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Abstract

Oxygenation of the early Cambrian ocean is commonly ascribed to high organic export to the sediment due to the rise of
algae and filter-feeding animals, but direct evidence of elevated export fluxes has been lacking to date. Here, we report an
integrated proxy dataset (U-Mo isotopes, Fe speciation, and major and trace elements) for lower Cambrian black shales
at Yuanjia on the Yangtze Platform (South China). These shales are characterized by high iron speciation ratios and Mo
and U enrichments, indicating persistently euxinic water conditions during their deposition, but a broad range of d98Mo val-
ues (�0.10‰ to +1.94‰) implies strongly variable watermass sulfidity. High and variable nutrient element (Cu, Zn, Ni, Cd)
enrichments at Yuanjia are consistent with elevated and variable organic productivity and export fluxes from the euphotic
zone to the early Cambrian seafloor. The Yuanjia shales also exhibit super-heavy d238U values (to +0.84‰) that cannot
be explained by U reduction in sediment porewaters. We hypothesize that these values record a U reduction process within
the water column, where U isotope fractionation can be much larger than in sediment porewaters. Such processes may have
operated within a benthic organic flocculent layer at the sediment-water interface, a feature that is characteristic of high pro-
ductivity systems with anoxic bottom waters. Furthermore, the coupling between d238U, nutrient elements, and d98Mo sug-
gests that elevated productivity levels were driven likely by episodic upwelling in early Cambrian oceans, supplying abundant
nutrients for productivity and influencing H2S concentrations in the water column. These observations, along with high
organic carbon accumulation rates (5600 mg cm�2 kyr�1), are direct evidence of high organic export fluxes to the early Cam-
brian seafloor, thus providing key support for the hypothesis that enhanced organic export and burial triggered a major
atmospheric-oceanic oxygenation event that stimulated the subsequent explosion of Cambrian life.
� 2020 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

The early Cambrian was characterized by the rapid
appearance of most phyla of modern animals and develop-
ment of a modern-like marine ecosystem, an event known
organic carbon export to the early Cambrian seafloor. Geochim.
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as the ‘‘Cambrian Explosion” (Erwin et al., 2011). It began
with the appearance of small shelly faunas near the base of
the Cambrian Period (mainly in the Fortunian and Age 2;
�541–521 Ma) and culminated in the appearance of the
complex animals of the Chengjiang Biota in Age 3 at
�518 Ma (Shu, 2008; Yang et al., 2018). The trigger for
the Cambrian Explosion is inferred to have been a rapid
increase in oxygen levels of the atmosphere-ocean system
(Chen et al., 2015; Sperling et al., 2015b; Li et al., 2017),
based in part on the idea that larger, more complex organ-
isms have higher physiological requirements for oxygen
than simple organisms (Sperling et al., 2015a). Concur-
rently, the evolution of primary producers and early ani-
mals during the Ediacaran-Cambrian periods may have
changed oceanic carbon cycling and redox state as a result
of biogeochemical and ecological feedbacks (Lenton et al.,
2014; Li et al., 2018). Evidence from molecular fossils indi-
cates a rapid rise of marine planktonic algae at �659–
645 Ma (Brocks et al., 2017), especially after the Marinoan
Glaciation (van Maldegem et al., 2019). These algae
replaced bacteria as the dominant marine primary produc-
ers, generating larger organic particulates that sank more
rapidly through the water column, with an increase in the
efficiency of organic carbon transport to the seafloor. The
appearance of planktonic consumers (e.g., cnidarian jelly-
fish) also enhanced transport efficiency by packaging
organic material in larger particles (Lenton et al., 2014).
However, the biogeochemical effects of these events became
apparent only after the biomass of filter-feeding organisms
reached a critical level. Fossil evidence indicates that
sponges underwent an explosive radiation during early
Cambrian Ages 2–3 (e.g., the Niutitang sponge Lagerstätte,
Fig. 1C) (Zhu, 2010), and that suspension-feeding mesozoo-
plankton appeared in Cambrian Age 3 (Vinther et al.,
2014). Thus, it seems likely that enhancement of the biolog-
ical pump following the evolution of eukaryotic algae and
planktonic consumers contributed to higher organic export
fluxes to the early Cambrian seafloor and triggered oceanic
oxygenation and the Cambrian Explosion.

Diverse types of geochemical evidence (e.g., iron specia-
tion, redox-sensitive trace elements, and C-N-S-Mo-Cr-U
isotopes) indeed support significant atmospheric and ocea-
nic oxygenation during the Neoproterozoic-Cambrian tran-
sition, although no consensus has been reached concerning
the nature of the rise (i.e., transient or permanent) and its
role in driving the Cambrian Explosion (e.g., Och and
Shields-Zhou, 2012; Chen et al., 2015; Li et al., 2017; Shi
et al., 2018; Wang et al., 2018; Dahl et al., 2019). The accu-
mulation of oxygen in the Earth-surface system is mainly
due to burial of organic matter, and early Cambrian oceans
are thought to have been organic matter sinks owing to the
rise of algae and filter-feeding organisms that generated lar-
ger, more rapidly sinking organic particles (Logan et al.,
1995; Brocks et al., 2017). However, direct evidence of high
organic carbon export fluxes to the early Cambrian seafloor
is lacking, so a key test of the ‘‘organic carbon burial
hypothesis” for the Cambrian Explosion has not been
undertaken to date.

Both Mo (d98Mo) and U isotopes (d238U) in organic-rich
black shales have been used to track local and global redox
Please cite this article in press as: Cheng M., et al. Evidence for high
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conditions (e.g., Arnold et al., 2004; Wille et al., 2008; Dahl
et al., 2010; Brennecka et al., 2011a; Dickson et al., 2014;
Chen et al., 2015; Kendall et al., 2015). Their utility is based
on behavioral variation of Mo and U in different redox con-
ditions, i.e., conservative in oxic waters but reactive in
anoxic (especially euxinic) environments, and on variable
isotope fractionations between seawater and sediment dur-
ing removal to the latter. Despite geochemical similarities,
these two elements exhibit important differences, e.g., with
regard to sites of sedimentary removal (i.e., water column
or pore water), adsorption by organic matter and Fe-Mn
oxides, and their response to the presence of H2S. There-
fore, paired use of Mo and U isotopes can potentially offer
insights into the redox dynamics of ancient oceans that can-
not be gained from either proxy by itself.

The d238U of marine sediments also has the potential to
provide insights into organic carbon fluxes to the seafloor.
In anoxic settings with typical organic carbon sinking
fluxes, reduction of U in sediment porewaters results in
an isotopic fractionation (D238U � 0.6‰) relative to seawa-
ter d238U (�0.39‰), yielding sediment d238U < +0.2‰
(Andersen et al., 2014). However, an organic flocculent
layer on the seafloor[aka a ‘‘fluff layer”, as commonly in

Black Sea literature, e.g., _Izdar and Murray (1989)] may
develop under conditions of elevated organic matter export
from the surface ocean (Anderson et al., 1989). Although
not yet confirmed experimentally, this layer was hypothe-
sized to be capable of producing U isotope fractionations
larger than those in sediment porewaters (0.6‰ < D238-
U � �1.2‰), leading to abnormally high sediment d238U
(i.e., >+0.2‰) (Andersen et al., 2017); note that �1.2‰ is
the estimated maximum D238U (Bigeleisen, 1996; Abe
et al., 2008).

To explore the conditions of organic carbon export to
the seafloor in early Cambrian oceans, we generated an
integrated geochemical dataset consisting of U isotope,
Mo isotope, iron speciation, and major- and trace-
element concentration data for organic-rich black shales
of the lower Cambrian Niutitang Formation in the Yuanjia
section—a typical slope-basinal setting on the southeastern
margin of the early Cambrian Yangtze Platform, South
China. Our data provide direct evidence supporting the
hypothesis of enhanced organic matter export to the sedi-
ment in the early Cambrian ocean, thus providing a key
link between contemporaneous atmospheric and oceanic
oxygenation processes and bioevolutionary events.

2. GEOLOGICAL SETTING

During the late Ediacaran and earliest Cambrian, the
South China Craton (SCC) was located at peri-equatorial
paleolatitudes, proximal to the northwestern margin of
Gondwana but not in contact with any continent
(Fig. 1A) (Meert and Lieberman, 2008). The craton con-
sisted of the Yangtze and Cathaysia blocks, which were sep-
arated by the failed intracratonic Nanhua rift basin. On the
Yangtze Block, platform carbonates accumulated to the
northwest and slope-basinal shales to the southeast (Zhu
et al., 2003). As a result of eustatic transgression, the area
of shale deposition peaked during Cambrian Ages 2–3,
organic carbon export to the early Cambrian seafloor. Geochim.
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Fig. 1. Geological setting of the Yuanjia section. (A) Early Cambrian (�530 Ma) global paleogeography (Meert and Lieberman, 2008). (B)
Paleogeography of South China Craton during early Cambrian Age 2–3 (Zhu et al., 2003). (C) Generalized stratigraphy of the Yuanjia
section. The organic carbon d13C profile is from Guo et al. (2013); the carbonate d13C profile and biotic events are from Zhu et al. (2006).
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M. Cheng et al. /Geochimica et Cosmochimica Acta xxx (2020) xxx–xxx 3
covering almost the entire Yangtze Platform (Fig. 1B) (Zhu
et al., 2003).

The Yuanjia section is located in Zhongfang County,
Hunan Province (27�2902500N, 110�1404600E). In this area,
the uppermost Ediacaran-lower Cambrian succession con-
sists of cherts of the Liuchapo Formation, black shales of
the Niutitang Formation, and limestones of the Jiumen-
chong Formation (Fig. 1C). The Niutitang Formation con-
tains >60 m of black shale with a Ni-Mo layer at its base
and two phosphatic nodule layers in its lower half, repre-
senting typical slope-to-basinal deposits (Fig. 1C). Bios-
tratigraphic data are not available for this section;
however, a previous study placed the Precambrian/Cam-
brian boundary (541 Ma) within the upper Liuchapo For-
mation based on organic and inorganic carbon isotope
correlations and SIMS zircon U-Pb dates (Fig. 1C) (Chen
et al., 2015). The base of the Niutitang Formation has been
dated at 522.3 ± 5.3 Ma and 522.3 ± 3.7 Ma (both SIMS
U-Pb zircon ages) in the Panmen and Bahuang sections
of Guizhou Province, respectively (Chen et al., 2015), which
are �120–130 km away from Yuanjia. The basal Ni-Mo
layer has been dated at �521 ± 5 Ma (a Re-Os isochron
age) (Xu et al., 2011), constraining the onset of Niutitang
black shale deposition to late Cambrian Age 2 (�529–
521 Ma). The top of the Niutitang black shales at Yuanjia
is most likely older than the �518-Ma Chengjiang Biota
based on organic and inorganic carbon isotope correlations
(Fig. 1C) (Zhu et al., 2006). We estimate that the study
interval at Yuanjia was deposited between �522 and
518 Ma.
Please cite this article in press as: Cheng M., et al. Evidence for high
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3. BACKGROUND OF GEOCHEMICAL PROXIES

USED IN THIS STUDY

Iron speciation, now widely used as a redox proxy (re-
viewed by Poulton and Canfield, 2011), is defined in terms
of the ratios of total Fe (FeT), pyrite (Fepy), and highly
reactive iron (FeHR)—the latter being the sum of Fe in pyr-
ite, carbonate (Fecarb), magnetite (Femag), and oxides
(Feox). FeHR/FeT values of <0.22 and >0.38 correspond
to oxic-suboxic and anoxic bottom-water conditions,
respectively, and when anoxia is indicated, Fepy/FeHR

ratios of <0.7 and >0.8 correspond to ferruginous and eux-
inic conditions, respectively (Poulton and Canfield, 2011).
A minimum FeT value of 0.5% is required to avoid uncer-
tainties in redox interpretations related to low Fe content,
such as in carbonate-rich facies (Clarkson et al., 2014).

The behaviors of U and Mo are closely related to local
watermass redox conditions. In oxic waters, both U and
Mo are conservative although Mo has a high affinity for
Mn oxides (Morford and Emerson, 1999). Adsorption of
U onto Mn oxides is a function of seawater pH and carbon-
ate and calcium ion concentrations; in normal seawater, the
presence of U as soluble uranyl complexes inhibits the
adsorption process (Wang et al., 2013). In oxygen-
depleted waters, Mo and U are rapidly removed to the sed-
iment (Tribovillard et al., 2006; Algeo and Tribovillard,
2009). Uranium uptake by the sediment depends on reduc-
tion of U(VI) to U(IV), which begins around the same
potential that favors reduction of Fe(III) to Fe(II)—that
is, in the near absence of dissolved oxygen but before the
organic carbon export to the early Cambrian seafloor. Geochim.
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onset of sulfate reduction (often referred to as ‘suboxic’)
(Tribovillard et al., 2006). In contrast, Mo uptake requires
the presence of free H2S in order to convert molybdate

(MoO2�
4 , the dominant species in oxic waters) to particle-

reactive thiomolybdates (MoO4�xS
2�
x ; x ¼ 1� 4Þ, with

quantitative conversion occurring when aqueous [H2S] is
in excess of �11 lM (25 , 1 atm and pH = 7–8) in a rela-
tively restricted basin (Erickson and Helz, 2000; Dickson
et al, 2014).

The isotopic composition of molybdenum (d98Mo) in
the sediment varies in response to different removal pro-
cesses. Adsorption of Mo by Mn oxides results in an iso-
topic fractionation of ��3‰ relative to seawater d98Mo
(+2.34‰ in the modern) (Barling and Anbar, 2004;

Nakagawa et al., 2012). Similarly, MoO2�
4 can be adsorbed

by Fe oxides, resulting in variable isotopic fractionations
(�0.83 ± 0.60‰ to �2.19 ± 0.54‰) depending on mineral
speciation (Goldberg et al., 2009). Under sulfidic condi-

tions,MoO2�
4 is converted to thiomolybdate (MoS2�

4 ), a
process that goes to completion when [H2S] exceeds the
threshold of �11 lM but that yields intermediate

MoO4�xS
2�
x ðx ¼ 1� 3Þ species at lower [H2S] (Erickson

and Helz, 2000). Complete conversion and quantitative pre-
cipitation of seawater Mo result in sediment d98Mo being
equal to contemporaneous seawater d98Mo. Less than com-
plete uptake of seawater Mo results in Mo-isotopic frac-
tionations controlled by [H2S], yielding variable sediment
d98Mo values generally between �0.7 and +2.3‰
(Poulson et al., 2006; Neubert et al., 2008). This process
can be complicated by uptake of Mo by organic matter,
which results in a negative isotopic fractionation of the
adsorbed Mo (King et al., 2018).

Uranium isotopic fractionation varies depending on the
pathway of U uptake by the sediment. In oxic seawater, Mn
oxides preferentially adsorb isotopically light U, resulting
in a fractionation of ��0.2‰ relative to seawater
(Brennecka et al., 2011b; Goto et al., 2014). Similarly,
adsorption of U by goethite, birnessite, or illite produces
an average fractionation of �0.15‰ (Jemison et al.,
2016). Incorporation of U into primary carbonate phases
results in no significant isotopic fractionation, but syndepo-
sitional diagenesis in anoxic porewaters can shift original
values by +0.2 to +0.4‰ during U uptake by secondary
carbonate precipitates (Romaniello et al., 2013; Chen
et al., 2018). Laboratory experiments show that U reduc-
tion by sulfate- or metal-reducing microbes results in a
large isotopic fractionation of +0.7 to +1.0‰, whereas abi-
otic U reduction via reductants such as Fe2+ and aqueous
H2S yields variable U isotope fractionations depending on
aqueous U speciation and U reduction rate (Basu et al.,
2014; Brown et al., 2018). Although the maximum U iso-
tope fractionation observed in microbial reduction experi-
ments is roughly consistent with the theoretical estimate
of �1.2‰ (Bigeleisen, 1996; Abe et al., 2008), observed
fractionations in modern anoxic basins such as the Black
Sea and Baltic Sea are significantly smaller (Andersen
et al., 2014; Noordmann et al., 2015). This pattern has been
explained as an effect of diffusion-limited U reduction in the
sediment, limiting observed fractionations to a maximum of
Please cite this article in press as: Cheng M., et al. Evidence for high
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�+0.6‰ and thus yielding maximum sediment d238U of
�+0.2‰ relative to seawater d238U of �0.39‰ (Andersen
et al., 2014; Rolison et al., 2017).

Availability of nutrient elements (e.g., N, P, and Fe)
controls marine productivity in the euphotic zone, and rem-
ineralization of organic matter replenishes nutrient invento-
ries at depth (Schoepfer et al., 2015; Boyd et al., 2017;
Weber et al., 2018). In anoxic (especially euxinic) waters,
metal micronutrient elements (e.g., Cu, Zn, Ni, and Cd),
which affect the synthesis of the enzymes relating to certain
biochemical processes such as carbon fixation, are strongly
removed to the sediment by incorporation into pyrite or
formation of their own insoluble sulfides or by adsorption
onto sedimentary organic matter (Tribovillard et al.,
2006; Weber et al., 2018). Therefore, while the behaviors
of these elements in seawater are closely linked to formation
and decomposition of organic matter, their accumulation in
the sediment is also influenced by local redox conditions
(Tribovillard et al., 2006). For these reasons, paleoproduc-
tivity can be tracked accurately only if local redox condi-
tions have been independently reconstructed. In this
study, we use iron speciation and Mo isotope data as inde-
pendent proxies for water-column redox conditions.

4. MATERIALS AND METHODS

A total of 27 samples were collected from a fresh out-
crop on a newly constructed road near Yuanjia village,
Huaihua City, Hunan Province, China (27�2902500N, 110�
1404600E). Portions of the outcrop showing visible veins or
macroscopic pyrite were avoided, and the outer part of each
sample was trimmed off in the laboratory, leaving the least
altered core of each sample (�50 g). This material was
crushed to powder (>200 mesh) for geochemical analysis.
Total organic carbon (TOC), iron speciation, and major
elements were analyzed in the State Key Laboratory of Bio-
geology and Environmental Geology in the China Univer-
sity of Geosciences (Wuhan), and trace elements, Mo
isotope and U isotope are analyzed in W.M. Keck Founda-
tion Laboratory at Arizona State University.

For measurement of TOC concentrations, �2 g of sam-
ple powder was weighed into a glass container, and 4 mol
L�1 HCl was added to dissolve carbonate. After complete
carbonate dissolution, the residuum was centrifuged, neu-
tralized to pH = 7, and dried. Then, �20 mg of treated
powder was weighed into a C-S analyzer (Analytic Jena,
multi EA 4000) and analyzed with a reproducibility better
than 0.2 wt%.

For major elements, 0.6 g of sample powder was mixed
with 6 g Li2B4O7, heated to 1080 �C, and made into a glass
disk. Then, the glass disk was analyzed with a Panalytical
Epsilon 3 X-ray Fluorescence (XRF) spectrometer with
an analytical precision better than 5% (based on long-
term analysis on standard GSR-5).

A sequential extraction method was used for iron asso-
ciated with carbonate (Fecarb), reducible oxides (Feox), and
magnetite (Femag) (Poulton and Canfield, 2005), and an
improved CrCl2 reduction method was used for pyrite-
hosted iron (Fepy) (Li et al., 2015). The data quality was
monitored by repeated analysis of standards from Timothy
organic carbon export to the early Cambrian seafloor. Geochim.
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Lyons’s laboratory at University of California-Riverside
(USA), with a reproducibility generally better than 0.1%
(Li et al., 2015).

For trace element, Mo isotope and U isotope measure-
ments, a mixture of HF, HNO3 and HCl acids were used
to fully digest an aliquot of each sample. Then, the solution
was diluted with 2% HNO3 and measured on a Thermo
Fisher iCAP Q inductivity coupled plasma mass spectrom-
eter (ICP-MS) with a precision generally better than 5%,
based on repeated analysis of in-run check standards. Then,
digested solutions containing �250 ng Mo and �125 ng U
were transferred to a new Teflon beaker and separately
mixed with a double-spike solution (97Mo-100Mo for Mo,
and 233U-236U for U). Cation resin (50WX-8) and anion
resin (AG1X-8) were used to separate Mo from the matrix,
while UTEVA resin was used to separate U from the
matrix. The details of the protocols for chemical purifica-
tions are given in Anbar et al. (2001) and Weyer et al.
(2008). The separated solutions were analyzed for Mo
and U isotopes on a Thermo Fisher Neptune multi-
collector ICP-MS (MC-ICP-MS). Every sample was run
three times for Mo isotopes and two times for U isotopes,
with the results reported as an average value (±2 SD) in
per mille deviation relative to a standard. Mo isotope
results were determined relative to the RochMo2 standard
(Johnson Matthey Specpure� Mo plasma standard, Lot
#802309E) and recalculated to NIST SRM 3134 as
d98Mo (or d98/95Mo) = [d98/95Mosample/(d

98/95Mostandard -
� 0.99975) – 1] � 1000. Relative to NIST SRM 3134,
RochMo2 yields a d98/95Mo composition of �0.08
± 0.05‰ (Goldberg et al., 2013; Nägler et al., 2013). Dur-
ing four days of Mo isotope analysis for this study, SDO-
1 yielded an average value of 1.13 ± 0.02‰ (2SD; n = 15)
relative to NIST SRM 3134 (0.25‰), which is close to the
value obtained in earlier studies (1.05 ± 0.14‰ and 1.08
± 0.15‰) (Goldberg et al., 2013; Kendall et al., 2015). Ura-
nium isotope results are reported relative to CRM145 as
d238U (or d238/235U) = [d238/235Usample/d

238/235UCRM145 – 1] �
1000. Repeated analysis of CRM145 yielded a mean of
0.00 ± 0.07‰ (2SD; n = 135). CRM129a, which was used
to monitor data quality, yielded an average value of �1.68
± 0.05‰ (2SD; n = 14) during the analytical period,
consistent within external uncertainty with the value
(�1.72 ± 0.09‰) reported by Kendall et al. (2015).

Organic carbon accumulation rates (OCAR) were calcu-
lated per the protocol of Algeo et al. (2013):

OCAR ¼ ½TOC� � BAR ð1Þ
where [TOC] is total organic carbon concentration, and
BAR is bulk accumulation rate.

BAR ¼ q� LSR ð2Þ
where q refers to the sediment dry bulk density in unit of g
cm�3, and LSR refers to a linear sedimentation rate (in unit
of cm kyr�1) which is calculated with a series of biostrati-
graphically or radiometrically dated tie points, between
each pair of which sedimentation rates are assumed to be
linear. In this study, since the q data was not available,
we used a constant typical value of 2.5 g cm�3 for all sam-
ples (Algeo et al., 2013). Based on the 64 m thickness of the
Please cite this article in press as: Cheng M., et al. Evidence for high
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study section and lower and upper boundary ages of
522 Ma and 518 Ma (see Section 2), its average LSR is
�1.6 cm kyr�1.

Enrichment factors (EFs) were calculated relative to the
upper continental crust (UCC) as follows: XEF = (X/
Al)sample/(X/Al)UCC, where X refers to the element of inter-
est (e.g., Mo or U), and elemental concentrations for UCC
are from McLennan (2001).

5. RESULTS

All geochemical data generated in this study are given in
Supplementary Table S1, with key results illustrated in
Figs. 2 and 3.

5.1. Iron speciation, Mo and U concentrations

Almost all samples at Yuanjia yield FeHR/FeT > 0.38
and Fepy/FeHR > 0.7 (mostly > 0.8) (Fig. 2), indicating
mainly euxinic bottom-water conditions during deposition,
consistent with prior inferences that euxinia was prevalent
at mid-depths of the Nanhua Basin during the early Cam-
brian (e.g., Feng et al., 2014; Jin et al., 2016; Li et al.,
2017). The two samples of NTT-26 at 25.2 m and NTT-
48 at 46.2 m yield FeHR/FeT > 0.38 but Fepy/FeHR < 0.7.
Because these two samples have FeT < 0.5% (Fig. 2), we
consider these ratios are unreliable. Mo and U show high
EFs [MoEF: 19-771, mean 225 ± 201; UEF: 6–194, mean
44 ± 43 (±1SD)], consistent with the euxinic bottom-
water conditions inferred by coexisting iron speciation data.

5.2. TOC and nutrient metal elements

The TOC is high, ranging from 6.4% to 35.5%, and
shows a decreasing trend upsection, except for samples at
46.2 m (26.1%) and 46.7 m (35.5%). Enrichments of Cu,
Ni, Zn, and Cd are generally high (CuEF: 24 ± 37; ZnEF:
20 ± 40; NiEF: 14 ± 14; CdEF: 406 ± 786) (mean ± 1SD)
even comparing to those in typical modern high-
productivity region, such as the Peru upwelling margins
(CuEF: 5 ± 2; ZnEF: 3 ± 1; NiEF: 4 ± 3; CdEF: 544 ± 505)
(Böning et al., 2004), and also show a general decrease
upsection (CuEF: 196 to 1.3; ZnEF: 166 to 0.4; NiEF: 74 to
2.0; CdEF: 3028 to 3.1), although substantial variability is
observed in all profiles (Fig. 3). Strong positive correlations
exist between these nutrient metal elements, with the square
of correlation coefficient (R2) ranging from 0.40 for Cu vs.
Ni to 0.95 for Cd vs. Zn (both p < 0.01, n = 29) (Fig. 4A
and B).

5.3. Mo and U isotopes

To avoid the influence of detritally sourced Mo and U,
we calculated the isotopic composition of the authigenic
Mo and U fractions by adopting UCC d98Mo (=0‰) and
d238U (=�0.3‰) as the isotopic compositions of their detri-
tal fractions (cf. Andersen et al., 2018). Due to the high EFs
for both Mo and U, there are only limited differences
between their bulk isotopic compositions [range 0–0.03‰,
mean 0.01 ± 0.03‰ (2SD) for Mo; range 0–0.14‰, mean
organic carbon export to the early Cambrian seafloor. Geochim.
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0.03 ± 0.07‰ (2SD) for U]. Henceforth, unless otherwise
specified, all isotopic values refer to the authigenic fraction.

Sediment d98Mo values at Yuanjia show high degree of
stratigraphic variability ranging from �0.10‰ to +1.94‰,
which are variably lower than the modern seawater value
of +2.34‰, but similar to data from other lower Cambrian
Please cite this article in press as: Cheng M., et al. Evidence for high
Cosmochim. Acta (2020), https://doi.org/10.1016/j.gca.2020.01.050
sections in South China (Chen et al., 2015; Wen et al., 2015;
Cheng et al., 2016, 2017).

Sediment d238U values at Yuanjia range from �0.34 to
+0.84‰. In modern anoxic basins, sediment d238U is gener-
ally not higher than +0.2‰ (Fig. 5) (e.g., Andersen et al.,
2014; Rolison et al., 2017), representing a maximum
organic carbon export to the early Cambrian seafloor. Geochim.
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fractionation of �+0.6‰ relative to seawater d238U, which
is significantly less than the maximum theoretical D238U of
�+1.2‰ (Andersen et al., 2014). This limited fractionation
has been attributed to U reduction occurring mainly in
porewaters containing only small amounts of dissolved U.
Furthermore, the study by Dahl et al. (2017) from Siberia
inferred that early Cambrian (�520 Ma) seawater d238U
was lower (�0.65‰ to �0.45‰) than that of the modern
ocean (�0.39‰). If correct, then at least 14 out of 27
d238U values at Yuanjia correspond to an isotopic fraction-
ation larger than �+0.6‰ (i.e., >+0.15‰), with some val-
ues being close to the maximum theoretical fractionation of
�1.2‰.

A moderate negative correlation is observed between
d238U and d98Mo (R2 = 0.40, p < 0.01; Fig. 6A). Addition-
ally, d238U shows positive covariations with the EFs of Cu,
Zn, Ni and Cd. The correlations are fairly obvious in
chemostratigraphic profiles (Fig. 3) but become statistically
insignificant when crossplotted for the study section as a
whole (not shown). This situation arises because the corre-
lations are strongest over local stratigraphic intervals
(probably reflecting a single dominant control), whereas
at the scale of the full study section the influence of multiple
controls results in a weaker relationship. To demonstrate
the strength of local stratigraphic correlations, we calcu-
lated correlation coefficients (r) for five-point moving
Please cite this article in press as: Cheng M., et al. Evidence for high
Cosmochim. Acta (2020), https://doi.org/10.1016/j.gca.2020.01.050
windows through the full study section, yielding values of
<�0.5 or >0.5 for most of the section (Fig. 7).

6. DISCUSSION

6.1. Basin connection with open ocean

Mo-U relationships can be useful for assessment of basi-
nal watermass dynamics (Algeo and Tribovillard, 2009).
The Yuanjia black shales were deposited under mainly eux-
inic conditions, as indicated by iron speciation data and
Mo-U enrichments (see Section 5.1; Fig. 2), which are
favorable for the formation of pyrite and the accumulation
of authigenic Mo. Owing to rapid removal of Mo to the
sediment, the concentration of aqueous Mo in a restricted
basin can become strongly reduced through time, leading
to a ‘‘flat” Mo-U trend (Fig. 6B). For example, Mo in deep
waters of the modern Black Sea is �97% depleted relative
to normal seawater, whereas aqueous U exhibits a much
smaller degree of depletion (�40%) (Algeo and Lyons,
2006; Rolison et al., 2017). Authigenic Mo and U enrich-
ments in Yuanjia shales show no evidence of differential
depletion, and the normal-marine-like Mo/U ratios are evi-
dence that the early Cambrian Nanhua Basin was con-
nected to the open ocean (Fig. 6B). However, it should be
noted that a semi-restricted condition (e.g., as for the
organic carbon export to the early Cambrian seafloor. Geochim.
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modern Cariaco Basin or Saanich Inlet) will not be appar-
ent on a MoEF-UEF crossplot, so partial restriction of the
early Cambrian Nanhua Basin cannot be precluded.

6.2. Variable bottom-water sulfidity

As introduced in Section 3, d98Mo in black shales has
the potential to record global seawater d98Mo when the
local bottom-water [H2S] exceeds the threshold value
(�11 lM) (Arnold et al., 2004; Neubert et al., 2008; Wille
et al., 2008; Dickson, 2017). However, several considera-
tions show that the observed d98Mo values at Yuanjia
reflect dominantly local controls. First, many d98Mo values
are lower than +0.7‰, the best available estimate for aver-
age riverine d98Mo (Archer and Vance, 2008), and lower
even than continental crustal values of 0–0.4‰ (Voegelin
et al., 2014). Since Mo isotopic fractionation during
Please cite this article in press as: Cheng M., et al. Evidence for high
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magmatism (Voegelin et al., 2014; Yang et al., 2017),
weathering (Gardner et al., 2017), and transport (Archer
and Vance, 2008) is limited, Cambrian riverine d98Mo
should have been close to the modern value (although there
are no relevant data at present). These low d98Mo values
cannot record contemporaneous seawater d98Mo, which
must have been equal to or greater than riverine d98Mo
owing to a lack of any known process that preferentially
removes the heavy isotope (98Mo) from seawater. Second,
seawater d98Mo is relatively stable owing to the long resi-
dence time of Mo in seawater (�0.5 Myr for the modern
ocean and probably similar for the Cambrian) (Chen
et al., 2015). Thus, the high degree of stratigraphic variabil-
ity in d98Mo at Yuanjia, corresponding to time scale less
than the Mo residence time, is inconsistent with a seawater
d98Mo signal (Kendall et al., 2017). Third, d98Mo at Yuan-
jia shows a generally negative correlation with Mo/TOC
(Fig. 3), a proxy used to track the size of the aqueous Mo
reservoir (Algeo and Lyons, 2006). If the Yuanjia black
shales had captured the contemporaneous seawater d98Mo
signal, then a positive correlation should have been pro-
duced because both a larger marine Mo inventory and more
positive d98Mo values are expected for times of greater mar-
ine oxygenation, and vice versa (Kendall et al., 2017).

A number of local processes can cause Mo isotope frac-
tionation and variable sediment d98Mo. In some samples
with low d98Mo, Mo enrichment significantly exceeds that
of U (Fig. 6B), which implies operation of a Fe-Mn shuttle
whereby isotopically light Mo was preferentially adsorbed
by Fe-Mn oxides and transferred to the sediment (Algeo
and Tribovillard, 2009; Cheng et al., 2016). Fe-Mn oxides
adsorb aqueous Mo above the chemocline and release it
back to the water column below the chemocline (Algeo
and Tribovillard, 2009). Adsorption of U to Mn oxides is
strong at low pH (2.5–3), but it becomes much weaker
above circum-neutral pH due to formation of stable
uranyl-carbonate aqueous complexes that do not readily
absorb onto particulates (Wang et al., 2013). Mo that is
captured by a Fe-Mn particulate shuttle can be transferred
to the sediment, leading to higher enrichments of Mo rela-
tive to U (Algeo and Tribovillard, 2009). This process oper-
ates most vigorously in weakly euxinic settings in which the
O2-H2S chemocline fluctuates dynamically just above or
across the sediment-water interface (Algeo and
Tribovillard, 2009; Cheng et al., 2016). In this circumstance,

the transition of MoO2�
4 to MoS2�

4 via

MoO4�xS
2�
x ðx ¼ 1� 3Þ is accompanied by a large isotope

fractionation, the degree of which is a function of [H2S]
(Erickson and Helz, 2000). This operation of a Fe-Mn shut-
tle suggests that at least some samples from Yuanjia were
deposited in weakly euxinic waters with [H2S] lower than
the threshold for quantitative Mo conversion from

MoO2�
4 to MoS2�

4 . This circumstance, as well as the opera-
tion of an Fe-Mn shuttle, can account for the relatively
lower d98Mo values. Additionally, under weakly euxinic
conditions, adsorption of Mo by organic matter is
enhanced, which also produces a fractionation favoring
the light Mo isotope (King et al., 2018). However, there is
no obvious correlation between d98Mo and TOC at Yuanjia
(R2 = 0.03; Fig. 6C). This is consistent with our argument
organic carbon export to the early Cambrian seafloor. Geochim.
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that local sulfidity was variable, and that relatively lighter
d98Mo values were due to a combination of low [H2S], oper-
ation of an Fe-Mn shuttle, and adsorption by organic mat-
ter. Since the latter two processes are favored by low [H2S]
conditions, we infer that lower and higher d98Mo values
correspond to lower and higher [H2S], respectively,
although this relationship was not necessarily linear.

6.3. High and variable paleoproductivity

Primary productivity in the photic zone generates
organic matter that sinks through the water column and
is, in part, buried in the sediment (Breitburg et al., 2018).
Accompanying this process, nutrients and other elements
can be incorporated into or adsorbed onto organic matter
and released back to the water column or pore waters dur-
ing organic decomposition. Elements that are released into
pore waters can be captured by pyrite or other authigenic
minerals (Tribovillard et al., 2006). In euxinic waters, Cd
tends to form its own sulfide, whereas Zn, Cu, and Ni are
commonly incorporated into pyrite, although all of these
elements can be also associated with organic matter
(Algeo and Maynard, 2004; Large et al., 2014). However,
the limited correlations of these elements with TOC
(r < 0.30; not shown) at Yuanjia indicate that sedimentary
Please cite this article in press as: Cheng M., et al. Evidence for high
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organic matter is not their primary host phase. These ele-
ments may likely reside mainly in authigenic phases, the
formation of which depends heavily on local bottom-
water conditions. At Yuanjia, the micronutrients Cu, Ni,
Zn, and Cd yield similar chemostratigraphic profiles, with
R2 ranging from 0.40 for Cu vs. Ni to 0.95 for Cd vs. Zn
(both p < 0.05, n = 29) (Fig. 4A and B). They also show
negative correlation with d98Mo (Fig. 3), suggesting greater
enrichment of these micronutrient elements under less
reducing conditions (see above), which is inconsistent with
a dominant redox control on their sedimentary enrichment.
In addition, no obvious variations in lithology or grain size
were observed in the study section, suggesting that varia-
tions in Cu, Zn, Ni, and Cd concentrations were not con-
trolled by sedimentation rate. The strong correlations
between these elements are thus probably indicative of a
common source in the organic sinking flux, which is closely
linked to primary productivity rates, rather than in the for-
mation of authigenic phases (e.g., pyrite). Since the bottom
waters at Yuanjia were persistently euxinic (Section 6.1),
H2S was in excess for formation of sulfide minerals. There-
fore, we infer that the stratigraphic variations of these
nutrient elements most likely reflect changes in primary
and export productivity at the study site. Accordingly, the
high and variable enrichments of these nutrients support
organic carbon export to the early Cambrian seafloor. Geochim.
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elevated and variable organic productivity and export
fluxes from the euphotic zone to the early Cambrian
seafloor.

It should be noted that stratigraphic variations of Cu,
Zn, Ni and Cd are not consistent with those of P or Ba,
which are widely used as paleoproductivity proxies
(Schoepfer et al., 2015). P concentration is a reliable pro-
ductivity proxy when it correlates positively with TOC
(Schoepfer et al., 2015), but this was not observed at
Yuanjia (R2 = 0.07, p > 0.05, n = 29) (Fig. 4C). Instead,
P may be present in the sediment mainly as authigenic
apatite since a strong positive correlation between P and
CaO is observed (R2 = 0.99, p < 0.05) (Fig. 4D). Actually,
P concentration is not expected as a robust productivity
proxy in euxinic deposits such as the Yuanjia black shale
as it can be regenerated back to seawater (Schoepfer et al.,
2015). Ba is commonly delivered to the sediment as barite
precipitated on the surface of sinking, decaying organic
particles, but it is unstable in euxinic pore waters and
can undergo reductive dissolution, releasing Ba back to
the water column (Tribovillard et al., 2006). Therefore,
Ba concentrations may not be reliable as a paleoproduc-
tivity proxy in the dominantly euxinic Yuanjia section.
Furthermore, high Ba concentrations in lower Cambrian
sediments have been linked to hydrothermal inputs
(Yang et al., 2008). For these reasons, we do not consider
P and Ba in the discussion of paleoproductivity for the
Yuanjia section.
Please cite this article in press as: Cheng M., et al. Evidence for high
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6.4. Possible mechanisms for super-heavy d238U values

Given a seawater d238U of �0.65‰ to �0.45‰ in the
early Cambrian (Dahl et al., 2017), 14 out of 27 samples
at Yuanjia show super-heavy d238U values (i.e., >
+0.15‰) that are inconsistent with a porewater fractiona-
tion mechanism (see Section 5.3; Figs. 2 and 3). Similar
super-heavy U isotopic compositions have previously been
reported only from a handful of ancient marine units, e.g.,
Unit II of the Black Sea (Montoya-Pino et al., 2010) and
Member IV of the Doushantuo Formation (Kendall
et al., 2015). Andersen et al. (2014) proposed that partial
U removal under suboxic bottom-water environment can
cause isotope fractionation larger than +0.6‰. However,
this mechanism cannot explain the super-heavy d238U val-
ues observed at Yuanjia because: (1) the study black shales
deposited under persistently euxinic conditions rather than
suboxic conditions (see Section 5.1), and (2) the partial U
removal causes limited U accumulation in the sediment,
inconsistent with the generally high enrichments of U at
Yuanjia (Fig. 2).

Organic matter may have played an important role in
authigenic U accumulation and isotopic fractionation in
the organic-rich Yuanjia shales. This is indicated inter alia

by a strong positive correlation between U concentrations
and TOC (R2 = 0.63, p < 0.05; Fig. 6D). As in modern
highly productive regions such as the California Margin,
U reduction and uptake by organic particles can account
organic carbon export to the early Cambrian seafloor. Geochim.
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for the bulk of the U burial flux (Zheng et al., 2002;
McManus et al., 2005). Holmden et al. (2015) reported a
negative isotope fractionation of �0.79 ± 0.17‰ associated
with U adsorption to plankton. If universal, then sedimen-
tary organic-hosted U should generally exhibit low d238U
values, which, however, does not accord with the super-
heavy d238U values observed at Yuanjia. Therefore, U
adsorption by organic matter cannot explain the super-
heavy d238U values at Yuanjia.

We propose that the super-heavy d238U values observed
at Yuanjia may have been a product of U reduction within
a high-porosity sediment layer on the seafloor, i.e., a ben-
thic organic flocculent layer. Such flocculent layers tend
to develop at the sediment–water interface under conditions
of high productivity and low benthic faunal activity (e.g.,
due to anoxic bottomwater conditions). They are generally
characterized with �2 cm in thickness, mottled gray-black/
gray-green in color and a jelly-like consistency, and with
high concentrations of bacteria on the surface or within

(_Izdar and Murray, 1989). In this high-porosity layer, U
(VI) can be reduced to U(IV), and the accompanying iso-
topic fractionation is not (or slightly if any) limited by the
transport-diffusion process as in porewaters and thus can
yield D238U values close to the theoretical maximum frac-
tionation of �+1.2‰ (cf. Andersen et al., 2017; their
Fig. 7a). A near-modern analog is Holocene Black Sea Unit

II, which was formed under a flocculent layer (_Izdar and
Murray, 1989), a sapropel with up to 15% TOC (Arthur
and Dean, 1998) and d238U as high as +0.43‰
(Montoya-Pino et al., 2010). This unit recorded high pro-
ductivity during the transition of Black Sea from an oxic,
freshwater lake to an anoxic, saline basin at �7.5 ka
(Arthur and Dean, 1998). At Yuanjia, samples with
super-heavy d238U values are enriched in the nutrient ele-
ments Cu, Zn, Ni and Cd (Figs. 3 and 7), which is also
observed in Unit II of Black Sea (Piper and Calvert,
2011), supporting the inference that the U reduction pro-
cess was related to high productivity. Another modern ana-
log is Mono Lake in eastern California, USA, which holds
alkaline, euxinic water condition and yields U isotope frac-
tionation of �1.1‰ between the lake water and sediment
(Jemison et al., 2018). This large fractionation has been also
explained as a result of U reduction in the water column
(Jemison et al., 2018), although we don’t know whether a
flocculent layer develops there.

In benthic flocculent layers, U reduction is catalyzed by
the activity of sulfate-reducing bacteria and/or presence of
H2S, variations of which may influence U reduction rates.
Based on laboratory experiments, Stylo et al. (2015) argued
that microbial reduction of U(VI) is readily distinguishable
from abiotic U(VI) reduction because U isotope fractiona-
tion is associated only with the former process. However,
Brown et al. (2018) showed that abiotic U isotope fraction-
ation can occur in any reduced environment. Our U isotope
data cannot tell the U reduction at Yuanjia is a biotic or
abiotic process. The magnitude of isotopic fractionation
during U reduction is also thought to increase at slower
aqueous U removal rates and, thus, at lower [H2S] or
weaker activity of sulfate reduction bacteria (which actually
should result in lower [H2S]) (Brown et al., 2018). d98Mo
Please cite this article in press as: Cheng M., et al. Evidence for high
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values at Yuanjia were controlled by local sulfidity levels
(Section 6.2), providing an independent means of evaluat-
ing this watermass parameter. Lower d98Mo corresponds
to lower [H2S], and, thus, presumably also to lower U
removal rates and higher d238U values. These relationships
are indeed supported by the strong negative correlation
between d238U and d98Mo at Yuanjia (R2 = 0.40;
p = 0.03; Fig. 6A). Although these relationships do not
directly prove the existence of a benthic organic flocculent
layer on the Yuanjia seafloor, they are well consistent with
the existence of such a layer, which would have been readily
formed in a euxinic deepwater setting under conditions of
high surface-water productivity.

6.5. Oceanic upwelling as a trigger for the formation of

benthic organic flocculent layer

Significant covariation of d98Mo, d238U and nutrient ele-
ments (Cu, Zn, Ni and Cd) (Figs. 3, 6A, 7) indicates that
changes in watermass sulfidity (Section 6.2), U reduction
rates (Section 6.4), and primary productivity (Section 6.3)
must have occurred concurrently at Yuanjia. As shown
by sapropel S5 of the Black Sea (Andersen et al., 2018),
bottom-water H2S concentrations are significantly influ-
enced by deep-water renewal rate. Similarly, in the modern
ocean, variations of local marine nutrient fluxes and pro-
ductivity are mainly caused by varying patterns of seawater
circulation and their influence on upwelling rates, which
control nutrient fluxes from deep waters to the euphotic
zone (Schoepfer et al., 2015). Widespread occurrence of
phosphorite deposits in the lower Cambrian Niutitang For-
mation and stratigraphic equivalents globally have been
widely attributed to coeval strong deep-water upwelling
(Meert and Lieberman, 2008; Papineau, 2010; Yeasmin
et al., 2017; Gao et al., 2018; Xiang et al., 2018; Jin et al.,
2020). Therefore, it is reasonable to infer that variations
in upwelling intensity or rates of deepwater renewal con-
trolled both productivity and bottom-water H2S concentra-
tions in the early Cambrian Nanhua Basin.

We propose that the formation of benthic organic floc-
culent layer at Yuanjia was related to episodic upwelling
events from the open ocean, which provided higher nutrient
fluxes for primary producers, resulting in enhanced produc-
tivity (Fig. 8). With enhanced primary productivity, organic
matter produced in the surface waters settled through the
water column and accumulated on the seafloor to form
the flocculent layer, within which U was reduced with a
large positive isotopic fractionation (see Section 6.4) and
subsequently buried (Fig. 8A). Owing to low oxygen and
sulfate levels in early Cambrian seawater (Sperling et al.,
2015b; Jin et al., 2016), intensified upwelling would have
led to deep-water renewal and inhibited the buildup of
H2S, leading to lower [H2S] and, in turn, lower d98Mo val-
ues in the sediment (Fig. 8B). In contrast, without intensi-
fied upwelling, the transfer efficiency of nutrient elements
from the deep ocean to the euphotic zone would be weak-
ened, resulting in lower productivity, weaker organic
export, limited accumulation of organic floccules, more U
reduction in sedimentary porewaters and, thus, lower
d238U (Fig. 8C). During such episodes, limited deepwater
organic carbon export to the early Cambrian seafloor. Geochim.
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renewal allowed [H2S] to build up, as reflected in higher
d98Mo values.

In the modern ocean, wind-driven upwelling, as on the
California/Oregon/Washington margins in the North Paci-
fic, the Peru and Chile margins in the South Pacific, the
Northwest Africa and Portugal margins in the North
Atlantic, and the South Africa/Namibia margins in the
South Atlantic, always causes higher productivity, expan-
sion of oxygen-minimum zones (OMZs), and enhanced
organic carbon burial (Kämpf and Chapman, 2016), but
corresponding development of benthic organic flocculent
layers was not reported. In addition, although U isotope
data from these regions are still rare, no super-heavy
d238U values have been reported (e.g., Abshire et al.,
2020). This may likely indicate that upwelling itself is not
sufficient for the development of such flocculent layer in
early Cambrian oceans. The early Cambrian oceans might
have higher background of nutrient availability due to the
strong continental weathering as indicated by the high 87-
Sr/86Sr ratios (Maloof et al., 2010). As observed at Yuanjia
and many other contemporaneous sections with different
water depths, euxinia prevalently developed on the conti-
nental shelf (e.g., Feng et al., 2014; Sperling et al., 2015b;
Jin et al., 2016; Li et al., 2017), the toxic H2S will kill any
benthic animals in these areas. Additionally, the deposition
of black shales always occurs in environment with little to
no bottom currents. Under these unique conditions,
organic matters produced in the euphotic zone of the Cam-
brian ocean might be greater in amount than modern
upwelling areas and sink through the water column and
accumulated on the sediment-water interface easier, with-
out being decomposed by oxygen or animals, forming a
flocculent layer on the seafloor.

6.6. High organic carbon export fluxes in early Cambrian

oceans and implications for the atmospheric-oceanic

oxygenation and Cambrian Explosion

Our Fe-U-Mo-Cu-Zn-Ni-Cd systematic data at Yuanjia
supports the episodic developments of benthic organic floc-
culent layer triggered by marine upwellings in the early
Cambrian Nanhua Basin, which provide direct evidence
Please cite this article in press as: Cheng M., et al. Evidence for high
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for high fluxes of organic matter to the sediment in the early
Cambrian oceans. This inference is consistent with the
extremely high organic carbon accumulation rates (OCAR)
at Yuanjia which are between 2600 and 14,000 mg cm�2

kyr�1 with a mean of 5,600 mg cm�2 kyr�1 for Yuanjia.
These values are higher than OCAR in most modern ocea-
nic sediments, e.g., the oxic Equatorial Pacific Ocean (14
± 11 mg cm�2 kyr�1), anoxic Black Sea (217
± 243 mg cm�2 kyr�1), and high-productivity Peru Margin
(369 ± 384 mg cm�2 kyr�1), but similar to Saanich Inlet
(8,768 ± 2,258 mg cm�2 kyr�1) (Schoepfer et al., 2015),
which is a weakly euxinic basin with high sedimentation
rates (Algeo and Lyons, 2006). These values are indicative
of elevated organic carbon burial rates in the early Cam-
brian ocean of the South China Craton. Given the global
prevalence of lower Cambrian organic-rich black shales
(Condie et al., 2001), the observations above at Yuanjia
may have been typical of early Cambrian oceans, represent-
ing a major organic carbon export and in turn burial event
in the early Cambrian oceans.

Enhanced burial of organic carbon is likely to have
caused a net decrease in CO2 and a net increase in O2 in
the early Cambrian ocean-atmosphere system. A decrease
in atmospheric CO2 would have led to a climatic cooling
trend, which is consistent with evidence of mid-Cambrian
continental glaciation (Landing and MacGabhann, 2010).
Organic carbon burial also would have released large
amounts of O2 to the atmosphere (Lenton et al., 2014;
Daines et al., 2017), driving expansion of the oxic ocean-
surface layer and promoting metazoan diversification and
ecological expansion (Sperling et al., 2015b; Cheng et al.,
2017; Li et al., 2017; Li et al., 2018; Wang et al., 2018;
Dahl et al., 2019). Rising oxygen levels may have likely gen-
erated a positive feedback through animal evolution during
the Cambrian, as increases in diversity and biomass led to
further enhancement of organic matter export and burial
(Logan et al., 1995; Lenton et al., 2014; Li et al., 2018). This
feedback would have operated until rising oxygen levels
increased rates of organic matter oxidation sufficiently to
establish a new biogeochemical equilibrium, a point poten-
tially marked by the shift from black shale to carbonate
sedimentation on most continents during early Cambrian
organic carbon export to the early Cambrian seafloor. Geochim.
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Stage 3 (Zhu et al., 2003). Taken together, our study sup-
ports the hypothesis that enhanced organic burial triggered
a major atmospheric-oceanic oxygenation event that stimu-
lated the subsequent explosion of Cambrian life, thus pro-
viding a key link between the contemporaneous
atmospheric and oceanic oxygenation and bioevolutionary
events although these processes could also interact
potentially.

7. CONCLUSIONS

In order to test the hypothesis that high organic export
and burial triggered the rise of oxygen levels in the contem-
poraneous atmosphere-ocean system and the Cambrian
Explosion, an integrated analysis of U isotopes, Mo iso-
topes, iron speciation, major and trace elements was con-
ducted for the lower Cambrian organic-rich black shales
of the Yuanjia section in South China. Our iron speciation
ratios and Mo-U enrichment data indicate that local redox
conditions at Yuanjia were persistently euxinic but the large
range of d98Mo indicates variable H2S concentrations lower
than the threshold value (�11 lm) for quantitative Mo pre-
cipitation. Mo-U relationships indicate that the early Cam-
brian Nanhua Basin was connected to the open ocean
although its partial restriction cannot be precluded.
Nutrient-element (Cu, Zn, Ni and Cd) enrichments suggest
a high and variable primary and export productivity at
Yuanjia. Most importantly, more than half of the Yuanjia
black shales exhibit ‘‘super heavy” d238U values (to
+0.84‰) that cannot be explained by normal pore-water
U-isotopic fractionation mechanism, and suggest U reduc-
tion most likely within a benthic organic flocculent layer on
the seafloor, where U isotope fractionation can be much
larger than in sediment porewaters. Based on the strong
covariation of d98Mo, d238U and nutrient elements (Cu,
Zn, Ni and Cd) and all information collected above, we
propose that the formation of benthic organic flocculent
layer at Yuanjia was related to episodic upwelling events
from open ocean. The episodic developments of benthic
organic flocculent layer and high primary productivity in
the early Cambrian Nanhua Basin as inferred by our Fe-
U-Mo-Cu-Zn-Ni-Cd systematic data at Yuanjia, along
with high organic carbon accumulation rates (mean:
5600 mg cm�2 kyr�1), provide direct evidence for high
fluxes of organic matter to the sediment in the early Cam-
brian oceans, providing a key link between the Cambrian
Explosion and the contemporaneous atmospheric and ocea-
nic oxygenation through high organic burial.
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and molybdenum isotope systematics in modern euxinic basins:
case studies from the central Baltic Sea and the Kyllaren fjord
(Norway). Chem. Geol. 396, 182–195.

Och L. M. and Shields-Zhou G. A. (2012) The Neoproterozoic
oxygenation event: environmental perturbations and biogeo-
chemical cycling. Earth-Sci Rev 110, 26–57.

Papineau D. (2010) Global biologeochemical changes at both ends
of the proterozoic: insights from phosphorites. Astrobiology 10,
165–181.
organic carbon export to the early Cambrian seafloor. Geochim.

http://refhub.elsevier.com/S0016-7037(20)30073-9/h0230
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0230
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0230
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0230
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0235
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0235
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0235
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0235
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0235
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0240
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0240
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0240
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0240
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0240
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0240
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0240
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0245
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0245
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0245
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0250
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0250
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0255
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0255
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0255
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0255
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0255
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0260
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0260
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0260
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0260
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0265
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0265
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0265
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0265
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0265
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0265
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0270
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0270
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0270
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0270
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0275
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0275
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0280
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0280
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0280
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0285
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0285
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0285
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0290
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0290
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0290
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0290
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0290
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0290
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0290
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0295
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0295
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0295
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0300
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0300
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0300
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0300
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0300
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0305
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0305
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0305
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0305
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0305
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0305
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0310
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0310
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0310
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0315
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0315
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0315
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0320
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0320
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0320
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0320
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0325
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0325
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0325
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0325
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0330
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0330
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0330
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0335
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0335
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0335
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0335
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0335
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0340
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0340
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0340
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0340
https://doi.org/10.1029/2000GC000109
https://doi.org/10.1029/2000GC000109
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0350
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0350
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0350
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0350
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0355
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0355
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0355
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0360
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0360
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0360
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0360
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0360
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0365
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0365
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0365
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0370
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0370
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0370
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0375
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0375
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0375
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0375
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0375
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0380
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0380
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0380
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0380
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0385
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0385
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0385
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0385
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0385
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0390
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0390
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0390
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0395
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0395
http://refhub.elsevier.com/S0016-7037(20)30073-9/h0395
https://doi.org/10.1016/j.gca.2020.01.050


16 M. Cheng et al. /Geochimica et Cosmochimica Acta xxx (2020) xxx–xxx
Piper D. Z. and Calvert S. E. (2011) Holocene and late glacial
palaeoceanography and palaeolimnology of the Black Sea:
changing sediment provenance and basin hydrography over the
past 20,000years. Geochim. Cosmochim. Acta 75, 5597–5624.

Poulson R. L., Siebert C., McManus J. and Berelson W. M. (2006)
Authigenic molybdenum isotope signatures in marine sedi-
ments. Geology 34, 617–620.

Poulton S. and Canfield D. (2005) Development of a sequential
extraction procedure for iron: implications for iron partitioning
in continentally derived particulates. Chem. Geol. 214, 209–221.

Poulton S. W. and Canfield D. E. (2011) Ferruginous conditions: a
dominant feature of the ocean through Earth’s history.
Elements 7, 107–112.

Rolison J. M., Stirling C. H., Middag R. and Rijkenberg M. J. A.
(2017) Uranium stable isotope fractionation in the Black Sea:
modern calibration of the 238U/235U paleo-redox proxy.
Geochim. Cosmochim. Acta 203, 69–88.

Romaniello S. J., Herrmann A. D. and Anbar A. D. (2013)
Uranium concentrations and 238U/235U isotope ratios in
modern carbonates from the Bahamas: assessing a novel
paleoredox proxy. Chem. Geol. 362, 305–316.

Schoepfer S. D., Shen J., Wei H., Tyson R. V., Ingall E. and Algeo
T. J. (2015) Total organic carbon, organic phosphorus, and
biogenic barium fluxes as proxies for paleomarine productivity.
Earth-Sci. Rev. 149, 23–52.

Shi W., Li C., Luo G., Huang J., Algeo T. J., Jin C., Zhang Z. and
Cheng M. (2018) Sulfur isotope evidence for transient marine-
shelf oxidation during the Ediacaran Shuram Excursion.
Geology 46, 267–270.

Shu D. (2008) Cambrian explosion: birth of tree of animals.
Gondwana Res. 14, 219–240.

Sperling E. A., Knoll A. H. and Girguis P. R. (2015a) The
ecological physiology of earth’s second oxygen revolution. Ann.
Rev. Ecol., Evolut., Systemat. 46, 215–235.

Sperling E. A., Wolock C. J., Morgan A. S., Gill B. C., Kunzmann
M., Halverson G. P., Macdonald F. A., Knoll A. H. and
Johnston D. T. (2015b) Statistical analysis of iron geochemical
data suggests limited late Proterozoic oxygenation. Nature 523,
451–454.

Stylo M., Neubert N., Wang Y., Monga N., Romaniello S. J.,
Weyer S. and Bernier-Latmani R. (2015) Uranium isotopes
fingerprint biotic reduction. Proc. Natl. Acad. Sci. U. S. A. 112,
5619–5624.

Tribovillard N., Algeo T. J., Lyons T. and Riboulleau A. (2006)
Trace metals as paleoredox and paleoproductivity proxies: an
update. Chem. Geol. 232, 12–32.

van Maldegem L. M., Sansjofre P., Weijers J. W. H., Wolkenstein
K., Strother P. K., Wormer L., Hefter J., Nettersheim B. J.,
Hoshino Y., Schouten S., Sinninghe Damste J. S., Nath N.,
Griesinger C., Kuznetsov N. B., Elie M., Elvert M., Tegelaar
E., Gleixner G. and Hallmann C. (2019) Bisnorgammacerane
traces predatory pressure and the persistent rise of algal
ecosystems after Snowball Earth. Nat. Commun. 10, 476.

Vinther J., Stein M., Longrich N. R. and Harper D. A. (2014) A
suspension-feeding anomalocarid from the Early Cambrian.
Nature 507, 496–499.

Voegelin A. R., Pettke T., Greber N. D., von Niederhäusern B. and
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