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Abstract

Many late Neoproterozoic to early Cambrian fossils of multicellular eukaryotes, including those of benthic animals, are
found preserved under anoxic and even euxinic bottom-water conditions, which is contradictory to the consensus that oxygen
is essential to eukaryotes. To investigate this conundrum, we conducted an integrated study of iron speciation, redox-sensitive
trace elements, and Mo isotopes (8°*Mo) on the black shale interval of the lower Cambrian Hetang Formation (~535-
521 Ma) at Lantian, South China, in which benthic sponge fossils are abundant in the lower member (LM) but absent in
the upper member (UM). Iron speciation data point to uniformly anoxic-ferruginous conditions in the LM and euxinic con-
ditions in the UM, whereas the trace-element and 8°*Mo data show greater secular variation in redox conditions. The LM
shows higher mean trace element concentrations (Mo: 108 ppm, U: 36 ppm, V: 791 ppm) and lower and more variable
3”Mo (40.13 to +1.76%o) relative to the UM (Mo: 45 ppm, U: 18 ppm, V: 265 ppm, 8°*Mo: +1.59 to +1.67%o), and ratios
of redox-sensitive trace element concentrations to total organic carbon are significantly more variable and higher on average
in the LM relative to the UM. The appearance of sponge fossils and lower 5°®Mo values correlate strongly with gray (i.e.,
lighter-colored) layers in the LM. These patterns can best be interpreted as recording mainly euxinic conditions throughout
deposition of the study units, with more intense background euxinia in the LM relative to the UM, but also with frequent
transient oxygenation events in the LM that do not appear in the UM. The transient oxygenation events of the LM led to
the initial colonization of the deep Nanhua Basin by sponges, and the termination of these events in the UM caused sponge
faunas to disappear until a general rise in O, levels later in the Cambrian permitted their return to deeper-water habitats. Our
study also illustrates that multiple geochemical and paleobiological proxies exhibit different responses in ‘poikiloredox’
environments (i.e., characterized by small-scale spatial and high-frequency temporal variations), which can lead to apparent
contradictions between metazoan fossil occurrences and their inferred watermass redox conditions.
© 2017 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Animals generally have a strong physiological require-
ment for oxygen (Knoll and Carroll, 1999; Sperling et al.,
2015a) and a limited tolerance for hydrogen sulfide (H,S)
(Grice et al., 2005). H,S forms through microbial sulfate
reduction in oxygen-depleted environments, with even low
levels being toxic to most eukaryotic organisms. For these
reasons, it has been widely argued that an increase in oxy-
gen levels in the atmosphere-ocean system was a necessary
precursor to the diversification and spread of metazoans in
marine systems prior to and during the early Cambrian
(e.g., Knoll and Carroll, 1999; Chen et al., 2015; Sperling
et al., 2015b; Jin et al., 2016; Zhang and Cui, 2016). Con-
versely, expanded oceanic euxinia is widely regarded to
have been an important cause of mass extinction events in
Earth history (e.g., Wignall and Twitchett, 1996; Grice
et al., 2005; Wille et al., 2008; Li et al., 2010).

An apparent contradiction has been observed in
Neoproterozoic-Cambrian strata, in which abundant well-
preserved fossils have been found apparently in-situ in
facies inferred to have been anoxic or even euxinic (e.g.,
Xiao et al., 2005; Yuan et al., 2011). For instance, the early
Cambrian (~529-519 Ma) Niutitang Biota (also known as
the Hetang biota), which includes benthic sponges, coelen-
terates, mollusks, and algae, developed widely in the Nan-
hua Basin from shallow shelf to deep basin settings,
despite the generally anoxic or euxinic conditions of the lat-
ter (Jin et al., 2016). Similar contradictions, i.e., abundant
eukaryotic fossils in strongly reducing facies, have been
reported for the Neoproterozoic (<635 Ma) Lantian
(Yuan et al., 2011) and (~560-551 Ma) Miaohe biotas (Li
et al., 2015b).

Multiple explanations have been proposed to account
for the presence of metazoan fossil assemblages in anoxic/
euxinic environments. The hypothesis that these animals
lived in the oxic surface layer is refuted by their epifaunal
habit (Yuan et al., 2002; Xiao et al., 2005)—there is little
doubt that they lived in the bottom waters yielding redox
proxy evidence of anoxic/euxinic conditions. Furthermore,
many sponges show a close association with microorgan-
isms such as archaea, bacteria, cyanobacteria, yeasts,
dinoflagellates, and diatoms, some of which were obligate
anaerobes (Moya et al., 2008). However, as the microbial
associates often occur intercellularly in the sponge mesohyl
(Moya et al., 2008), their association also cannot account
for the appearance of sponges in anoxic/euxinic environ-
ments. Recently, the hypothesis of short-term oxygenation
events was advanced for the Hetang sponges by Zhou
and Jiang (2009) as well as for the Ediacaran Lantian Biota
by Guan et al. (2014), although without strong empirical
support. In general, direct evidence for the existence of oxic
conditions in the anoxia-dominated Neoproterozoic-
Cambrian oceans is still limited. The difficulty is that, owing
to the limited oxygen requirements of early animals, even
minor oxygenation events may have permitted transient
colonization of normally anoxic environments (Mills
et al., 2014), yet common redox proxies such as iron speci-
ation and redox sensitive trace elements (RSTEs) may be
sluggish in responding to such transient redox perturba-

tions, and brief oxygenation events may have left behind lit-
tle to no sedimentary signature.

Molybdenum isotopes (8°*Mo) in organic-rich black
shales may uniquely have the ability to capture transient
oxygenation events in anoxia-dominated ancient oceans.
Sedimentary 8°*Mo has been widely applied as a global-
ocean redox proxy in euxinic facies, as it is influenced by
the overall mass balance of oceanic Mo (Arnold et al.,
2004; Dahl et al., 2010; Chen et al., 2015; Kendall et al.,
2015). However, for this application to be successful, aque-
ous Mo must be taken up quantitatively by the sediment,
which is most commonly the case when aqueous H,S con-
centrations ([H»S],q) remain uniformly high (Neubert
et al., 2008; Gordon et al., 2009; Cheng et al., 2016). In
the modern ocean, this condition is met primarily in
restricted marine basins such as the Black Sea. If this con-
dition is not met, then sedimentary 8°*Mo signatures may
reflect local redox variations (Poulson et al., 2006) or, in
some cases, the fraction of total time during which euxinia
existed at a depositional site (Cheng et al., 2016). In this
case, 8°*Mo may prove to be a useful proxy for exploring
the small-scale redox evolution of ancient oceans. For
example, the 8°*Mo of weakly euxinic Little Ice Age sedi-
ments in the Black Sea may have been controlled by varia-
tion in sulfide concentrations (Arnold et al., 2012), and the
5”®Mo of suboxic sediments of the Cambrian Yangjiaping
section may have been controlled by development of a
Mn-Fe shuttle (Cheng et al., 2016). The 8°*Mo of ancient
marine sediments may have been more susceptible to local
watermass redox influences owing to generally low sulfate
concentrations in  Neoproterozoic-Cambrian  oceans
(Algeo et al, 2015) and to greater Fe availability
(Canfield et al., 2008), resulting in lower [H»S],q.

In this study, we conducted an integrated investigation
of Mo isotopes, iron speciation, and RSTEs on the black
shale interval (Unit II) of the lower Cambrian Hetang For-
mation in the Lantian section, in which sponge fossils are
abundant in the lower member (LM) but absent in the
upper member (UM). By analyzing multiple redox proxies
in the sponge-bearing LM and the non-sponge-bearing
UM, our goal is to elucidate the relationship between redox
conditions and metazoan colonization of the deep Nanhua
Basin in the early Cambrian. As an additional outcome, we
also intend to provide insights into the response of multiple
geochemical proxies to ‘poikiloredox’ conditions (i.e., as in
an environment characterized by small-scale spatial and
high-frequency temporal redox variations).

2. GEOCHEMICAL PROXIES USED IN THIS STUDY
2.1. Mo isotopes

Molybdenum isotopes are evolving as a powerful proxy
to track local and global ocean redox conditions. Most sea-
water Mo is sourced from continental weathering and is
removed via burial in authigenic phases under oxic, subox-
ic, or euxinic conditions (Siebert et al., 2003; Cheng et al.,
2015). The largest Mo isotopic fractionation of 3% occurs
in oxic waters during slow adsorption onto Mn oxides
(Barling and Anbar, 2004). The fractionation of sediment
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8% Mo relative to seawater 8°*Mo is limited under the con-
dition of quantitative precipitation of aqueous Mo, which
requires [H,Sl,q to exceed a threshold value of ~11 uM
on a timescale of years because of the slow kinetics of the
conversion process (Erickson and Helz, 2000), but signifi-
cant Mo-isotope fractionation can develop at persistently
low [H,S].q or when [H,S],q fluctuates strongly (Neubert
et al., 2008). In this regard, a positive linear relationship
between [H,S],q concentrations and sediment 5”*Mo has
been reported for modern aqueous systems with
H,S <11 uM (Neubert et al., 2008). Thus, high-frequency
fluctuations in [H,S],, concentrations are likely to be
reflected in sediment §°*Mo signatures.

2.2. Iron speciation

Iron speciation can serve as a paleo-redox proxy owing
to the redox-related re-distribution of iron in the ocean.
Most iron transported from continents by rivers is precipi-
tated quickly on continental shelves (Raiswell and Canfield,
2012). As continental shelves are also areas of active
organic carbon production, anoxia commonly develops in
sediment pore waters, leading to diffusion of soluble
reduced Fe back into the water column (Scholz et al.,
2016). This process preferentially affects highly reactive iron
(Feyr), which can migrate into deep-water settings as Fe?t
via the oxygen minimum zone (OMZ) or as nano-oxides via
oxic waters (Raiswell and Canfield, 2012). In euxinic facies
in which free H,S exists, reactive iron forms pyrite and is
removed to the sediment. Consequently, anoxic sediments
show elevated Feygr/Fer (Fer: total iron), and euxinic sed-
iments show elevated Fepy/Feyg ratios (Fe,: pyrite iron)
(Lyons and Severmann, 2006). Statistically, Feyg/
Fer < 0.22 indicates oxic conditions and Feygr/Fer > 0.38
anoxic conditions. Further, when anoxia is indicated, Fe,/
Fepr <0.7 and Fe,y/Feygr > 0.7 suggest ferruginous and
euxinic conditions, respectively (Poulton and Canfield,
2011). These thresholds are most robust for samples con-
taining Fet > 0.5%, and caution must be exercised at lower
Fer concentrations (Clarkson et al., 2014).

2.3. Redox-sensitive trace elements (Mo, U and V)

Mo is conservative as molybdate (MoOﬁ’) in oxic waters
despite slow adsorption onto Mn oxides, but in the pres-
ence of H,S (i.e., in a euxinic water column or sulfidic pore-
waters) MoO; is converted to more particle-reactive
thiomolybdates (MoO4_xS§’, x = 1-4), which can then be
efficiently removed to the sediment via adsorption onto
organic matter or formation of authigenic Fe-Mo-S miner-
als, resulting in high sedimentary Mo concentrations (Algeo
and Lyons, 2006; Dahl et al., 2013). U and V are conserva-
tive in oxic waters as U®" and V>, respectively
(Tribovillard et al., 2006; Algeo and Tribovillard, 2009).
Both Mo and V are strongly adsorbed onto Fe-Mn oxyhy-
droxides whereas U is not; consequently, crossplots of
Mogr versus Ugr have been proposed as a proxy for recog-
nition of the Fe-Mn shuttle effect, which leads to strong
enrichment of Mo without a corresponding enrichment of
U (Algeo and Tribovillard, 2009). U** and V" are reduced

to U*" and V*', respectively, around the Fe** to Fe*" tran-
sition (i.e., under “suboxic” conditions). Free H,S leads to
reduction of V** to V¥ and enhances the reduction of U®*
to U*", resulting in higher concentrations of these RSTEs
in euxinic facies (Algeo and Lyons, 2006; Tribovillard
et al., 2006). Thus, suboxic bottom-water conditions are
generally characterized by modest U and V enrichments
with little to no Mo enrichment, whereas euxinic conditions
are characterized by strong enrichments of all three RSTEs
with Mo commonly showing the largest enrichment factors.

3. GEOLOGICAL SETTING

The Nanhua Basin developed as a failed intracratonic
rift basin between the Yangtze and Cathaysia blocks of
the South China Craton during the breakup of the Rodinia
supercontinent at ~820 Myr (Wang and Li, 2003). By the
early Cambrian, it was located at ~20°N paleolatitude
(Fig. 1A) (Zhang et al., 2015). Paleogeographic reconstruc-
tions show a transition from shelf settings to the northwest
to basinal settings to the southeast (modern coordinates),
with the Lantian section located in the basinal area
(Fig. 1B) (Goldberg et al., 2007). At Lantian, the lower
Cambrian Hetang Formation conformably overlies the
Piyuancun Formation (which contains the Precambrian/
Cambrian boundary) and underlies the lower Cambrian
Dachenling Formation (Figs. 1C, and 2A). It consists of
four lithostratigraphic units (in ascending order): Unit I is
a ~68-m layer dominated by siliceous-carbonaceous mud-
stone and shale with phosphorite nodules (Fig. 2B); Unit
IT is a ~30-m organic-rich black shale layer; Unit III is a
~110-m unit of siliceous-carbonaceous shale; and Unit IV
is a ~110-m carbonaceous shale layer with carbonate nod-
ules (Fig. 2C) (Zhou and Jiang, 2009). Mainly based on
SSFs (small shelly fossils) and trilobites, the age of the Unit
II is constrained to the Meishucunian-Qiongzhusian
(~535-521 Ma) (see detail in Xiao et al., 2005).

In this study, we focused on the black shales of Unit II
at Lantian. We collected a total of 31 samples at a spacing
of ~1 m through a stratigraphic interval representing ~14
Myr. The study interval accumulated at an average sedi-
mentation rate of 0.22 cm kyr~' (i.e., 31 m/14 Myr), with
sample spacing representing a temporal resolution of
~450 kyr/sample. This timescale is close to the residence
times of Mo and U in modern seawater (~780 kyr and
450 kyr, respectively; Algeo and Tribovillard, 2009), but it
may be longer than the residence times of these elements
in early Cambrian seawater, when more widespread anoxia
in the oceans would have drawn down their seawater inven-
tory. Individual samples were taken from horizons ~2—
5 cm in thickness, each representing ~10-20 kyr of deposi-
tional time.

In Unit II and adjacent correlative strata regionally,
many sponge fossils have been found in the lower half
but not in the upper half of the unit (Yuan et al., 2002;
Xiao et al., 2005), and these sponges were typical of deep-
water communities (Botting and Peel, 2016). For this rea-
son, we divide Unit IT into a fossil-bearing lower member
(LM; from Om to 16 m) and a non-fossil-bearing upper
member (UM; from 16 m to 31 m) (Fig. 1C). In the LM,
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Fig. 1. Geological setting of the Lantian section. (A) Global paleogeography in early Cambrian. Modified from Zhang et al. (2015). (B)
Paleogeography of South China in early Cambrian. Modified from Goldberg et al. (2007). (C) Generalized stratigraphy of the Lantian section.

at least eleven species of articulated demosponges and hex-
actinellids are preserved (Fig. 2D-G), with some sponges
up to ~1 m in diameter (Yuan et al., 2002; Xiao et al.,
2005). In contrast, bilaterians (including orthothecid hyo-
liths and bivalved arthropods) are much smaller (<0.5 cm)
(Yuan et al., 2002). These fossil assemblages accumulated
in situ, and most taxa are inferred to have had a benthic
habit (Yuan et al., 2002; Xiao et al., 2005). Similar occur-
rences of fossils are known from other sections regionally
(Xiao et al., 2005), and related taxa are known from coeval
strata in Siberia and Greenland (Botting and Peel, 2016).
The three main fossil-bearing layers in the LM are at ~3,
~7, and ~10 m above the base of the section. The fossilif-
erous intervals consist of several closely-spaced (i.e., a few
mm apart) fossil-bearing layers with alternating black and
gray color (Fig. 2H). Fossils are preferentially concentrated
in the gray-colored layers, although larger fossils can cut
across several black-gray layer pairs.

4. MATERIALS AND METHODS

All samples were collected from a quarry outcrop near
Lantian Village, Xiuning County, Anhui Province (29°
5336N, 118°03'52E) (Fig.2A). In collecting samples,
weathered surfaces, veins, and macroscopic pyrite nodules
were avoided. Each sample consisted of a large block
(>500 g), from which only the freshest portions (~50 g)
were taken and crushed to powder of >200 mesh (i.e., finer
than 0.075 mm) for chemical analyses.

To remove inorganic carbon in the samples, the sample
powders were immersed repeatedly in hydrochloric acid
and rinsed. TOC concentrations were determined via online
combustion in a high-frequency infrared carbon and sulfur
analyzer (CS-902 G/T, Beijing Wanlianda Inc.).

Iron hosted by different minerals including oxides
(Feox), magnetite (Fen,,), and carbonates (Fec,,) was
extracted using a sequential extraction procedure developed
by Poulton and Canfield (2005). Extracted iron concentra-
tions were determined using an atomic absorption spec-
trometer (AAS) with a RSD of <5%. Fe in pyrite (Fe,y)
was extracted using the chromium reduction method of
Canfield et al. (1986), and the concentration of Fep, was
calculated stoichiometrically assuming a 1:2 Fe:S molar
ratio in pyrite. Total iron and Al concentrations were deter-
mined using an inductively coupled plasma optical emission
spectrometry (ICP-OES) after digestion with HNO; and
HF, with analytical precision of ~10%.

Trace elemental concentrations were determined using
an inductively coupled plasma mass spectrometer (ICP-
MS, Agilent 7700x). Sample powders were first ashed at
~600 °C for 10 h to remove organic matter. About 50 mg
of ashed powder were weighed into a Teflon bomb and then
digested with HNO; and HF at a temperature of 190 °C.
Subsequently, the solution was diluted to 100 g with 2%
HNO; and analyzed. Three international standards
(AGV-2, NHVO-2 and BCR-2) and two Chinese national
standards (GSR-5 and GSR-6) were used to monitor data
quality, yielding an analytical precision of ~10%. Enrich-
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Fig. 2. Photographs of the Hetang Formation in the Lantian section. (A) Unit II black shales in quarry outcrop. (B) Phosphorite nodules in
lower Unit I. (C) Carbonate nodules in Unit IV. (D and E) Sponge fossils at ~7 m and ~10 m in study section (for a detailed description, see
Xiao et al. (2005)). (F and G) Concentrated sponge fossils in thin gray beds at ~3 m and ~7 m. (H) Lithological variation (alternating gray
and black layers) in ~3 m of strata.

ment factors (EF) for trace elements (X, where X is Mo, U Mo isotopes were analyzed using the method described
or V) relative to wupper continental crust (UCC) by Cheng et al. (2016). A °*’"Mo-'"Mo double spike was
(McLennan, 2001) were calculated as: added to the ashed sample powders, which were then
Xer = (X/ A])sample J(X/AD e (1) digested using the same process as for trace elements. Mo

was separated from this solution using anion resin (GPM-
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1M, Bio-Rad) and cation resin (AG50W-X8, Bio-Rad) and
analyzed using a Neptune Plus MC-ICP-MS (Thermo
Fisher Scientific). The long-term external reproducibility
for Mo isotope measurements of standard reference materi-
als is better than 0.05%o0. Results are reported in per mille
variation of 8°*Mo relative to the Johnson Matthey Com-
pany (JMC) Specpure Mo plasma standard (lot 602332B):

8" Mo = (**Mogmple/****Moymc — 1) x 1000 2)

Nigler et al. (2013) proposed that NIST SRM 3134
(8”® Mo = +0.25%0) be adopted as an international Mo iso-
tope standard. Using the JMC standard, analysis of NIST
SRM 3134 at multiple laboratories yielded a value of
+0.27 4+ 0.06 (Goldberg et al., 2013). All Mo isotope ratios
reported in this study were re-calculated to NIST SRM
3134 = +0.25%0 by subtraction of 0.02%c from measured
values.

5. RESULTS

All data from this study are listed in Table A1, and key
geochemical results are summarized in Fig. 3. Fer ranges
from 0.7% to 4.0% with a mean of ~2.0%. Feyr/Fer ratios
are uniformly high, ranging from 0.67 to 1.00. Fe,,/Fenr
ratios are generally higher in the UM (0.75 4 0.08) (mean
+ o) than in the LM (0.65 4 0.10). TOC values are gener-
ally high, although much higher in the LM (8.5-14.3%)
than in the UM (4.1-6.5%). Mo, U and V all show signifi-
cant enrichment relative to UCC and are generally higher in
the LM (Mo: 19-288 ppm, U: 2-92 ppm, V: 183-1916 ppm)
than in the UM (Mo: 16-58 ppm, U: 10-28 ppm, V: 95—
521 ppm). 8°*Mo values show a broad range in the LM
from +0.11%0 to +1.76%o, but a limited range in the UM
from +1.59%o0 to +1.67%o.

6. DISCUSSION
6.1. General redox interpretations for Lantian

Iron speciation and RSTE data indicate anoxic bottom-
water conditions for both the LM and UM. In Unit II, all
samples yielded Fer concentrations > 0.5%, providing a
valid basis for iron speciation analysis (Clarkson et al.,
2014). Feyr/Fer ratios range from 0.67 to 1.00, which are
all higher than the threshold value of 0.38 for anoxic condi-
tions (Fig. 3) (Poulton and Canfield, 2011). Mo, U and V
show moderate to strong enrichments relative to UCC
(Mogg: 20-497, Ugg: 3-111, Vgg: 2-92) (Fig. 3), also sug-
gesting anoxic bottom waters. In summary, the proxies of
Feyr/Fer and RSTEs are consistent in indicating anoxic
bottom-water conditions for the whole interval of Unit II.
Consequently, our iron speciation and RSTE data pose a
contradiction in that the benthic animals preserved in Unit
II seemingly lived in anoxic waters.

With regard to distinguishing euxinic and ferruginous
conditions, iron speciation and RSTE data yielded contra-
dictory results. Although Feygr/Fer ratios are consistently
>0.38 throughout Unit II, Fe,,/Feyr ratios are generally
<0.7 in the LM but >0.7 in the UM, suggesting ferruginous
and euxinic conditions, respectively (Fig. 3). On the other

hand, RSTEs show higher concentrations in the LM than
in the UM, e.g., >100 ppm versus >25 ppm for Mo, which
indicate more intensely euxinic conditions in the former
(Fig. 3). In modern anoxic facies, Mo concentrations of
~25-100 ppm and >100 ppm have been interpreted as evi-
dence of intermittent versus sustained bottom-water eux-
inia, respectively (Scott and Lyons, 2012). Lower Fe,/
Feyr values in the LM are unlikely to have been a result
of deep oxidative weathering of pyrite because all Unit-II
samples were from a fresh quarry outcrop with only a
~30-m thickness for the Unit II (Fig.2A). Additional
RSTE evidence for this inference will be given in Sections
6.2 and 6.4. Thus, the contradictory redox interpretations
yielded by the iron speciation and RSTE data suggest the
influence of other factors in addition to watermass redox
conditions.

6.2. Resolving redox proxy conflicts at Lantian

The discrepant redox interpretations of the iron specia-
tion and RSTE data suggest an anomaly in one proxy or
the other. Iron speciation anomalies can develop owing to
changes in sedimentation rates, Fe export efficiency from
shelves, or the redox conditions of sediment porewaters
(Tessin et al., 2016). Fer concentrations in the LM (1.69
+0.82%) are lower on average than those in the UM
(2.21 £ 0.73%)), indicating possible low Fe export efficiency
during LM deposition. However, an independent T-test
shows that the difference in mean Fet values between the
two members is not significant (p > 0.05). Although Fer
concentrations in the LM vary from 0.7% to 3.8%, most
samples show constant Fe,,/Fegr < 0.7, excluding low Fe
availability as the cause. Al concentrations are higher in
the UM (4.10 +0.67%) than in the LM (2.26 4 0.75%)
(p <0.01), indicating possible dilution of authigenic ele-
ments by detrital siliciclastic inputs. In theory, such dilution
will lower Feyr/Fer ratios as more non-reactive Fe is
deposited (Lyons and Severmann, 2006), but it will not
affect Fep,/Feyr. In moving from the LM to the UM,
Feyr/Fer values remain relatively constant, whereas Fe,,,/
Feyr values increase from 0.65+0.10 to 0.75+0.08
(p <0.01). This pattern argues strongly against an effect
linked to siliciclastic dilution. Oxidation of pyrite after
deposition can change the distribution of Fe in highly reac-
tive species, leading to lower Fe,,/Fegr (Li et al., 2012).
However, oxidation of pyrite will simultaneously result in
the loss of RSTEs (Large et al., 2014), this mechanism can-
not explain higher RSTE concentrations in the LM. How-
ever, a syndepositional oxidation process is still possible
and we will discuss this further in Section 6.4.

The alternative is that RSTE anomalies are responsible
for the discrepancy in redox proxy results noted above.
Strong enrichment of Mo in marine sediments, besides the
effect of H,S, can be the result of adsorption of Mo onto
sinking Fe-Mn particulates, i.e., the “particulate shuttle”
effect of Algeo and Tribovillard (2009). This process leads
to higher Mogr relative to Ugf for intermediate levels of
RSTE enrichment. At higher levels of RSTE enrichment
(e.g., Mogr > 100 and Ugg > 30), the particulate shuttle
and open-marine trends converge, impeding recognition



Table Al

Geochemical data for Unit II of lower Hetang Formation in Lantian section, South China.

Member? Sample Depth TOC Fer Al Fecarb Feox Femag Fe,, Feur/ Fepy/ 5”Mo® 5”8 Mo° Mo U A"

(m) (Wt0 0) (Wto 0) (WID 0) (WtO 0) (Wto 0) (Wt0 0) (WtO 0) FCT FeHR (%0) (%0) (ppm) (ppm) (ppm)
UM H73 31.0 4.10 2.00 4.80 0.40 0.30 0.00 1.30 1.00 0.65 1.69 1.67 50.06 10.49 286.29
UM H72 30.0 4.80 1.90 4.70 0.30 0.50 0.00 1.10 1.00 0.58 45.80 15.53 420.52
UM H70 28.0 4.60 1.20 4.70 0.00 0.10 0.00 0.90 0.83 0.90 48.05 12.17 499.53
UM H69 27.0 4.10 2.30 4.20 0.00 0.50 0.00 1.30 0.78 0.72 56.42 16.59 520.53
UM H68 26.0 4.70 2.40 5.10 0.00 0.60 0.00 1.40 0.83 0.70 35.81 19.38 361.57
UM H67 25.0 5.30 2.60 4.20 0.00 0.40 0.00 1.70 0.81 0.81 1.69 1.67 15.91 11.82 176.85
UM Ho66 24.0 5.80 2.10 3.40 0.00 0.50 0.00 1.30 0.86 0.72 1.69 1.67 54.58 26.80 216.81
UM H65 23.0 4.70 2.00 4.00 0.00 0.30 0.00 1.30 0.80 0.81 46.04 18.76 233.22
UM Ho64 22.0 6.10 4.00 4.40 0.00 0.50 0.10 2.90 0.88 0.83 26.46 19.06 194.84
UM H63 21.0 4.60 3.40 4.60 0.00 0.60 0.00 2.40 0.88 0.80 1.67 1.65 49.19 14.34 195.30
UM H62 20.0 5.50 1.80 3.10 0.10 0.30 0.00 1.10 0.83 0.73 42.46 22.28 185.24
UM Ho61 19.0 4.50 1.90 3.80 0.00 0.40 0.00 1.00 0.74 0.71 43.21 15.43 94.96
UM H60 18.0 5.30 1.90 3.30 0.00 0.40 0.00 1.10 0.79 0.73 52.50 27.59 166.06
UM H59 17.0 6.50 1.50 3.10 0.00 0.30 0.00 1.00 0.87 0.77 1.61 1.59 58.20 19.10 155.14
LM H58 16.0 9.40 2.40 2.90 0.20 0.50 0.00 1.30 0.83 0.65 48.33 23.27 248.93
LM H57 15.0 8.50 1.60 2.80 0.10 0.50 0.00 0.80 0.88 0.57 65.89 33.32 183.44
LM H56 14.0 10.50 2.40 3.00 0.20 0.50 0.00 1.40 0.88 0.67 55.10 37.34 241.30
LM H55 13.0 10.70 1.80 2.30 0.20 0.40 0.00 0.90 0.83 0.60 65.60 29.35 302.46
LM H54 12.0 10.30 2.50 2.40 0.00 0.40 0.00 1.70 0.834 0.81 1.78 1.76 97.44 17.04 456.49
LM H53 11.0 9.80 1.00 2.60 0.00 0.40 0.00 0.50 0.90 0.56 123.41 29.38 1380.96
LM H52 10.0 10.10 1.90 2.90 0.20 0.70 0.00 1.00 1.00 0.53 0.28 0.26 173.33 24.21 1915.77
LM H51 9.0 13.00 0.70 0.80 0.00 0.20 0.00 0.40 0.86 0.67 64.72 30.90 979.62
LM H50 8.0 11.30 3.80 3.80 0.60 0.70 0.00 2.40 0.97 0.65 1.64 1.62 287.54 92.24 798.70
LM H49 7.0 14.10 0.70 1.20 0.00 0.20 0.00 0.40 0.86 0.67 0.72 0.70 78.45 25.54 754.78
LM H47 5.0 9.10 1.20 1.60 0.10 0.30 0.00 0.50 0.75 0.56 1.22 1.20 148.25 59.69 754.26
LM H46 4.0 13.50 1.30 1.60 0.30 0.40 0.00 0.60 1.00 0.46 124.30 41.33 1834.16
LM H45 3.0 12.00 1.20 2.10 0.00 0.20 0.00 0.70 0.75 0.78 0.13 0.11 106.85 27.02 1725.65
LM H44 2.0 12.70 1.50 2.00 0.00 0.20 0.00 0.80 0.67 0.80 1.22 1.20 121.11 44.01 440.34
LM H43 1.0 11.40 2.10 2.20 0.20 0.30 0.00 1.20 0.81 0.71 1.72 1.70 141.91 52.78 325.22
LM H42 0.0 14.30 0.90 2.00 0.00 0.20 0.00 0.40 0.67 0.67 0.28 0.26 18.70 1.84 319.78

% LM = lower member; UM = upper member.
® Mo isotopic data reported relative to JMC.
¢ Mo isotopic data reported relative to NIST SRM 3134 = 0.25%o.
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of influence by a particulate shuttle (Fig. 4) (Algeo and
Tribovillard, 2009). At Lantian, many Unit II samples exhi-
bit large Mogr and Ugr (Fig. 3), putting them beyond the
particulate shuttle field, although one LM sample with rel-
atively low Ugg plots within this field (Fig. 4). It is thus pos-
sible that Fe-Mn redox cycling occurred between an oxic
ocean-surface layer and an anoxic deep watermass at Lan-
tian, contributing to overall Mo enrichment.

RSTE concentrations are commonly closely linked to
sediment TOC content (Algeo and Maynard, 2004;
Tribovillard et al., 2006), and higher Mo, U, and V concen-
trations roughly correspond to higher TOC contents in this

study although the correlations are not significant (Fig. 5).
Therefore, we calculated RSTE/TOC ratios to normalize
for variable TOC content between the LM (8.4-14.3%,
mean 11.1%) and UM (4.1-6.5%, mean 5.0%) (Fig. 3).
The RSTE/TOC profiles show a reduction in the difference
of mean values between the LM and UM (Fig. 6), demon-
strating that at least a part of the differences in RSTE con-
centrations is due to differences in TOC content. However,
the RSTE/TOC profiles continue to show higher values and
greater sample-to-sample variance in the LM relative to the
UM (Fig. 6). One important control on the accumulation of
authigenic RSTEs in the sediment is the availability of
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dissolved RSTEs in the water column (Algeo and Rowe,
2012). RSTE/TOC ratios have been widely used as a proxy
to track RSTE availability in ancient oceans (e.g., Algeo
and Lyons, 2006; Scott et al., 2008). In Unit II, most sam-
ples show a relatively uniform RSTE/TOC ratio (gray bars,
Fig. 6), consistent with the idea of control by fixed aqueous
RSTE concentrations. However, some samples in the LM
show distinctly higher RSTE/TOC ratios. We thus infer
that these samples are related to differences in RSTE avail-
ability during the deposition. This pattern suggests that
RSTE availability in the Nanhua Basin was steady during
most of the Unit II interval, but increased episodically dur-
ing deposition of the LM.

There are two principal explanations for episodic
increases in aqueous Mo availability in the Nanhua Basin,
the first being intermittent deepwater renewal events within
a restricted marine basin. The relatively low Mo/TOC
ratios of Unit II (8 + 3 ppm/%) are close to those of mod-
ern Framvaren Fjord (9 + 2 ppm/%; Fig. 5) (Algeo and
Lyons, 2006), which might suggest strong basinal restric-
tion. However, the Nanhua Basin is considered to have
had an open connection to the global ocean during the early
Cambrian (e.g., Jiang et al., 2003), arguing against basinal
restriction. In addition, modern strongly silled basins show
much lower Mogr relative to Ugg (Algeo and Tribovillard,
2009), which is not observed at Lantian (Fig. 4).

The alternative explanation for episodic increases in
aqueous Mo availability is that, because Mo concentrations
were generally low in anoxic early Cambrian oceans (Feng

et al., 2014; Sperling et al., 2015b; Jin et al., 2016), pulsed
increases in dissolved oxygen levels episodically reduced
the flux of Mo into anoxic sinks, allowing buildup of seawa-
ter Mo concentrations to higher concentrations. Since the
removal efficiency of RSTEs into anoxic facies is signifi-
cantly higher than into oxic facies, the oceanic RSTE reser-
voir is quite sensitive to the area of seafloor covered by
oxygen-deficient waters (Algeo, 2004; Scott et al., 2008).
For example, euxinia covering <10% of global seafloor area
can cause the oceanic Mo reservoir to decline to negligible
levels (Reinhard et al., 2013). We infer that the episodically
elevated RSTE/TOC values in the LM (Fig. 6) may reflect
episodic global-ocean oxidation events. Although the mod-
ern seawater residence time of Mo (~780 kyr) would not
allow short-term events of this type, a much shorter resi-
dence time during the early Cambrian would have permit-
ted high-frequency variation at timescales shorter than the
average interval between our study samples (~450 kyr;
Section 3).

6.3. Mo-isotope evidence for episodic redox perturbations

The Mo-isotopic compositions of marine sediments can
provide information about global-ocean redox conditions
(provided that certain conditions are met; see Section 2.1)
or local redox conditions (if those conditions are not
met). We infer that most of our Mo-isotope dataset reflects
global-ocean redox conditions, although a subset of sam-
ples shows values consistent with local redox influences.
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The Mo-isotope data of Unit II can be divided into two
subsets of samples, with the larger subset having relatively
high and nearly uniform 8*Mo of ~+1.7%. (Fig. 3). This
subset includes all samples from the UM (n = 5) and some
samples from the LM (n =3 of 9 total). In order for sedi-
ment 8°*Mo to reflect the isotopic composition of contem-
poraneous seawater, uptake of aqueous Mo by the
sediment must be quantitative, which is generally the case
at higher [H,Sl,q (Erickson and Helz, 2000; Neubert
et al., 2008). To date, no proxy is available to constrain
[H>Slq in ancient seawater. However, if uptake of Mo
had been non-quantitative owing to low [H,S],q, then one
would expect to observe high-frequency fluctuations in sed-
iment §°*Mo in response to variations in [H,S], caused by
vagaries in the rates of H,S production and consumption
related to organic matter sinking fluxes, sulfate availability,
iron inputs, and other factors (Arnold et al., 2012). In fact,
the uniformity of 8°*Mo for most of our samples implies
that any fluctuations of [H>S],q in the Lantian depositional
environment occurred at concentrations above the thresh-
old for quantitative uptake of Mo by the sediment and,
therefore, that a value of +1.7%o¢ represents that of contem-
poraneous seawater Mo.

The second subset of Unit II samples, which is found
exclusively in the LM (6 of 9 total samples), is characterized
by lighter and more variable 8°*Mo (Fig. 3). This subset is
unlikely to record contemporaneous seawater 5°*Mo val-
ues. Relative to a baseline 8°*Mo value of +1.7%0 (see
above), a decline in seawater 5®*Mo due to enhanced
global-ocean anoxia would have been accompanied by a
decrease in the oceanic Mo reservoir size (Wille et al.,
2008). However, the Mo concentrations and Mo/TOC
ratios in the study samples yielding lighter §**Mo values
are similar to or slightly greater than those for samples
exhibiting the baseline Mo value of +1.7%0 (Figs. 3
and 6). Also, the lowest of the measured 5®Mo values in
the study samples are even lower than the average crustal
8%Mo of ~+0.4%0 (Voegelin et al., 2014; Breillat et al.,
2016; Yang et al., 2017), and seawater 8°*Mo cannot go
lower than the isotopic composition of its source. For these
reasons, it is likely that study samples yielding lower and
variable 3”®Mo values reflect a fractionation process related
to local redox conditions.

The fractionations recorded by LM samples with iso-
topically light 8°*Mo may have been the result of either
highly variable [H,S].q (i.e., fluctuating above and below
this threshold) and/or influence of Fe-Mn shuttle (see
above). If persistently low [H>S],q had existed during depo-
sition of the LM, it should have resulted in relatively low
Mo enrichments owing to the positive correlation of Mo
uptake to [H,Sl,q. In fact, the LM exhibits substantially
greater Mo enrichment (Mogg = 272 4+ 137) than the UM
(61 £22) (p<0.01), disproving the persistently low
[H>S].q scenario. The alternative is highly variable
[H>S].q, with fluctuations at time scales shorter than the
depositional interval of individual samples (mean ~ 20
kyr). In this scenario, intensely euxinic intervals alternated
with less intensely reducing intervals (perhaps ranging from
weakly euxinic to suboxic or oxic), with the former
characterized by quantitative uptake by the sediment of

Mo having the seawater 8°*Mo composition, and the latter
by more limited uptake of Mo having a composition frac-
tionated to varying degrees toward lower 8°*Mo values.
The isotopically light LM samples thus represent a mixture
of Mo fractions accumulating under variable redox condi-
tions, whereas the isotopically heavy LM and UM samples
represent inputs linked to persistently euxinic facies. The
association of isotopically light samples with higher Mogg
values in the LM is somewhat unusual but consistent with
Mo enrichment via a particulate shuttle linked to Fe-Mn
cycling (see Section 6.2) (Cheng et al., 2016). In the next sec-
tion, we consider the nature of redox fluctuations during
deposition of the LM.

6.4. Transient oxygenation events

The nature of redox perturbations during deposition of
the LM is revealed by detailed sedimentological observa-
tions. In the LM, multiple gray (i.e., lighter-colored) layers
with thicknesses of ~1-2 mm have been observed (Fig. 2H).
These gray layers show high corresponding to the appear-
ance of sponge fossils and the lower 8°*Mo. These layers
likely record brief oxygenation episodes during which suffi-
cient oxygen was supplied to the seafloor to permit tran-
sient colonization by sponges and other eukaryotes.
Similar brief oxygenation episodes are known from anoxic
marine sequences of many ages, including the Late Devo-
nian (Algeo and Ingall, 2007), Early Jurassic (Kenig
et al., 2004; Pearce et al., 2008), Cretaceous (Goldberg
et al., 2016), Eocene (Mirz et al., 2016), and modern
(Algeo and Lyons, 2006; Jilbert and Slomp, 2013).

The development of transient oxygenation events may
be reflected in certain aspects of the geochemistry of the
study units. In Unit II, all samples with high 3°*Mo
(~+1.7%0) show higher Fe, (1.63+0.53%, n = 8) whereas
those with lower 3*Mo show lower Fep, (0.6340.24%,
n=06) (p <0.05; Fig. 7A), suggesting a common redox con-
trol. Weathering processes can oxidize Fep, to Fe,x and
preferentially leach isotopically heavier Mo (Pearce et al.,
2010), but this process should lead to lower Mo concentra-
tions, which is not observed in the study units (note that the
%Mo-depleted samples are associated with greater Mo
enrichment; Fig. 3). Additionally, post-depositional weath-
ering should lead to negative relationship between Fe,,, and
Fe.x, which is not observed in our samples too. Instead, a
weak-to-moderate  positive relationship is observed
(Fig. 7B).

The observation that acquisition of a **Mo-depleted sig-
nal accompanied higher Mo enrichment (Fig. 3) may be a
key to understanding redox variations at Lantian. This pat-
tern could develop in a dominantly anoxic environment
(Fig. 8A) that was punctuated by brief oxygenation epi-
sodes (Fig. 8B) if local redox cycling of Fe-Mn particulates
occurred at the seafloor during the oxygenation events (see
Sections 6.2 and 6.3). Mo®" adsorption onto particulates
occurs with a significant negative fractionation (Barling
and Anbar, 2004), thus leading to **Mo depletion of the
Mo-enriched sediments. At the same time, under oxic con-
ditions, microbial sulfate reduction was inhibited, resulting
in less pyrite formation in the sediment (Li et al., 2015a).
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Thus, transient oxygenation events can explain concurrent
low Fe,, and light 5°®Mo values (Fig. 7A). After complete
consumption of benthic oxygen [probably over intervals of
months to years by analogy with the modern Baltic Sea;
(Jilbert and Slomp, 2013)], bottom waters would have
returned to an anoxic condition but the sediment would
have acquired higher RSTE/TOC ratios (Fig. 8C).

In summary, the transient development of oxic condi-
tions in a dominantly anoxic environment during LM depo-
sition is clearly demonstrated by lithologic and faunal
evidence (i.e., lighter sediment color and sponge fossils)
but only subtly by geochemical evidence (i.e., lower Fe,y,
modestly elevated RSTE/TOC and lighter 5°*Mo values).
This pattern is linked to differences in response time of
lithologic, faunal, and geochemical proxies for paleoredox
conditions that came into play in a depositional system sub-
ject to high-frequency redox fluctuations. In contrast, the
UM was characterized by stable, persistently euxinic local
redox conditions that yielded relatively lower (but still
enriched) RSTE concentrations and constant, higher

5”®Mo values linked to local near-quantitative uptake of
Mo from the water column (Fig. 8A). In this regard, the
lack of any changes in sediment color or faunal content
are consonant with the lack of short-term redox fluctua-
tions during deposition of the UM.

Transient oxygenation events appear to have permitted
temporary colonization by sponges of deep-water habitats
at Lantian. As the simplest animals, the metabolism of
sponges requires relatively low oxygen levels (Mills et al.,
2014). Although the larger fossils in the LM can extend into
the black layers, it is clear that the majority of sponge fos-
sils are concentrated in the gray-colored layers (Fig. 2F-G),
and, thus, that their distribution was strongly redox con-
trolled. Sponges are commonly slow growing, possibly
requiring years to decades to achieve a size up to ~1m,
as seen in the largest Hetang Biota sponges (Yuan et al.,
2002), although some species, such as Latrunculia
wellingtonensis and Polymastia croceus, are fast-growing
(Maldonado et al., 2012). Transient oxygenation events in
modern anoxic basins typically last from a few months to
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a few years (Schinke and Matthdus, 1998), thus long
enough for the appearance of sponge. Given an average
sedimentation rate of 0.22 cm kyr~! (see Section 3), the time
represented by the gray layers is estimated at ~0.5-1.0 kyr.
This is, however, a maximum estimate because any down-
ward penetration of oxygen from the sediment-water inter-

face through either diffusion or bioturbation (which was
limited in the early Cambrian) would have expanded the
stratigraphic interval characterized as “gray shale”. Similar
occurrences of sponges in gray layers of the Hetang Forma-
tion and correlative units have been reported from other
South China locales, e.g., Jinsha, Dingtai, Huangbailing
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and Wengan, although layer-to-layer correlation between
these sections is not possible (cf. Jin et al., 2016). Sponges
have also been reported from lower Cambrian black shales
in Siberia, Greenland, and elsewhere globally (Botting and
Peel, 2016). The wide occurrence of sponges in reducing
facies of early Cambrian age suggests that the transient
oxygenation events recorded in the Lantian section were
not unique but, possibly, a manifestation of global-scale
processes at that time. In addition, the faunas found at
Lantian were typical of deep-water communities of this per-
iod (Botting and Peel, 2016), suggesting that deep-water
oxygenation was an ongoing and spatially widespread pro-
cess during the early Cambrian.

The exact mechanism by which oxygen was transferred
into the deep-water environment at Lantian is unknown.
Both bottom-hugging turbidites and density interflows
can carry oxygen into deep basins as diffuse layers
(Schmale et al., 2016), and vertical overturn can result in
oxygenation of the full water column of a marine basin
(McPhaden and Zhang, 2002). The stratigraphic pattern
at Lantian, i.e., thin irregularly distributed gray shale lay-
ers, is most consistent with (although not proof of) oxy-
genation via distal turbidite flows. Given similar transient
oxygenation events globally during the early Cambrian
(see above), there is undoubtedly a global aspect to these
occurrences. We hypothesize that rising oxygen levels in
the atmosphere and ocean-surface layer at this time resulted
in greater transfer of oxygen to deep-water setting by tur-
bidites and density interflows, processes that would have
operated regardless of ambient oxygen levels but that
became more effective vectors of deepwater oxygenation
as ocean-surface oxygen levels rose.

6.5. Differences in proxy response to high-frequency redox
variation

The transient oxygenation events developed in the early
Cambrian oceans cannot be tracked unless combining dif-
ferent proxies. The present study samples represent ~10—
20 kyr of depositional time apiece (Section 3), far longer
than the probable duration (<1 kyr) of any single oxygena-
tion event (Section 6.4). Indeed some samples potentially
record several such events that were closely spaced in time.
The modern Baltic Sea provides an example of how fre-
quent such redox fluctuations can be, with a total of ~96
transient oxygenation events during the 20th century
(Schinke and Matthdus, 1998). As a consequence, individ-
ual sample potentially came under the influence of widely
varying redox conditions (e.g., from oxic to euxinic) during
their accumulation. In such situations, multiple types of
proxies can yield quite different redox indications, as in
the present study. Similar effects have been reported for
other anoxic paleomarine systems subject to brief oxygena-
tion episodes. For example, in Jurassic Toarcian shales,
bioturbation is found juxtaposed with organic geochemical
proxies indicating euxinia (Kenig et al., 2004). In Creta-
ceous OAE2 sediments, bioturbation is found in beds for
which iron speciation data indicate persistently anoxic con-
ditions (Goldberg et al., 2016). In each of these cases, tem-
porally brief oxygenation events appear to have had no

measurable effect on geochemical proxies recording the
dominant (i.e., anoxic) redox signal.

The sensitivities to transient redox perturbations of ben-
thic fauna, iron species, RSTEs, and Mo isotopes are quite
different. In the LM, sponges appear mainly in three layers
whereas Mo isotopes show more frequent negative excur-
sions (Fig. 3). This suggests that Mo isotopes may be
recording transient oxygenation events in which oxygen
levels did not rise high enough to permit colonization of
the seafloor by a benthic fauna. This pattern is consistent
with the idea that Mo isotopes are affected when [H,S].q
is below a critical threshold value and/or by the Fe-Mn
shuttle, suggesting that a combination of reduced 5**Mo
values and lack of benthic fauna is indicative of weakly eux-
inic to suboxic conditions. TOC and Fe,,/Feyr show more
limited sample-to-sample variation in the LM than 8°*Mo,
but the LM nonetheless shows significantly different mean
values from the UM (Fig. 3). TOC and iron species are con-
trolled by local- to basin-scale productivity and iron fluxes
as well as benthic redox conditions. RSTEs (Mo, U and V)
show some differences in their vertical profiles (Fig. 3),
reflecting differential responses to specific redox conditions.
For example, uptake of authigenic Mo requires the pres-
ence of H,S, but uptake of authigenic U requires only that
the Fe>™/Fe?" transition has occurred (i.e., suboxic condi-
tions), and V exhibits a complex two-step pattern of enrich-
ment with progressively more reducing conditions (Algeo
and Maynard, 2004; Tribovillard et al., 2006). By making
use of multiple proxies, it should be possible to refine eval-
uations of redox conditions in ancient marine systems. For
these reasons, we recommend the standard application of
multiple proxies in paleoceanographic studies.

7. CONCLUSIONS

To explore apparent conflicts of redox interpretations
between fossil and geochemical evidence in the lower Cam-
brian Hetang Formation (~535-521 Ma) at Lantian (Nan-
hua Basin, South China), we analyzed Mo isotopes, iron
species, and RSTEs in relation to benthic faunal occur-
rences. Although Feygr/Fer >0.38 throughout the study
interval indicates a persistently anoxic depositional envi-
ronment, RSTE/TOC ratios and Mo isotopes show consid-
erable variation, with higher RSTE/TOC and lower §**Mo
associated with gray (lighter-colored) sponge-bearing lay-
ers. This pattern indicates the episodic development of brief
(<1 kyr) oxygenation events in the normally anoxic early
Cambrian Nanhua Basin. Transient ventilation of the deep
basin floor permitted colonization by sponges and may
have enhanced authigenic Mo through small-scale Mn-Fe
redox cycling at the sediment-water interface which
resulted in the lower 8°*Mo values. Our study thus provides
direct evidence of transient oxygenation events in anoxia-
dominated early Cambrian oceans. The study units show
markedly differential responses of the various proxies used
here (benthic fauna, Mo isotopes, iron species, and RSTEs)
to high-frequency redox fluctuations that probably ranged
from mildly oxic to strongly euxinic. Such differential
responses potentially provide a basis for more refined eval-
uation of redox conditions in paleomarine systems.
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