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Supplementary Figure 1 | Lower Cambrian chronostratigraphy ratified by IUGS1 and coeval re-
gional division schemes in South China, as well as stratigraphic correlation in the relevant sections
from South China. SSF zones are established in eastern Yunnan2–5. The Ediacaran Dengying Formation
(mainly dolostone), deposited in shallow shelf settings, can be correlated with the Liuchapo and Piyuancun
Formations (mainly cherty rocks) deposited in deep slope/basin settings6. While deposition across the Edi-
acaran/Cambrian was continuous in deeper settings, hiatuses with different extents between the Ediacaran and the
Cambrian have been recognised in shallower settings5. Based on FAD of SSFs and chemostratigraphic data, the
Ediacaran–Cambrian boundary has been placed within the top of the Dengying Formation or in the hiatus above
it (e.g. refs 2,7) in shallow-water sections, and within the top part of the Liuchapo and Piyuancun Formations in
deep-water sections (Longbizui and Lantian)8,9. There is a Ni–Mo-enriched layer that occurs synchronously in
the early Cambrian black shale, distributed in a 1600-km-long belt along the southern margin of the Yangtze
platform10–14. Radiometric ages: a. The middle (bed 5) Zhongyicun Member15; b. The bottom of Shiyantou
Formation16; c. The lowermost phosphate nodule-bearing black shale of the Niutitang Formation17; d. The
Ni–Mo layer in the Niutitang Formation18.
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Supplementary Figure 4 | Results of sensitivity analysis. The solid curves are those depicted in the main
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Supplementary Table 1 | Parameters used in the model

FRiver = 2.87× 1010 g yr−1 Total Mo input flux per year19

C0 = 107 nM Mo concentration in modern open-ocean seawater20

V 0 = 1.37× 1021 L Total volume of the ocean
ATotal = 3.6× 1014 m2 Total area of modern ocean
F ′

Eux0 = 4800× 10−6 g m−2 yr−1 Modern rate of Mo output flux in euxinic settings21

F ′
wOx0 = 2700× 10−6 g m−2 yr−1 Modern rate of Mo output flux in weakly oxic settings21

F ′
sOx0 = 40× 10−6 g m−2 yr−1 Modern rate of Mo output flux in strongly oxic settings22

δ98/95MoRivers = +0.7‰ Mo isotopic composition of modern rivers23

ΔEux–OSW = −0.5‰ Fractionation in euxinic settings24

ΔwOx–OSW = −0.7‰ Fractionation in weakly oxic settings25

ΔsOx–OSW = −2.95‰ Fractionation in strongly oxic settings26



Supplementary Note 1

Datangpo Formation
The interglacial Datangpo (equivalent to Xiangmeng) Formation is well developed in the border region of
Hunan, Guizhou, and Sichuan provinces, South China. Glacial diamictite of the Gucheng (equivalent
to Tiesiao or Chang’an) Formation equivalent to the Sturtian glacial sediment27,28 is overlain by the
∼200-m-thick Datangpo Formation. The basal Datangpo Formation is marked by ∼1 m of black shale and
3–5 m of thin-bedded black Mn-carbonate or Mn-carbonate-bearing black shale, followed by ∼25-m-thick
black or carbonaceous shale. The rest is grey shale and siltstone, which is overlain by the Nantuo
diamictite equivalent to the Marinoan glacial sediment27,29. Zircons from an intercalated tuff bed in the
basal Mn-carbonate of the Datangpo Formation are dated at 663 ± 4 Ma27. The Datangpo Formation in
Hunan and Guizhou was likely deposited in a marginal basin with a connection to the open ocean along
its southeast boundary30,31.

Our samples were collected from the basal Datangpo Formation (within ∼2.2 m above the glacial
diamictite) in an underground mining tunnel of Changxingpo Manganese Mine near the border of Guizhou
and Hunan.

Doushantuo Formation
The Doushantuo Formation outcrops widely on the southern margin of the Yangtze platform in South
China, with thickness varying from 40 to 260 m, and lateral facies changing from shallow-water phosphatic
dolostone to deeper-water cherty dolostone and black shale32. In the Yangtze Gorges area (in Yichang,
Hubei Province), the Doushantuo Formation is subdivided into four lithostratigraphic members33. Member
I is a ∼5-m-thick cap dolostone, and overlies the Nantuo diamictite. An ash bed in lower Member I is
dated at 635.2 ± 0.6Ma29. Member II is characterised by ∼70 m of alternating organic-rich shale and
dolostone beds with abundant pea-sized chert nodules. Zircons from an ash bed in lower Member II
gave an age of 632.5 ± 0.529. Member III is ∼70 m thick and is composed of dolostone and irregular
chert bands in the lower part that passes up section into ribbon like interbedded limestone and dolostone.
Member IV (also named Miaohe) is composed of an ∼10-m-thick black shale. This unit is widespread
across the Yangtze Gorges area and defines the boundary between the Doushantuo Formation and the
overlying Dengying Formation of terminal Neoproterozoic age. A tuff bed near the contact with the
overlying Dengying Formation is dated at 551.1 ± 0.7 Ma29.

Sedimentary facies analysis, sequence stratigraphic analysis and carbon isotope chemostratigraphy of
sections in the Yangtze Gorges area suggest that the Doushantuo succession in this area was deposited in
an offshore intra-shelf marine basin which was connected to the open ocean34,35. Fossils found in the
richly fossiliferous Doushantuo Formation are summarised by McFadden et al.35. At the Jiulongwan
section, complex large acanthomorph acritarchs, probable animal eggs and embryos, macroalgae, and
filamentous and coccoidal cyanobacteria are preserved in chert nodules in member II. Member IV at the
Miaohe section contains more than 20 species of macroscopic carbonaceous compression fossils, most of
which are likely macroalgae36, though a few may represent animals37.

Our samples of the Doushantuo Formation were collected from Members II and IV of the Doushantuo
Formation at the Jiulongwan section in the Yangtze Gorges area.

Lantian Formation
The Ediacaran System in southern Anhui consists of the Lantian Formation and overlying Piyuancun
Formation, which are respectively correlated on the basis of regional lithostratigraphy with the Doushantuo
and Dengying (551–541Ma) Formations in the Yangtze Gorges area38,39. The Lantian Formation is
divided into four members that can be correlated with the four divisions of the Doushantuo Formation40.
The fossiliferous Lantian Member II is interpreted to have been deposited in open marine slope-basinal
facies. Yuan et al.40 reported a diverse assemblage of morphologically differentiated benthic macrofossils,
preserved largely in situ as carbonaceous compressions, in Member II black shale of the Lantian Formation.

Our samples from the Lantian Formation are collected at the Lantian section.

Piyuancun and Dengying Formations
The Piyuancun Formation, located in southern Anhui, conformably overlies the Lantian Formation and
consists mainly of black and grey chert beds. It is similar to the Liuchapo Formation in Hunan in



stratigraphic level and in lithology (see the following description for Liuchapo Formation). Both the
Piyuancun and Liuchapo Formations, except for their upmost part, can be correlated with the Dengying
Formation in the Yangtze Gorges area and eastern Yunnan (Fig. 1). Small shelly fossils (SSFs) are found
in the uppermost parts of the equivalent Dengying Formation in the neighbouring Zhejiang Province41,
which indicates an Early Cambrian age for its topmost part9.

Although the carbonate of Dengying Formation is not analyzed for Mo isotopes and Fe-speciation
in this study, it will be described briefly here as it is important in stratigraphic correlation. In the
Yangtze Gorges area, the Dengying Formation is composed of dolostone and limestone. It is conformably
underlain by the Doushantuo Formation, and overlain by the Yanjiahe Formation. At the Yanjiahe and
Jijiawan sections, the Dengying Formation is ∼270 m thick and can be divided into three members, named
Hamajing, Shibantan and Baimatuo in ascending order. The Dengying Formation yields frondose and
fractal Ediacara fossils42,43, large horizontal trace fossils made by bilaterian animals44, and biomineralised
metazoan tubular Cloudina fossils45–47.

Our samples from the Piyuancun Formation are collected at the Lantian section.

Liuchapo Formation
The Liuchapo Formation in the Longbizui section, Guzhang County in western Hunan, is located in the
deep-water lower slope to basinal setting48. It consists of dark grey to black chert, intercalated with thin
layers of black shales. It is conformably underlain by the Doushantuo Formation and conformably overlain
by the Niutitang Formation (see the following description for Niutitang Formation). The Liuchapo
Formation can be correlated with the Piyuancun Formation at Lantian in southern Anhui and the
shallow-water Dengying Formation in the Yangtze Gorges area. A tuff bed in the top of the Liuchapo
Formation is dated at 536.3 ± 5.5Ma49, and the first appearance of the SSFs is in the upper Liuchapo
chert8. Therefore, the Ediacaran–Cambrian boundary is placed at a level within the upper Liuchapo
Formation48(Fig. 1).

Our samples from the Liuchapo Formation are collected at the Longbizui section.

Yanjiahe and Zhujiaqing Formations
In the Yangtze Gorges area, the Yanjiahe Formation disconformably overlies the Dengying Formation,
with an uneven contact boundary indicating a depositional hiatus (this study), and is itself overlain by
the Shuijingtuo Formation with a disconformity50. The Yanjiahe Formation is composed of carbonate
intercalated with chert (in lower and middle part) or black shale (upper part), and it can be roughly
correlated to the Zhujiaqing Formation in eastern Yunnan, because of their similar SSF assemblages and
zonations50 as well as the carbon isotope evolution curve51,52. We sampled the top of it in two sections,
Jijiawan and Yanjiahe, of Yangtze Gorges area.

Although early Cambrian sections in eastern Yunnan are not analyzed for Mo isotopes due to low
Mo concentrations and lack of euxinic samples as indicated by Fe speciation data, their stratigraphy
will be described here because of the stratigraphic continuity and well-developed biostratigraphy, and
thus their importance in regional correlation (Fig. 1). A recent study5, however, recognised a minor
depositional hiatus between the Dengying and Zhujiaqing Formations and between the Zhujiaqing and
Shiyantou Formations. The dolostone Baiyanshao Member of the Dengying Formation is overlain by the
Zhujiaqing Formation. The Zhujiaqing Formation is subdivided into the Daibu (interbedded chert and
dolostone), Zhongyicun (phosphorite-dominated) and Dahai (dolostone and limestone) members from
the bottom upwards (Fig. 1). SSF assemblages I to III are successively found from lower Zhongyicun to
Dahai members4,5,53. The overlying Shiyantou Formation comprises siltstone and shale, and contains
the SSF assemblage IV in its upper part53, which extends to the basal Yu’anshan Formation. The first
appearance of the oldest trilobite Parabadiella occurs near the base of the Yu’anshan Formation54,55.
The well persevered soft-bodied fossils of the Chengjiang Fauna is in the Yu’anshan Formation.

A SIMS U–Pb zircon age of 535.2 ± 1.7 Ma was obtained from the middle Zhongyicun Member (Bed
5) at the Meishucun section15. A SHRIMP U–Pb zircon age of 526.5 ± 1.1Ma was obtained from the
basal Shiyantou Formation16. Ni–Mo enrichments are observed in uppermost part of the Shiyantou
Formation to the basal Yu’anshan Formation at the Xiaotan section, which can be correlated to the
Ni–Mo sulphide layer in the Niutitang Formation in Guizhou and other areas56. The absolute time scale
has not been established for the Yu’anshan Formation, but biostratigraphic correlation suggests it was
deposited during Cambrian Stage 357–62.



Niutitang, Hetang, Shuijingtuo and Yu’anshan Formations
The Niutitang Formation, overlying the Denying Formation or Liuchapo Formation in Guizhou and Hunan
provinces, consists mainly of black shale. In slope to basin sections, for example the Longbizui section in
western Hunan, the Niutitang Formation conformably overlie the Liuchapo Formation and the boundary
is transitional. The Niutitang Formation there consists of a lower unit of siliceous and phosphorous shale
(∼10 m thick) with thin phosphorite intercalations, and an upper thicker succession of black shale and
mudstone51. In shallower-water settings, for example the Zhongnan section in Zunyi of northern Guizhou
Province, the Niutitang Formation unconformably rests on the Dengying Formation. A few meters of
the lowermost Niutitang Formation in this area is a condensed succession, and successively consists of
stratiform cherts, nodular and bedded phosphorites and phosphate nodule-bearing carbonaceous black
shales, a polymetallic Ni–Mo sulphide horizon, and black shales17,63.

The Ni–Mo sulphide layer, with a typical thickness of 1 to 30 cm in Guizhou and northern Hunan64,
has varying Ni–Mo enrichment from several times higher than average upper continental crust contents
to ore-level in different areas. It is a stratigraphic marker traceable in the black shale unit distributed in
a NE-striking belt with a length of more than 1600 km along the southern margin of Yangtze platform10.
The black shale unit containing this layer has different names in other areas, such as the Shuijingtuo
Formation in the Yangtze Gorges, the Hetang Formation in Anhui and the Shiyantou Formation in
Yunnan (see descriptions above). The genesis of the Ni–Mo enrichment is disputed. The candidates
are a submarine hydrothermal venting origin10,11,17,17,63,65,66 versus a synsedimentary seawater origin
with very low terrigenous sedimentation rates in an anoxic environment12,13,64,67,68, or a combination of
both14. However, the consensus is that deposition of this layer was contemporary with sedimentation (
Och et al.56 and reference therein). Efforts have been made to date the layer11,12,69–71, and recently a
relatively precise composite Re–Os isochron age of 521 ± 5 Ma has been obtained from three mine sites
in the Guizhou and Hunan provinces18, which is consistent with the SHRIMP U–Pb zircon age of 532.3
± 0.7Ma obtained for a volcanic ash layer just beneath the sulphide ore layer and above the bottom
Niutitang phosphorites at the Zhongnan section near Zunyi, Guizhou Province17.

The lower part of the Niutitang Formation and its equivalents generally lack fossils4, despite sponge
spicules and helcionellid shells found in the lower Shiyantou Formation of Yunnan and the lower Niutitang
Formation of Guizhou. Similar fossil assemblages within the Ni–Mo-enriched layer are found in the
Sancha area of Zhangjiajie, Hunan Province and northern Guizhou Province (approximately 400 km away
from Sancha)10. The upper part of the Niutitang Formation (and its equivalents, such as the Yu’anshan
formation in Yunnan, the Shuijingtuo Formation in the Yangtze Gorges, the upper Hetang Formation
in Anhui) contains fossils of Qiongzhusian age, such as the assemblage of hexactinellid sponges and
demosponges, and some organic tissues and mineralised spicules in Hunan72, and trilobites in Guizhou73,
Anhui74 and Zhejiang41. Therefore, the upper Niutitang Formation is correlated approximately with
Cambrian Stage 39,72.

Our samples of the Shuijingtuo Formation are collected from the Jijiawan and Yanjiahe sections,
Yangtze Gorges area, Hubei; the samples of the Niutitang Formation are from the Longbizui section,
western Hunnan; and the samples of the Hetang Formation are from the Lantian section, southern Anhui.
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