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ARTICLE INFO ABSTRACT

Editor: Dr. Maoyan Zhu The Ediacaran-Cambrian transition period (ca. 550-521 Ma) witnessed the decline of Ediacaran Biota and the
rapid diversification of Cambrian biota. Numerous studies have linked the biological evolution to redox condi-
tions in the early Cambrian ocean, which are still strongly debated. Photic zone euxinia (PZE), characterized by
the development of anoxic conditions and build-up of free hydrogen sulfide (H,S) in the photic zone, would have
seriously challenged the survival of early organisms and have been proposed to cause several extinctions.
However, this potentially deleterious environmental condition has not been recognized at the Ediacaran —
Cambrian boundary. Here, we analyzed mercury (Hg) contents and stable isotopes, carbon isotopes (Slsccarb and
813C0rg), and organic carbon contents (TOC) from drill core recovered from the Tarim Basin, to constrain the
potential impact of PZE in the earliest Cambrian ocean. A significant negative shift in Hg mass-independent
isotope fractionation (MIF) is recorded in the basal Cambrian negative carbon isotope excursion (BACE) of the
Yurtus Formation, combined with similar Hg isotope compositions in the Yangtze area (Tongren section), sug-
gesting that the photoreduction of Hg(II) associated with the regional development of the PZE during the earliest
Cambrian. Integrated with biotic records, our results suggest that the development of PZE in the earliest
Cambrian ocean may have significantly limited habitable space. Instead, the attenuation of PZE could restore
aerobic photosynthesis by removing HsS, creating a suitable habitat for the diversification of early animals.
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1. Introduction

The Ediacaran-Cambrian transition period (ca. 550-521 Ma) repre-
sents a milestone in geologic history with remarkable biological in-
novations and changes in the marine environment. This interval
witnessed both the decline of soft-bodied and skeletal Ediacaran-type
biota and the rapid appearance and diversification of the Cambrian-
type skeletal biota (Bowyer et al., 2023; Wood et al., 2019; Zhu et al.,
2017). Despite the notable biologic changes over this period, however,
its predominant triggers remain unclear, especially the disappearance of
largely Ediacaran-type biota approximately coincident with the BACE,
which has been proposed to reflect a potential biotic crisis (Amthor
et al., 2003; Laflamme et al., 2013; Zhu et al., 2006). Previous studies
have linked these biotic transitions to environmental changes, suggest-
ing that rising environmental oxygen levels facilitated early animal
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evolution (Canfield et al., 2007; Wood et al., 2019; Zhang et al., 2019),
which is based on the basic assumption that early animals required
oxygen to maintain aerobic metabolism. Besides, there are also other
possible explanations for this biotic transition, such as genetic and
developmental possibility, ecological opportunities (see details in Erwin
et al,, 2011). Although numerous studies have attributed the large
decline in the diversity of the Ediacaran-type biota to widespread anoxia
in the terminal Ediacaran (Zhang et al., 2018, 2019), yet new 528U data
and biotic records from the Lower Nama Group (ca. 550-547 Ma),
Namibia, argue that the global expansion of anoxia did not coincide with
the decline of the Ediacaran biota (Tostevin et al., 2019). Indeed, a
global redox landscape in the Ediacaran — Cambrian transition periods
has been proposed, that is highly dynamic, with brief ocean oxygenation
events, redox-stratified shelf, and an anoxic-dominated deep ocean (Li
et al., 2020; Tostevin et al., 2016; Tostevin and Mills, 2020; Wood et al.,
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2015). It is now generally accepted that the evolution of early animals
was closely linked to changes in the marine environment, such as
nutrient supply and oxygen availability (He et al., 2019; Tostevin et al.,
2016; Wood et al., 2015). Furthermore, a habitable marine redox con-
dition is conducive to the survival of early animals, instead, an inhos-
pitable marine environment (e.g., photic zone euxinia) would severely
restrict the survival space of early animals.

Photic zone euxinia refers to anoxic and HyS-rich waters in the photic
zone (Zheng et al., 2018). Prevalent PZE in the oceans would severely
threaten habitability for eukaryotic organisms and delay the evolution
of early animals (Grice et al., 2005). In particular, PZE generally directly
affects photosynthesis by poisoning photosystem II (PSII, a unit of
photosynthesis) (Oren et al., 1979), and influences organic carbon burial
and atmospheric oxidation. On one hand, extensively developed passive
continental margins are more receptive to increased nutrient inputs
through enhanced continental weathering and PO3 -enriched deep
water upwelling, and, therefore, probably created favorable conditions
for the development of PZE. On the other hand, the large disappearance
of Ediacaran-type biota during the Ediacaran-Cambrian transition pe-
riods probably due to the shrink of habitat space, which the develop-
ment of PZE maybe a potential environment trigger factor. Instead, the
attenuation of PZE could re-establish aerobic photosynthesis by
removing HjS, creating a suitable habitat for the diversification of early
animals. Therefore, recognizing the development of PZE in the geolog-
ical past is critical to understanding the intrinsic link between the ma-
rine environment and biological radiation.

In recent years, mercury (Hg) and its stable isotope compositions in
sedimentary rocks have shown unique advantages in recording ancient
volcanic activity and oceanic redox state and have demonstrated great
potential in reconstructing Earth’s paleo-environment evolution (Berg-
quist, 2017; Fan et al., 2020; Grasby et al., 2019; Sial et al., 2013).
Mercury has seven stable isotopes (1°°Hg, 1°®Hg, 1°°Hg, 2°°Hg, 2°'Hg,
2°2Hg, and 2O“Hg), and their natural abundances are 0.155, 10.04,
16.94, 23.14, 13.17, 29.73, and 6.82, respectively (Blum and Bergquist,
2007). Mercury can undergo a variety of isotopic fractionation due to its
chemical properties, including mass dependent fractionation (MDF),
odd-mass independent fractionation (odd MIF, denote A!°°Hg and
AzOIHg), and even-mass independent fractionation (even MIF, denote
A2°°Hg and A2°4Hg) (Blum et al., 2014). Hg-MDF occurs in most
physical, chemical, and biological processes (Blum et al., 2014),
whereas Hg-MIF primarily occurs in photochemical processes (Bergquist
and Blum, 2007; Blum et al., 2014). Thus Hg-MIF could provide con-
servative and precise information regarding Hg sources and processes.
Studies of Hg isotope compositions in modern and ancient Hg reservoirs
suggest that the volcanic and hydrothermal sources of Hg have near-zero
A'°Hg and A%%Hg values (Blum et al., 2014; Grasby et al., 2017; Sial
et al., 2013). In contrast, modern seawater and some ancient sedimen-
tary rocks record positive Hg-MIF signals (Grasby et al., 2019), which
were typically interpreted to indicate photoreduction of Hg(II) species in
the atmosphere and/or in the surface ocean (Strok et al., 2015). The
modern terrestrial reservoirs are generally characterized by negative
A'%°Hg and A2°°Hg values (Zheng et al., 2016), due to the uptake of
atmospheric gaseous Hg(0) by plants and soil organic matter. However,
significantly negative Hg-MIF values were also observed in sedimentary
rocks in the absence of terrestrial biomass (e.g. in the Mesoproterozoic
period), which were ascribed to photoreduction of Hg(II) associated
with reduced sulfur ligands under PZE conditions (Zheng et al., 2018).
This suggests that Hg stable isotopic compositions could provide valu-
able insights into changes in ocean redox conditions, especially the
development of PZE before the occurrence of terrestrial biomass.

This work is based on the previous detailed redox studies (Zhu et al.,
2021b) and further applies Hg isotopic compositions to investigate the
redox condition in the earliest Cambrian ocean in the Tarim basin. We
further combined the biostratigraphic record to address the relationship
between redox conditions, particularly the PZE, and the evolution of
early animals.
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2. Geological setting

The Tarim basin is one of the largest petroliferous basins in China
and has undergone multiple sedimentary-tectonic cycles, including the
late Neoproterozoic Rodinia supercontinent breaking up, the opening
and closing of the paleo-Tethys during the Paleozoic — Mesozoic tran-
sition, and the Indo-Asian plate collision in the Cenozoic (Jia, 1997).
Paleomagnetic data suggest that the Tarim block drifted from the margin
of the Gondwana continent located between 0°N and 30°N (Li et al.,
2008) (Fig. 1A), and gradually developed a passive continental margin
at the northern edge of the Tarim Block during the Ediacaran - Cambrian
(Jia, 1997). Palaeogeographic reconstructions suggests that the shallow-
water platform developed to the west and deep-water basin developed to
the east in the early Cambrian in the Tarim basin (Fig. 1B). With a global
transgression, the siliciclastic — carbonate sedimentary succession of
Yurtus Formation was widely deposited. A significant negative excur-
sion of carbonate carbon isotope values recorded in the basal Yurtus
Formation (Fig. 1C), which corresponds with the BACE (Zhu et al.,
2006), could constrain the depositional age of the Yurtus Formation in
the Tarim basin likely to between 542 Ma and 521 Ma (Yao et al., 2005).

Strata recovered by the X1 drillcore in the Aksu area were deposited
in a mid-ramp setting in the northwestern Tarim Basin (Fig. 1B). The X1
drillcore recovers the Tonian-aged Aksu Group, Ediacaran Sugetbrak
and Qigebrak formations, lower Cambrian Yurtus and Xiaoerbrak for-
mations, in chronological order. The Aksu Group is the oldest crystalline
basement in the Tarim basin, and comprises mainly metamorphic schist.
The Sugetbrak Formation in X1 drillcore comprises a set of shallow-
water siliciclastic deposits, mainly composed of muddy, fine-grained
sandstone interbedded with sandy mudstone in the upper part, sand-
stone with sandy mudstone in the middle part, and conglomerate in the
basal part. The Ediacaran Qigebrak Formation is composed of medium
to thick-bedded dolostone. An unconformity surface was identified at
the top of the Qigebrak Formation. This unconformity is widely devel-
oped in the northwestern Tarim basin and reflects the erosional effects of
regression or uplift caused by the “Keping movement” (He et al., 2010).
The Yurtus Formation overlies the Qigebrak Formation and consists of
black shale with thin-bedded chert, dolostone, interbedded shale and
dolostone, and black shale with thin-bedded phosphorite-bearing layers.
The Xiaoerbrak Formation contains dolostone and the contact with the
underlying Yurtus Formation is conformable.

3. Methods

All samples were prepared by removing the veins and crushed to 200
mesh. Total organic carbon (TOC) and total sulfur (TS) contents were
analyzed on carbonate-free powders using a Leco CS-200 carbon-sulfur
analyzer at Petroleum Geology Laboratory, China University of
Petroleum.

Carbonate carbon and oxygen isotope compositions were analyzed
using a Delta V Advantage isotope ratio mass spectrometer at the Lab-
oratory Center, PetroChina Hangzhou Research Institute of Geology.
The analytical precision of the 813Cmb and 6180carb values is better than
+0.06 %o and + 0.08 %o, respectively. Organic carbon isotope compo-
sitions were measured using a Flash HT 2000 Plus and continuous-flow
Delta V Advantage IRMS at China University of Geosciences. The
analytical precision was better than 0.2 %o (1c) for 613Corg based on
replicate analyses of standards (USGS40 and IVA-Urea).

The Hg concentration was measured by Lumex RA-915 M. About
100 mg sample powder was placed in the sample vessel of PYRO-915+.
Then, the powder was heated to 680-740 °C under pyrolysis, so that all
forms of Hg in the sample are converted into elemental Hg(0). With a
RA-915 M analyzer, the generated elemental Hg(0) was quantitatively
determined on the basis of the absorption of 254 nm amplitude radiation
by the mercury atomic vapor. The detection limit is 0.5-1 ppb. Dupli-
cates were measured for each sample (relative standard deviation <5%).
The international standard reference material NIST 1633c Coal Fly Ash
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Fig. 1. (A) Global paleogeography of the early Cambrian (modified from https://deeptimemaps.com/). (B) Simplified map of reconstructed sedimentary environ-
ments of the early Cambrian Yurtus Formation (modified after Pan et al., 2015) and location of the study section (drill-core X1). (C) Stratigraphy and carbonate
carbon isotope composition of drill-core X1. Fossils in Tarim basin modified after (Qian et al., 2009; Wu et al., 2021; Zhou, 2001). (D) Temporal distribution of
Ediacaran-type soft-bodied and skeletal fossils and Cambrian-type skeletal fossils during the Ediacaran-Cambrian transition periods, modified after (Zhu et al., 2017).
Ba—Baltica Block, Tm—Tarim Block, NC—North China Block, SC—South China Block.

(1005 + 22 ppb) was used for generation of the standard curve (R2 >
0.999) and quality control, and it was measured every 10 samples to
monitor for signal stability.

Mercury stable isotopic composition was measured by multi-
collector inductively coupled plasma mass spectrometry (MC-ICP-MS)
at the State Key Laboratory of Environmental Geochemistry, Institute of
Geochemistry, Chinese Academy of Sciences (IGCAS). The samples were
pre-concentrated into 5 mL of a 40% mixed acid solution (v/v, HNO3/
HCl = 3/1) using a double-stage combustion protocol for Hg isotope
analysis as previously described (Huang et al., 2016). NIST-3133 Hg
standard and secondary standard solutions (UM-Almadén and NIST-
3177) were prepared to match the Hg concentrations and matrix of
sample solutions within 10%. The MDF of Hg isotopes is expressed in
SZOZHg (%0) and the calculation formula is as follows:

5 Hg = [(Hg/Hg) ., [ (VHe/ " He) g~ 1] X 1000 (D)
MIF (A'%°Hg, A%%°Hg, A20'Hg) is calculated as follows:

A"Hg ~ §'Hg — 5*”Hg x 0.2520 2)

A™Hg ~ 5*Hg — 5*”Hg x 0.5024 3)

AM'Hg ~ §*'Hg — 5*”Hg x 0.7520 @)

The UM-Almadén standard and NIST 3177 were used to determine
the analytical accuracy of the isotopic analyses, and the isotopic ratios of
5292Hg, Al%°Hg, A2°°Hg, and A?'Hg were similar to previously

reported values. Data uncertainties (+2c) reported here reflect the
larger values of either the external precision of the replication of the
standard solutions (UM-Almadén, NIST 3177 and GSS-4) or sample
replicates.

4. Results

4.1. Carbonate and organic matter carbon isotope values (6"3C g and
513Corg)

Both Slsccarb and 613Corg values for X1 drillcore are presented in
Supplementary Table S1. The Upper Qigebrak Formation show stable
8'3Cearp and 613C0rg values, ranging from 0.01 to 3.54 %o and from
—29.88 to —27.52%o, respectively. The Yurtus Formation show a
coupled signature of §'3Ceu, and Slacorg values, implying that the
organic carbon was derived from primary production (Jiang et al.,
2012). For the sake of discussion, the Yurtus Formation was divided into
four intervals (I, II, III, IV) according to the 613Cmb and 613C0rg value
(Fig. 2). Interval I is characterized by persistently negative 5'3Cearp and
613C0rg values, vary from —4.02 to 1.83 %o and from —37.99 to —29.19
%o, respectively. Interval II shows positive excursions in both 613Cmb
(up to 2.50 %o) and 613C0rg (up to —26.43 %o) values, but mild negative
shift at the top. The 613Cmb and 613C0rg values vary from —4.87 to 2.50
%o and from —38.49 to —26.43 %o, respectively. The interval III repre-
sents the second, small negative carbon isotope excursion in the early
Cambrian in Tarim basin, the §'3Ceayp, values vary from —2.22 to 0.70 %o
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Fig. 2. Stratigraphic profiles of carbon isotopes, TOC, TS, Hg contents, and Hg isotopes for the Yurtus Formation. Xgr represent the trace element enrichment factors.
The Xgr was calculated by the equation: Xgr = [(X/ADsample/(X/Al)uccl, where X (ppm) and Al (wt%) stand for their weight contents, and UCC stands for upper
continental crust (Moycc = 1.5 ppm, Uycc = 2.8 ppm, Alycc = 8.04 wt%; McLennan, 2001). The Fe speciations modified after Zhu et al., 2021., where Feyr/Fer >
0.38 indicates anoxic conditions and Fe,,/ Fegr > 0.7 indicates deposition under euxinic conditions. The gray band represents standard deviation of A'*°Hg (+

0.08%0) and AZ°'Hg (+ 0.06%o).

and the 613Corg values from —34.86 to —28.90 %o. Interval IV shows a
smooth positive shift of carbon isotope values, with the 813Ccarb values
varying from —0.72 to 2.86 %o and the 613C0rg values from —31.73 to
—26.36 %o. The Xiaoerbrak Formation show steady 613ccarb values,
range from 2.69 to 3.18 %o, without 613C0rg value.

4.2. Contents of total organic carbon (TOC) and total sulfur (TS)

The Qigebrak Formation show very low TOC and TS contents, the
contents of TOC and TS vary from 0.00 to 1.15 wt% and from 0.01 to
0.03 wt%, respectively. The Yurtus Formation shows a wide range of
TOC content from 0.01 wt% to 22.40 wt%, with an average of 2.8 wt%
(n = 30). The TS content ranges from 0.01 wt% to 5.21 wt% with an
average of 0.7 wt% (n = 32), and is positively correlated with TOC
(Fig. 3, r = 0.79594, p < 0.01). The Xiaoerbrak Formation without the
contents of TOC and TS.

4.3. Mercury contents and isotopic compositions

Samples of the Qigebrak Formation have low Hg concentrations,
which range from 1.4 to 3.2 ppb. The three samples of the Qigebrak
Formation show positive A1°°Hg (0.07 to 0.20 %) and negative 5202Hg
values (—2.15 to —1.38 %o), as well as invariable Azong values (—0.02
to 0.09 %o). Organic-rich sediments of the Yurtus Formation have a high
Hg content (2.6 to 1689.5 ppb) and variable Hg isotopic compositions
(Fig. 4a and b). Interval I is characterized by a negative shift of A1*°Hg
(from —0.14 to 0.10%o) and a positive shift in 6202Hg values (from —1.47
to 0.55 %o). Interval II is dominated by positive A199Hg (0.02 to 0.21 %o)
and negative 6202Hg values (—2.29 to —0.57 %o). Interval III shows
another negative shift of A'*’Hg and a positive shift of §2°?Hg, ranging
from —0.05 to 0.08 %o and from —2.08 to —0.27 %o. The interval IV
records mostly positive A'°°Hg (0.00 to 0.17 %) and slightly negative
5202Hg values (—2.71 to —1.08 %). For even MIF of Hg isotopes, the
A?%Hg shows an invariant trend for the Qigebrak and Yurtus forma-
tions. Overall, the Yurtus Formation show a strong negative correlation

TS (Wt.%)
W
|

@
O&OO—O' '

20 30

TOC (wt.%)
Fig. 3. The cross plot of TOC and TS of Yurtus Formation in X1 drill core.
between A'°°Hg and §2°2Hg (Fig. 4b, r = —0.767, p < 0.01).
5. Discussion
5.1. The host phases and sequestrations of Hg in the Yurtus Formation
Identifying the host phases of Hg in sediments is a critical procedure
before applying Hg isotopes to track Hg sources. In general, organic

matter is the main host phase of Hg in sediments (Ravichandran, 2004),
however, Hg-sulfide complexes could become the main forms under
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euxinic conditions owing to the stronger affinity of Hg for sulfide (Sanei
et al., 2012; Shen et al., 2019). Additionally, clay minerals and Mn-Fe-
oxides (Kongchum et al., 2011) could also strongly control Hg seques-
tration from seawater. In the present study, a moderate correlation be-
tween Hg and TS was observed in interval I, suggesting sedimentary Hg
is hosted by sulfide (Fig. 5a). A significant positive correlation was
observed between Hg, and TS and TOC contents in interval II (Fig. 5a
and b), suggesting that sedimentary Hg in interval II is mainly hosted by
organic matter and sulfide. In contrast, neither TOC, TS, or Al;03 show a
correlation with Hg in interval IIl and IV (Fig. 5a, b, and c), which may
suggest that other factors control Hg sequestration in these intervals.

Environmental changes (e.g. redox, sedimentation rate) can also
affect Hg accumulation in sediments. High sedimentation rates tend to
dilute and reduce Hg content in sediments while not affecting Hg burial
flux (Bindler et al., 2001). Intensified anoxic conditions could promote
Hg sequestration by enhancing organic matter or sulfide burial (Grasby
et al., 2019). The lithology of Yurtus Formation is dominated by black
shale (intervals I, II, and III) and carbonate (interval IV). Considering the
faster precipitation of carbonate rocks, the sedimentation rate of black
shale could be roughly constrained to 0.075-0.15 m/kyr (Zhu et al.,
2021a), which is within the range of pelagic sedimentation rate of
0.005-0.25 m/kyr (Fairchild et al., 2016). Thus sedimentation rate is
unlikely to be the dominant factor controlling Hg accumulation in the
Yurtus Formation given the high Hg/TS and Hg/TOC ratios (Fig. 2). In
fact, the similar lithologic variations suggest a consistent sedimentation
rate for these intervals (I, II, and III). In such cases, Hg and metal ele-
ments still exhibit significantly different enrichments, which cannot be
attributed to sedimentation rate variations, instead, elemental avail-
ability may dominate such stratigraphic variations (Zhu et al., 2021b).
Alternatively, volcanic or hydrothermal activities could also result in
high Hg/TOC or Hg/TS ratios (Grasby et al., 2019). This is because
volcanic and hydrothermal activities can release large amounts of Hg in
a short time. The high Hg/TOC and Hg/TS ratios in interval IV might be
caused by very low TOC and TS contents, as well as high Hg contents
(Table S1). Although interval I shows high Hg/TOC and Hg/TS ratios,
and high Hg content, high Hg-MIF values were observed and therefore
volcanic or hydrothermal fluxes can be ruled out because they have
near-zero A199Hg values (Blum et al., 2014; Sial et al., 2013). Addi-
tionally, a moderate correlation (r = 0.578, p < 0.05) between Hg and
Mo/Al (a redox indicator, Algeo and Maynard, 2004) was observed in
interval IV (Fig. 5d). This suggests that increased Hg contents were
probably driven by enhanced euxinic conditions in this interval.
Enhanced Hg sequestration in interval II could have also led to a
depleted seawater Hg reservoir during deposition of the upper part of
the Yurtus Formation, this mechanism is consistent with persistently
positive §'3Cearp and 613C0rg values (Fig. 2).

5.2. Mercury isotope composition record development and attenuation of
PZE

A significantly negative shift of A1%°Hg (from 0.20 %o to —0.14 %o) is
observed in interval I of the Yurtus Formation (Fig. 2), along with a
corresponding positive shift of 52°2Hg (from —1.47 %o to 0.55 %o). This
Hg isotope pattern is very similar to the one observed under PZE con-
ditions during the Mesoproterozoic period (Fig. 4; Zheng et al., 2018).
Previous experimental studies demonstrated that oceanic photoreduc-
tion of sulfur-bound Hg(II) produces negative MIF in the residual Hg(II),
whereas Hg(II) bound to organic ligands (e.g., carboxyl ligand) typically
generates positive MIF in the residual Hg(II) (Zheng and Hintelmann,
2010). PZE conditions would favor the binding of Hg(II) to sulfide and
organic-reduced sulfur ligands, and thus result in negative MIF and
positive MDF in the residual Hg(II) during photoreduction in the surface
ocean, which could account for the negative shift of A'%Hg and the
associated positive shift of §2°2Hg in the sediments of interval I. In
addition, enhanced atmospheric Hg(0) sequestration under PZE into
sediments was also hypothesized to cause a negative shift in A'°°Hg
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value in euxinic conditions (Zheng et al., 2018). This is because modern
atmospheric Hg(0) has a negative A'*°Hg value (on average ~ —0.2 %o;
Demers et al., 2013) and the enriched thiol ligands and sulfide in the
surface ocean under PZE conditions could enhance the oxidation of at-
mospheric Hg(0) in seawater (Zheng et al., 2019) and its subsequent
sequestration to the sediments. This mechanism could also account for
the negative correlation between A'°°Hg and §%°Hg because the
aqueous oxidation of Hg(0) has been experimentally shown to produce
positive 52°?Hg and negative A'°°Hg in the oxidized phase (Hg(II))
(Zheng et al., 2019). The hypothesis of PZE in interval I is also supported
by the presence of aryl isoprenoids (He et al., 2022; Li et al., 2021), a
biomarker that indicates active green sulfur bacteria in the photic zone
(Overmann and Tuschak, 1997). In addition, Fe speciation and Mo iso-
topes in our previous study also support an euxinic bottom water during
the deposition of the Yurtus Formation (Zhu et al., 2021b). Nevertheless,
there are other processes that could also lead to negative Hg-MIF in
sediments, such as terrestrial input of Hg having negative A'*°Hg values
due to atmospheric Hg(0) accumulation in soils and vegetation (Shen
et al., 2022). However, terrestrial soils and vegetation development
before the Ordovician was very limited (Lenton et al., 2016). Therefore,
the pattern of Hg isotope variations in interval I most likely records PZE.

Interval III shows a slight decline that gradually decreases to near-
zero A'’Hg values that differ from the significant negative excursions
in interval I (Fig. 2). In contrast to Hg(II) photoreduction in the PZE
recorded by interval I, the gradually decreasing A'°°Hg values from
interval II (ranging from 0.02 to 0.21 %o) to interval III (ranging from
—0.05 to 0.08 %) might represent an enhanced terrestrial input of Hg
(I). There are several lines of evidence to support this assumption. First,
a gradual increase in Al;O3 content in interval III indicates the enhanced
clay contribution (Fig. 2). Although soils and vegetation were limited
before the Ordovician (Lenton et al., 2016), terrestrial Hg may have
near-zero MIF, which is similar to the composition of silicate rocks (Fan
et al., 2020). This enhanced Hg input from continental erosion could
shift A'®°Hg values from positive to near-zero in interval III. Second,
sustained nutrient input could also stimulate increased primary pro-
ductivity and changes in carbon burial, promoting microbial sulfate
reduction and thus triggering the expansion of euxinic waters. This
process is supported by the 5'3Ceary, and 613C0rg values and high TS
contents of the interval (Fig. 2). Although sustained local volcanic Hg
input can also lead to lower A'9°Hg values because of near-zero A'°°Hg
values of local volcanic sources (Sial et al., 2013; Zambardi et al., 2009),
no Hg enrichment, or Hg/TOC or Hg/TS spikes were observed (Fig. 2),
and no volcanoes or tuff have been reported during the Lower Cambrian
in the Tarim basin. On the other hand, previous study suggested euxinic
bottom water in interval III based on the high Fe,y/Fepr, however, small
near-zero Hg-MIF in this interval does not support photic zone euxinia,
this suggests that HyS-enrich bottom water is not expanding into the
photic zone. Therefore, increased, terrestrial, Hg input associated with
enhanced continental erosion probably drove the small shift of A'°°Hg
in interval III.

In contrast to intervals I and III, intervals II and IV show positive
A1°Hg (0.02 %o to 0.21 %o and 0.00 %o to 0.17 %, respectively) along
with negative 52°?Hg values (—2.29 %o to —0.57 %o and — 2.71 %o to
—1.08 %o, respectively), which are comparable to those of modern and
ancient open ocean sediments (Strok et al., 2015), where seawater Hg is
primarily derived from atmospheric Hg (Grasby et al., 2017). The Hg
isotope composition of intervals IT and IV is also similar to modern ocean
surface seawater (Jiskra et al., 2021). Intervals II and IV thus represent
periods with attenuated PZE. The positive MIF in atmospheric Hg is
likely derived from atmospheric photochemical reactions, which are
thought to produce strong positive MIF signals in Hg(II), which domi-
nates the Hg isotopic composition after deposition to the surface ocean
(Jiskra et al., 2021). As a result, the dissolved Hg(II), which has a pos-
itive A'®Hg signature, complexes with sulfide or organic matter (Fig. 5a
and b) and is recorded in sediments, like those deposited in the Edia-
caran and Cambrian oceans (Fan et al., 2020; Yin et al., 2017).
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Additionally, interval II shows no clearly high Hg/TOC or Hg/TS values,
but extremely high TOC (up to 22.40 wt%) and TS (up to 5.21 wt%) and
Hg (up to 1689.5 ppb) contents (Fig. 2), suggesting that Hg deposited
from the atmosphere was accumulated in sediments via enhanced
organic matter and/or sulfide sequestration. This process is also sug-
gested by increasing Slsccarb and Slscorg values (Fig. 2). Conversely,
interval IV has low TOC (the average is 0.38 wt%) and TS (the average is
0.05 wt%) contents, along with low Hg contents (the average is 18.8
ppb). Nevertheless, both intervals II and IV have similar Hg isotopic
composition, which indicates enhanced sequestration of Hg(II) and re-
cords an attenuation of PZE. There are two samples in interval IV that
have shown near-zero A°°Hg values, likely reflecting potential volcanic
input (Sial et al., 2013; Zambardi et al., 2009). However, clear Hg
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anomalies were not identified based on Hg/TOC and Hg/TS values
(Fig. 2). To sum up, the record of the stratigraphic variations in Hg
isotope values confirms the development and decline of the PZE during
the early Cambrian, which implies that the marine environment has
gradually become habitable.

5.3. What triggered PZE?

PZE has been widely reported in modern and ancient oceans. In
modern environments, PZE can develop in oxygen-minimum zones of
oceans or in stratified basins (Arctic and Antarctic fjords, and Black Sea)
(Briichert et al., 2003; Smittenberg et al., 2004). In ancient oceans, PZE
has also been widely reported from the Permian - Triassic mass
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extinction successions (Grice et al., 2005), the Late Devonian mass
extinction successions (Kabanov and Jiang, 2020; Zheng et al., 2023a),
and the Mesoproterozoic oceans (Zheng et al., 2018). It has been pro-
posed that enhanced continental weathering through elevated nutrient
input fluxes could trigger the expansion of PZE (Zhou et al., 2017). This
hypothesis is based on the fact that high riverine nutrient fluxes would
stimulate marine primary productivity and thus increase the consump-
tion of oxygen, leading to the expansion of anoxia (Wei et al., 2020).
Paleoceanographic model suggests that widespread oceanic anoxia and
PZE could develop when riverine phosphate input reached ~10 times
the modern value (Winguth and Winguth, 2012). Enhanced continental
weathering occurred during the development of the great unconformity
(Peters and Gaines, 2012), which is supported by rising 8 Sr/%Sr values
across the Ediacaran-Cambrian boundary (Shields, 2007; Stammeier
et al.,, 2019). In the context of transgression, abundant nutrient and
sulfate were transported to oceans, leading to intense bacterial sulfate
reduction and enhanced H,S production in the water column and hence
the development of euxinic conditions in the photic zone of shelf areas
(Fig. 6). This mechanism could also be generated by HyS-enriched bot-
tom water upwelling into shelf areas, leading to transient PZE. However,
PZE may not have persisted for a long time. It can be roughly estimated
that the PZE in Yurtus Formation would last approximately 26-53 ky
based on the sedimentation rate and thickness. This is because of
increased water column anoxia, which would have resulted in enhanced
benthic regeneration of phosphorus from organic matter or iron oxy-
hydroxides (Van Cappellen and Ingall, 1994), which, in turn, stimulated
surface primary productivity via positive feedback. The burial of organic
matter and enhanced primary productivity would likely contribute to
the atmospheric oxygen level (pO3) rise (Kump and Arthur, 1999). As a
result, the redox chemocline moves down and HsS in PZE would be
oxidized to sulfate and returned to seawater reservoir, leading to the
attenuation of PZE (Fig. 6).
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5.4. Global or regional development of PZE?

By reevaluating previously published Hg isotope data during the
early Cambrian, a distinct Hg-MIF was identified in the basal of the
Niutitang Formation in South China (Tongren section). The A!®°Hg
value decreased from +0.15%o to —0.18%o, whereas the §2°?Hg value
increased from —4.03%o to —0.78%o (Zhu et al., 2021c). These significant
concurrent negative Hg-MIF shift and positive Hg-MDF shift were more
likely driven by photoreduction of Hg(II) under PZE conditions, which is
similar to that of the late Mesoproterozoic (~ 1.1 Ga) ocean (Zheng
et al., 2018), the Late Devonian ocean (Zheng et al., 2023a), and the
Ediacaran ocean (Zheng et al., 2023b), as well as interval I of the Yurtus
Formation. This proposed hypothesis was also supported by three main
reasons. First, previous experimental studies have demonstrated that the
photoreduction of Hg(II)-S results in an increase in 52°?Hg and a
decrease in A199Hg in residual Hg(II) stages (Motta et al., 2020; Zheng
and Hintelmann, 2010), which is consistent with the trends exhibited in
the Tongren section. Second, the direction and magnitude of A'*’Hg and
52°2Hg of the Niutitang Formation in the Tongren section are strikingly
similar to the Hg isotopic composition of three previously reported
sections where PZE was independently validated. Third, the redox-
sensitive element Mo exhibits moderate enrichment, indicating inter-
mittent euxinia conditions (Zhu et al., 2021c). This is because molybdate
(MOO%’) is converted to thiomolybdate (MOOXS%J,X], x =0 to 3) resulting
in a highly enriched Mo in the sediment under the euxinic conditions
(Erickson and Helz, 2000; Helz et al., 1996). Thus, multiple lines of
evidence support that the Hg isotopic composition of the Niutitang
Formation in the Tongren section records PZE in the earliest Cambrian
ocean. The deposition age of the Niutitang Formation in the Tongren
section is constrained to the bottom of the BACE period by a rough
613Ccarb excursion (Fig. 7). In a word, Hg isotopic compositions from two
different basins have shown the development of PZE during the early
Cambrian. However, this does not mean that the PZE was widespread in
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the earliest Cambrian ocean. PZE should be strictly limited to nearshore
environments, as the triggering of PZE requires large inputs of nutrients.
Enhanced nutrient inputs elevate primary productivity while also
increasing the availability of sulfate and organic matter for microbial
sulfate reduction, resulting in the continued accumulation of seawater
HsS in the nearshore environment. Consequently, we suggest that PZE
could develop in different basins when conditions are favorable but is
definitely not prevalent in the entire basins.

5.5. Implications for marine environment and early animals

The Yurtus Formation shows significant negative Hg-MIF indicating
PZE developed during interval I, enhanced Hg(II) sequestration in the
interval I and IV, and intensified terrigenous input recorded in interval
111, respectively. As a result, these Hg isotopes evidence indicate the
development and attenuation of PZE during the earliest Cambrian
oceans.

It has been long proposed that the establishment of early Earth
ecosystem was benefited by co-evolution between marine environment
and early animals (Erwin et al., 2011). Previous studies have proposed
that the atmospheric oxygen level during the early Cambrian has
reached 10% - 30% of the present atmospheric level (Mills et al., 2014),
meaning an oxygenated ocean was probably present in the early
Cambrian. However, multiple lines of evidence suggest that the Oo-
deficient water column dominated the early Cambrian oceans, including
Hg isotopes (this study), pyrite sulfur and iron isotopes (Xing et al.,
2021), Fe speciation and redox-sensitive trace elements (Canfield et al.,
2008), and Mo and U isotopes (Tostevin et al., 2019; Wen et al., 2015).
The prevailing anoxic condition seems to contradict with the previous
hypothesis that the rise of marine oxygen level led to the radiation of
early animals in the early Cambrian. Following the extensive marine
anoxia, the habitat of the early animals will be restricted to oxygen-rich
shallow water areas if the global seafloor anoxia held within deep wa-
ters, and this could probably explain why the Nama biotic assemblage
could thrive in well-oxygenated niches even though global anoxia was
widespread (Tostevin et al., 2019, 2016; Wood et al., 2015). Neverthe-
less, most eukaryotic plankton inhabits the photic zone and thus PZE has
been thought as an important kill mechanism for extinction. In a recent
study, Zheng et al. (2023b) proposed a negative feedback of PZE on the
marine environment and the biota by promoting anoxygenic photo-
synthesis and limiting the habitable space for eukaryotes. Given this
mechanism, anaerobic photosynthesis overwhelmingly outcompetes
aerobic photosynthesis when PZE develops. The aerobic eukaryotes
would be forced further into the shallow oxygen-rich areas due to the
decrease in oxygen availability. In addition, two negative Hg-MIF and
positive Hg-MDF shifts interpreted as PZE are recognized in Tarim basin
and Yangtze area, respectively (Fig. 7). The associated biostratigraphy
record suggests that some Ediacaran-soft-bodied and Ediacaran-type
skeletal fossils disappeared at PZE intervals (Fig. 1, e.g., Shaanxilithes
and Conotubus). Furthermore, we compared the Hg isotopic composition
and fossil records of the Yangtze Gorges area and Tarim basin, and it was
striking that the Cambrian-type skeletal fossils (Anabarites - Proto-
hertzina Assemblage) appeared after the negative Hg-MIF shift (Fig. 7).
Even though this is not representative of the global fossil record, there is
no doubt that PZE did have a negative impact on local biological evo-
lution. Conversely, the attenuation of PZE indicates the removal of HpS
in the photic zone and the return of photosynthesis to aerobic domi-
nance. This is followed by a rapid recovery of marine primary produc-
tivity and the accumulation of O, in surface seawater, further
influencing the diversification and ecological expansion of early ani-
mals. Therefore, PZE may be one of the environmental factors for the
Ediacaran — Cambrian biological transition.

6. Conclusion

In this study, we report the mercury isotopic composition of entire
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BACE events in the earliest Cambrian, Tarim basin, Western China. The
results show that the development and decay of the PZE that recorded in
the basal of the Yurtus Formation. The significant negative Hg isotopic
shift at the basal of the Yurtus Formation records the occurrence of the
PZE, where enhanced atmospheric Hg(0) deposition or sulfur-containing
ligands of Hg(I) under PZE conditions leads to negative Hg-MIF in
sediments. Instead, positive atmospheric oxidized Hg(II) deposition
leads to a positive Hg-MIF in the sediments. Furthermore, we combined
published Hg data in Yangtze area, which have shown similar Hg isotope
compositions to the Tarim basin, suggesting the regional development of
the PZE during the earliest Cambrian. Together with the biotic record,
our results suggest that the development of PZE in the earliest Cambrian
ocean may have significantly limited habitable space via H,S poisoning.
Conversely, the attenuation of the PZE would help to establish the
habitable conditions for the diversification of early animals and pave the
way for the early animal evolution.
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org/10.1016/j.gloplacha.2023.104214.
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