediments or
sedimentary rocks. Under conditions similar to the redox interface
between Fe (III) and Fe (II), soluble U(VI) is reduced to insoluble U
(IV) via microbial mediation, and then adsorption or precipitation
as UO,, U305, or U305 in sediment (Chaillou et al., 2002; Crusius
et al, 1996; Klinkhammer and Palmer, 1991; McManus et al.,
2005; Zheng et al., 2002). The removal Mo from seawater to the
sediments prefers euxinic conditions, where the soluble MoO3~
are converted to particle-reactive thiomolybdates (Mo0,S5 =y,
x = 0-3) formation in the presence of free H,S, and are then scav-
enged by sulfidized (S-rich) organic material or Fe-S phases
(Erickson and Helz, 2000; Helz et al., 1996; Scott and Lyons,
2012; Tribovillard et al., 2004). Based on their characteristics in dif-
ferent modern marine systems, authigenic Mo-U (the uptake of
Mo-U from seawater in the sediments) covariation patterns were
developed to investigate the redox conditions and processes in
ancient marine depositional systems (Algeo and Tribovillard,
2009; Han and Fan, 2015; Tribovillard et al., 2012). EF-Mo and
EF-U are applied to describe the authigenic Mo-U, and three covari-
ation patterns were identified in three typical modern marine set-
tings (Algeo and Tribovillard, 2009; Tribovillard et al., 2012). For
the “unrestricted marine” settings, authigenic U-Mo covariation
is linked to the variation in benthic redox conditions: in suboxic
conditions, EF-Mo and EF-U in sediments are low, and EF-Mo:
EF-U ratios are less than that of seawater; in anoxic/euxinic condi-
tions, the EF-Mo and EF-U in sediments increase, and EF-Mo: EF-U
ratios are close to or exceed that of seawater (Fig. 10). For some
weakly restricted basin, the EF-Mo: EF-U ratios in sediments are
much higher than those of seawater due to a “particulate shuttle”
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Fig. 7. The Scanning electron microscope (SEM) photos of the Longe shales. Py: Pyrite; 10: Iron Oxide; Qz: Quartz; CM: Clay Minerals; Brt: Barite; Sd: Siderite; Ap: Apatite.

(Fig. 10). For the strongly restricted basins, the EF-Mo: EF-U ratios
are predominately controlled by the water mass chemistry.

The samples from the Longe and Jinjiadong sections show rela-
tively high EF-Mo: EF-U ratios due to low EF-U (mostly <3) and
moderate EF-Mo (~3-60), and their authigenic Mo-U patterns
are similar to those from the modern Cariaco Basin and Orca Basin
respectively (Fig. 10) (Algeo and Tribovillard, 2009; Tribovillard
et al,, 2012). The “basin reservoir effect” that we discussed above
is also observed in the Cariaco Basin and Orca Basin (Algeo and
Lyons, 2006; Little et al., 2015; Tribovillard et al., 2008), and has
been used to explain the low U accumulation within the sediments
(Algeo and Tribovillard, 2009; Tribovillard et al., 2012).

It also should be noted that our Fe speciation results and previ-
ous studies suggested a persistent anoxic deep water and relatively
shallow chemocline depth (probably in the shelf margin-to-slope
transition) in the Nanhua basin (Jiang et al., 2007, 2008; Li et al.,
2010). In this large basin with a shallow chemocline, EF-Mo: EF-
U ratios would mainly depend on the water chemistry (Algeo
and Tribovillard, 2009). The modern Balck Sea and Cariaco Basin
both have a shallow chemocline each in the water column. Below
the chemocline, the Black Sea is strongly Mo-depleted in the sea-
water, but the Cariaco Basin has similar Mo concentration with
its surface water (Algeo and Lyons, 2006; Little et al., 2015). The
difference is possibly caused by two primary reasons: (1) the Cari-
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Fig. 10. EF-Mo versus EF-U for the Doushantuo black shales in the Longe and

Jinjiadong sections, the average Mo/U weight ratio of seawater (SW) is 3.1 (Algeo
and Tribovillard, 2009; Tribovillard et al., 2012).

aco Basin have much less H,S concentrations than the Black Sea in
the anoxic seawater, implying less Mo scavenging from seawater;
(2) a fluctuated chemocline in the Cariaco Basin makes the “partic-
ulate shuttle” transporting Mo from shallow water to deep water
through adsorption-desorption on the particulate Mn-Fe-
oxyhydroxides form (Ho et al., 2004; Van Cappellen et al., 1998).
Most samples in the Longe and Jinjiadong section have moderately
enriched Mo concentrations (2-25 ppm), further supporting the
non-euxinic depositional condition in deep Nanhua basin (Scott
and Lyons, 2012). Comparing with the Black Sea, the Nanhua basin
with ferruginous deep water is more analogous to a “weaker eux-
inic” Cariaco Basin, which is conducive to moderate Mo enrich-
ment in seawater and related sediments.

6. Conclusion

We report new results for Fe speciation and trace element of the
Doushantuo black shales from the Longe and Jinjiadong sections
which were deposited in basin environments. Most samples in
both sections show high Feygr/Fer ratios (>0.38), low Fepy/Feur
ratios (<0.7) and moderately enriched Mo concentrations (2-
25 ppm), suggesting a predominately anoxic and ferruginous con-
dition in the deep water of Nanhua basin during the Doushantuo
period. Some samples in the basal, middle and top parts of the Jin-
jiadong section show high Fepy/Feyg ratios close to or exceeding
0.7, indicating that the condition changed to euxinic occasionally
in the basin facies during the initial, middle and terminal Doushan-
tuo period.

Fepy/Feyr ratios show an obvious increase in the middle part
both in the Longe and Jinjiadong sections, indicating that the pro-
duction of H,S via bacteria sulfate reduction (BSR) in deep anoxic
water was enhanced. If the Fepy/Feyr increasing can be correlated
to DOUNCE in Nanhua basin, it is proved that the negative 5'3Ccay
excursions from the middle of Ediacaran was caused by enhanced
organic matter remineralization via BSR.

The different patterns of trace elements in the sediments may
depend on contemporaneous water chemistry, which show similar
to the modern Cariaco Basin. Most redox sensitive elements in the
sediments of both sections have the enrichment factors are equal
to or less than 1 because of their low concentrations, which may
be caused by the obstructed renewal of trace elements in the iso-
lated deep water. However, a “particulate shuttle” could overcome
the “basin reservoir effect” limit through adsorption-desorption on
the Mn-Fe-oxyhydroxides, sustaining the moderate Mo concentra-
tions in the ferruginous deep ocean.
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