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Abstract

The Cryogenian Period comprised two episodes of global glaciation (Sturtian and Marinoan
glaciations) separated by a non-glacial interval, which was characterized by early radiations of
eukaryotic algae and putative metazoans. Geochemical data indicate that the non-glacial
interval may be marked by a transient marine oxygenation, nevertheless oceanic redox
conditions varied both in time and space. Further, the links between non-glacial climate and
marine redox variations are not well constrained. Here we present high-resolution lithium
isotope (87Li), Fe speciation and trace element (Mo and U) data for clastic sedimentary rocks
from the Cryogenian interglacial Datangpo Formation, South China, in order to track the
evolution of continental chemical silicate weathering and driving factors behind marine redox

variability during the Cryogenian non-glacial interval. A significantly negative 6’Li excursion
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of ~ -5%o is observed in the basal Datangpo Formation, suggesting a dramatic increase in
gp gg g

chemical silicate weathering intensity in the aftermath of the Sturtian glaciation. Expansion and

contraction of anoxic-sulfidic conditions, as demonstrated by Fe speciation and trace element

(Mo and U) data, mirror changes in silicate weathering intensity. Our study provides evidence

that greater nutrient and sulfate availability, due to high silicate weathering intensity

associated with increased exposure of fresh rocks and a warm climate, facilitated the spread of

euxinic waters over the continental margins of the otherwise ferruginous Cryogenian ocean.
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Cryogenian ocean; lithium isotopes; silicate weathering; marine redox states; South China

1. Introduction

The Cryogenian Period (ca. 720—635 Ma), bookended by two global glaciations (Sturtian and

Marinoan), is proposed to encompass the evolutionary origins of the earliest animals (Love et

al., 2009; Burzynski et al., 2020) and the rise to dominance of eukaryotic algae (Brocks et al.,

2017), both of which could be linked to secular changes in marine redox conditions. Previous

studies suggested spatial heterogeneities of redox conditions at ocean margins during the

Cryogenian non-glacial interval (Shields et al., 1998; Li et al., 2012) and a temporally dynamic

redox state for the generally anoxic, pre-Ediacaran ocean (Zhang et al., 2015; Wei et al., 2016;

Lauetal., 2017; Cheng et al., 2018). Although the first emergence of metazoans may be closely

linked to changes in the Earth’s surface environment, any relationship between oceanic redox

condition and metazoan evolution during the Cryogenian Period is still disputed (e.g., Lau et

al., 2017; Cheng et al., 2018). Furthermore, the controlling mechanisms behind secular

variations in redox conditions over the continental margins are uncertain due to the lack of high-
2
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resolution geochemical records. Given that marine oxygen levels are predominately regulated
by O» production via photosynthesis and O consumption by reductants, delivery and recycling
of nutrients and other redox-sensitive materials can strongly influence marine redox states. In
view of this, continental weathering may have played a critical role in shaping oceanic redox

landscapes in the Cryogenian non-glacial interval.

In this study, we reconstruct temporal changes in continental chemical weathering using new
high-resolution lithium (Li) isotope data for the Cryogenian interglacial Datangpo Formation,
South China. By comparing Li isotope data with Fe speciation data and other redox-sensitive
elemental proxies (Mo, U) for local seawater redox conditions, we aim to further unravel the
links between continental weathering and redox states of the Yangtze marginal sea during the

Cryogenian non-glacial interval.

2. Li isotopic composition of marine detrital sediments as a proxy for continental chemical

weathering

Lithium isotopes have been widely used as a tracer for silicate weathering, because Li isotopic
fractionation at the Earth’s surface is dominated by silicate weathering intensity and unaffected
by biological processes (Lemarchand et al., 2010; Pogge von Strandmann et al., 2016). During
chemical weathering, primary mineral dissolution generates no significant Li isotopic
fractionation (e.g., Verney-Carron et al., 2011; Wimpenny et al., 2015), while most of the
secondary minerals (i.e., clays) consistently adsorb or incorporate SLi, resulting in a large Li
isotopic fractionation during the clay formation (e.g., Rudnick et al., 2004; Wimpenny et al.,
2010a, 2015). Hence, continental silicate weathering generally produces low &’Li values
combined with high Li contents in regolith (secondary clays), and high §’Li values with low Li

concentrations in dissolved loads (e.g., Pogge von Strandmann et al., 2006, 2010; Dellinger et
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al., 2015, 2017). Based on studies of modern riverine suspended and dissolved loads, Li
isotopes are considered to be an indicator of silicate “weathering congruency” or silicate
“weathering intensity” (the ratio of chemical silicate weathering rates to total denudation rates)
(cf. Dellinger et al., 2015), controlled by the relative proportion of primary mineral dissolution
(producing no significant Li isotopic fractionation) to secondary clay mineral formation
(producing large Li isotopic fractionation with high &8’Li dissolved loads and low &’Li
weathering products). The incongruent weathering regime is weathering-limited, and leads to
highly fractionated Li isotopes in the dissolved loads of rivers but no appreciable Li isotopic
fractionation in the detrital components, compared to the primary bedrock (i.e., moderate
silicate weathering intensity) (Dellinger et al., 2014, 2015). In contrast, the congruent
weathering regime is transport-limited, and shows little Li isotopic fractionation in the
dissolved loads but large fractionation in the detrital components (i.e., high silicate weathering
intensity) (Dellinger et al., 2017). Additionally, concurrent intense physical erosion and
sluggish chemical weathering (i.e., low silicate weathering intensity) can cause the Li isotopic
compositions of the dissolved and detrital loads to approach those of the bedrock, as few

chemical weathering products are generated under such conditions.

The Li isotopic composition of seawater, reported from marine biogenic or abiogenic bulk
carbonate, has been widely used to monitor the continental weathering process through its effect
on Li isotopes in rivers (Misra and Froelich, 2012; Pogge von Strandmann et al., 2013; Lechler
et al., 2015). However, there is no unambiguous way to interpret seawater d’Li variations
because high 87Li values in riverine dissolved loads from incongruent weathering generally
reflect intermediate silicate weathering intensity, while low 8’Li values can reflect either the
high silicate weathering intensity of a relatively congruent weathering regime, or extremely
intense physical erosion with negligible chemical weathering. As a result, no simple linear
correlation can be established between riverine dissolved 8’Li values and silicate weathering
intensity, which should be carefully considered when using seawater 8’Li as a paleo-weathering

proxy (Dellinger et al., 2015). Moreover, the Li isotopic composition of seawater is
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significantly affected by hydrothermal processes that contribute more than half of the total Li
flux to modern ocean (Misra and Froelich, 2012). By contrast, the Li isotopic composition of
terrestrial detrital or clay particles has been suggested as a new potential proxy for regional
silicate weathering (Dellinger et al., 2017), given that the upper continental crust (UCC) has a
relatively homogeneous Li isotopic composition (+0.6%o + 0.6%0, 2SD) (Sauzéat et al., 2015)
and so any provenance effects on the 8’Li values of weathering products are likely weak
(Bastian et al., 2015; Pogge von Strandmann et al., 2017a) or can be corrected using provenance

proxies (Dellinger et al., 2017).

With varying Li contents, detrital sediments in modern rivers exhibit a negative relationship
between 8’Li values and silicate weathering intensities (cf. Dellinger et al., 2017). Fine-grained
marine detrital sediments or clastic sedimentary rocks (i.e., shale, mudstone and muddy
siltstone), which are dominated by detrital clay minerals and rock debris, are proposed to be
reliable archives for terrestrial inputs (Weaver et al., 1989; Hillier et al., 1995). Further studies
confirm that continental chemical weathering, which regulates the Li isotopic compositions of
weathered and eroded products, may have exerted a first-order control on the 8’Li values of
clastic sedimentary rocks (e.g., Li et al., 2016; Dellinger et al., 2017; Pogge von Strandmann et
al., 2017b). In addition, low-grade metamorphism (sub-greenschist facies) has negligible
impact on 8’Li values of detrital sediments (Qiu et al., 2009). Therefore, after fully examining
the effects of marine authigenic clay and terrestrial provenance, the Li isotopic compositions of
marine clastic sedimentary rocks can be used to track the continental silicate weathering

intensity in the ancient time.

3. Geological setting
During break-up of the supercontinent Rodinia, the South China Block underwent extension
and a rift basin developed, called the Nanhua Basin, between the Yangtze and Cathaysia blocks

at ca. 820 Ma (Wang and Li, 2003). The Cryogenian sedimentary strata in the Nanhua Basin
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comprise two major glacially influenced diamictite intervals in Guizhou Province, South

China—the Tiesi’ao and Nantuo formations, which are considered to be stratigraphic equivalents

of other Sturtian and Marinoan glaciogenic units, respectively, around the world (Zhang et al.,

2003; Macdonald et al., 2010). The Datangpo Formation, which conformably overlies the

Tiesi’ao Formation and underlies the Nantuo Formation, has been suggested as an intervening

non-glacial marine sedimentary unit in South China (e.g., Li et al., 2012; Zhang et al., 2015;

Wei et al., 2018). The duration of this non-glacial interval is constrained by U-Pb zircon dating

of tuffaceous beds in the basal and uppermost Datangpo Formation with ages of 658.8 = 0.5

Ma (Zhou et al., 2019) and 654.5 + 3.8 Ma (Zhang et al., 2008), respectively (Fig. 1).

The Datangpo Formation in the Daotuo section, northeastern Guizhou in this study (Fig. 1) has

a total thickness of ca. 275 m and can be subdivided into four lithological members: Member |

consists of ca. 20 m of organic-rich shales interbedded with thinly layered Mn-rich carbonates,

underlain by the diamictites of the Tiesi’ao Formation; Member II consists of ca. 21-m-thick

organic- and sulfide-rich black shales; Member III consists of ca. 170 m gray shales; and

Member IV consists of ca. 50 m gray siltstones, overlain by the massive diamictites of the

Nantuo Formation. Based on paleogeographic reconstruction of South China during the

Cryogenian Period (Jiang et al., 2003), the Datangpo Formation in the Daotuo section was

deposited in a continental shelf to slope transitional zone on the southern margin of the Yangtze

block (Fig. 1).

4. Materials and Methods

4.1 Li isotope analyses
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Samples studied herein were carefully selected to avoid burial diagenetic and hydrothermal

veins. The samples were ground to 200-mesh powders, and then oven-dried at 60 °C. For trace

element and isotope analyses, approximately 50 mg of sample powder was weighed and firstly

leached in 0.5 M acetic acid (HAc), in order to remove carbonate-associated Li (only for those

samples with high Ca contents). After such weak acid leaching, 1 mL distilled HF + 4 mL

distilled HNO3; were used to digest the silicate residue at 100 °C for 12 hours. After drying, 1

mL distilled HNO; and 3 mL distilled HCI were further added to fully dissolve the residual

components. The solutions were dried and re-dissolved in 6 N HCI in preparation for trace

element and isotope analyses.

Concentrations of Trace elements were analyzed using a Thermo Element II ICP-MS at the

State Key Laboratory for Mineral Deposits Research, Nanjing University. IAPSO Standard

Seawater (OSIL, UK) and BHVO-2 standard (USGS) were used to monitor the long-term

machine behavior. Long-term reproducibility of the measurements was typically better than 5%.

Major elements (including Si, Al, Na, K, Ca, Fe) were measured using a XRF method at ALS

Laboratory Group’s Mineral Division, ALS Chemex, Guangzhou, China.

An AG50W-X12 cation resin was used to purify lithium in the samples. Sample solutions were

dried down and re-dissolved into 1 mL 0.2 N HCI. Lithium in each sample was eluted with 0.2

N HCI, modified after James and Palmer (2000) and Dellinger et al. (2014). By checking 1 mL

of the eluted solution before and after the Li elution interval, we concluded that the Li yield

after the chromatographic step is > 99%, which excludes Li isotopic fractionation on the resin.

The purified sample solution was used to analyze Li isotopes using a Thermo Scientific
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Finnigan Neptune plus MC-ICP-MS at the MOE Key Laboratory of Surficial Geochemistry,
Nanjing University. Lithium isotopic compositions of the samples and standards were
consistently measured at typical Li concentrations of 25 ppb to minimize concentration-
dependent isotopic effects. The "Li signal was 0.25-0.4 V/ppb under low-resolution conditions,
using an Aridus Il desolvating system as well as H-sample cone and X-skimmer cone. The L-
SVEC lithium isotope standard (USGS) was used to calibrate the isotopic bias during the
measurements using a sample—standard bracketing (SSB) method. The overall reproducibility
and accuracy of the Li procedure (sample digestion, Li separation, and Li isotope analysis) were
checked by repeated measurements of IAPSO Standard Seawater (8’Li = 30.7%o £0.45%o, 2SD,
n = 6) and BHVO-2 (8'Li = 4.39%0 +0.32%0, 2SD, n = 3 digestions), analytical results for
which are consistent with published values (e.g., Misra and Froelich, 2012; Dellinger et al.,

2014, 2015).

4.2 Fe speciation analyses

Iron (Fe) speciation analyses include total Fe content (Fer) and highly reactive Fe content (Fenr)
of the bulk samples. Highly reactive Fe comprises pyrite (Fepy), ferric oxides (Feox), magnetite

(Femag), Fe carbonate (Fecars). The latter three Fe species are reactive to H,S and able to convert

to pyrite (Fepy) given sufficient H,S in the water column or pore water. Ratios of Fenr/Fer and

Fepy/Fenr, are used to evaluate the redox states of the local bottom seawater, based on statistical

analyses of modern marine sediments under different redox conditions (see a recent review

paper for details, Raiswell et al., 2018).
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The highly reactive Fe (Fecab, Feox, Femag) were measured following a sequential extraction

process in Poulton and Canfield (2005). Firstly, approximately 100 mg of sample powders were

reacted at 50 °C for 48 hours in a sodium acetate solution with a pH of 4.5 by addition of

analytical-grade acetic acid in order to extract Fec.n. The residue from the first step was then

reacted at room temperature for 2 hours in a 50 g/L sodium dithionite solution with a pH of 4.8

by addition of 0.2 M sodium citrate and analytical-grade acetic acid in order to extract Feox.

Then, the residue from the second step was reacted at room temperature for 6 hours in a 0.2 M

ammonium oxalate and 0.17 M oxalic acid solution with a pH of 3.2 by addition of analytical-

grade ammonia water to extract Femse. All extracts were finally diluted for analyses of Fe

concentration using an ICP-OES at Nanjing University with errors within 5%.

Iron in pyrite (Fepy) was calculated stoichiometrically based on pyrite-derived sulfur content

(molar Fe: S = 1:2 in the pyrite) in the sample with a Cr-reduction method (Canfield et al.,

1986). 20 mL of 12 M HCI and 40 mL of 1 M chromous chloride solution were added to the

sample powder under a N-dominated condition then heated for 2 hours. The generated H,S

was deposited as Ag>S by bubbling through 30 mL of 3% AgNO; solution, after which Ag,S

precipitate was filtered, dried and then weighed. The yield of pyrite-derived sulfur in this

procedure was better than 90% based on the repeated analyses of Chinese GBW07267 pyrite

standard.

4.3 Total organic carbon (TOC) analysis
For analysis of total organic carbon, sample powders were leached in 2.5 M HCI at room

temperature for 48 hours to remove inorganic carbon. The residual powder was rinsed by MQ



207  pure water and dried at 60 °C. The residues were analyzed using a CHNO-Rapid element

208  analysis instrument at Nanjing University with analytical errors lower than +0.1%.

209 5. Results

210  Results of lithium isotope (8’Li), iron speciation and trace element (Li, Mo and U) analyses for
211  the Datangpo samples in the Daotuo section are presented in Table S1 and Figs. 2 and 3. The
212 lower 20 m-thick calcareous, organic-rich shales in Member I have high 6Li values from 2.92%o
213 to 3.92%o, low Li contents from 4.10 ppm to 33.00 ppm, and relatively low TOC contents from
214 0.12% to 2.29%. The Feunr/Fer ratios of samples in Member I are high, ranging from 0.43 to
215  0.74 while the Fepy/Fenr ratios are relatively low, ranging from 0 to 0.61. The black shales in
216  Member II show co-varying 8'Li values from -3.38%o to 3.53%o and TOC contents from 1.19%
217  to 4.26% (Fig. 2A and B). The Fenr/Ferand Fepy/Fenr ratios of this member are high, ranging
218  from 0.61 to 0.98 and from 0.76 to 0.94, respectively. The gray shales and muddy siltstones in
219  Members III and IV uniformly have high 8’Li values and Li contents, and low TOC contents,
220  with average values of 1.14%o, 62.2 ppm and 0.30%, respectively. Except for four samples in
221  the lowermost Member III, which have relatively high Fexr/Fer and Fepy/Fenr ratios, all the
222  samples in Member III and IV have uniformly low Fenr/Ferand Fep,/Fenr ratios, ranging from
223 0.18t00.41 and from 0.12 to 0.31, respectively. All the samples in the Datangpo Formation are
224 relatively depleted in Mo and U, except for those in the lower Member Il recording a peak of

225 Mo concentration up to 48.11 ppm.

226 6. Discussion
227 6.1 Li isotope constraints on continental chemical weathering following the Sturtian

10
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deglaciation

Lithium concentrations and isotopic compositions of the shales and muddy siltstones from the
Datangpo Formation were investigated to track the evolution of chemical weathering in the
aftermath of the Sturtian glaciation. Lithium in marine fine-grained aluminosilicate rocks (i.e.,
shale, mudstone and muddy siltstone) is generally hosted in the terrestrial weathering products
and unweathered fragments of igneous and sedimentary rocks that are transported via river to
the sea (cf. Dellinger et al., 2014), as well as in authigenic clays precipitating from seawater
(marine reverse weathering) (e.g., Weaver et al., 1989; Hillier et al., 1995). Thus, Li isotopes
of the bulk marine clastic sedimentary rocks are controlled by the proportions of terrestrial
detrital materials and marine authigenic clays, as well as their Li isotopic compositions. In order
to better monitor the continental weathering process, effects of authigenic clay formation on
the Li isotopic composition of bulk samples should firstly be examined, as authigenic clays
generated from seawater generally have distinctively higher 8’Li values, compared to terrestrial

weathering products (Chan et al., 2002, 2006).

In this study, concentrations of Be, Sc, Ti, Th and their relationships with the Al concentration
are used as indicators of the contributions from marine authigenic clays to bulk samples.
Seawater generally has extremely low dissolved Be, Sc, Ti and Th concentrations as these
elements are insoluble, incompatible and thus enriched in the continental crust (Whitfield and
Turner, 1979; Taylor and McLennan, 1985). In this view, marine authigenic clays, which
represent the aluminosilicate minerals directly precipitating from seawater, should have high
Al contents but significantly low Be, Sc, Ti and Th concentrations. This hypothesis is well

supported by the modern authigenic clays in the South Pacific Gyre sediments that exhibit
11
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depletion in these elements (cf. Dunlea et al., 2015). Compared to modern marine authigenic
clays, the studied samples in the Datangpo Formation show much higher Be, Sc, Ti and Th
concentrations and significant linear correlations of Al-Be, Al-Sc, Al-Ti and Al-Th (Fig. 4).
Further, average ratios of Al/Be, Al/Sc, Al/Ti and Al/Th of the studied samples approach those
of the UCC (Rudnick and Gao, 2014) (Fig. 4). All these observations suggest that the
aluminosilicates in bulk samples from this study are predominantly derived from the UCC,
rather than seawater. Therefore, while it may not be easy to completely exclude an influence of
marine authigenic clays on the studied samples, above discussion of trace elements Be, Sc, Ti
and Th can provide, in part, independent evidence that bulk shales and muddy siltstones in the

Datangpo Formation are dominated by terrestrial detrital materials.

Studies of Li isotope behavior in modern riverine suspended materials concluded that the 8’Li
values of terrestrial detrital materials are potentially determined by rock provenance, grain size
and silicate weathering intensity (Dellinger et al., 2014, 2017; Pogge von Strandmann et al.,
2017a). The Al/Si ratio of the detrital sediments is widely used to constrain the effect of grain
size on bulk 8’Li values (Bouchez et al., 2011; Dellinger et al., 2014). Compared to modern
river sands (Al/Si < 0.15, Dellinger et al., 2014), the bulk samples in this study show relatively
uniform and high Al/Si ratios (0.32 on average) and no appreciable relationship between 8’Li
values and Al/Si ratios (Fig. 5A). Additionally, samples in this study exhibit variable Li/Al
ratios and less variable Na/Al ratios, but exhibit no clear correlation between Li/Al and Na/Al
ratios (Fig. 5B). The studied samples also have much higher Na/Al ratios but lower Li/Al ratios
compared to the clastic sedimentary rock endmember defined in Dellinger et al. (2014). All

these observations suggest that the elemental and isotopic differences from the studied samples
12
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were mainly due to variations in silicate weathering intensity, and not just derived from the
mixing debris of igneous vs. sedimentary rocks or recycling of earlier sedimentary rocks (cf.
Dellinger et al., 2014). Taken together, variations in bulk 8’Li values of the Datangpo samples
are most likely indicative of changes in silicate weathering intensity following the Sturtian

deglaciation.

Datangpo Member I samples have high 6’Li values (~ 3.53%o) (Fig. 2A), with compositions
much closer to average mid-ocean ridge basalt (6"Limors = 3.4 & 0.7%o, Tomascak et al., 2008),
instead of the UCC (8’Liucc = 0.6 + 0.6%o, Sauzéat et al., 2015). Given a lower average Li
concentration (~ 16.1 ppm) for the Member I samples relative to the UCC (~ 30.5 ppm, Sauzéat
et al., 2015) and granites (~ 30.9 ppm, Bryant et al., 2004), samples with relatively high §Li
values in Member I more likely archive the products of physical erosion of mafic rocks in the
Sturtian post-glaciation, potentially linked to the extensive emplacement of large basaltic
igneous provinces following the Rodinia break-up (Gernon et al., 2016; Cox et al., 2016).
Lithium concentrations and 8’Li values recorded in the Datangpo Member I highlight high
physical erosion and low silicate weathering intensity immediately following the deglaciation,
and are consistent with Li isotope records for modern glaciated basaltic terrains (Pogge von
Strandmann et al., 2006, 2010; Wimpenny et al., 2010b; Millot et al., 2010). By contrast, black
shales in Member II are marked by a dramatic negative 6’Li excursion with 8’Li values as low
as —3.38%o, and relatively high Li concentrations (~ 26.5 ppm). Although continental
weathering processes do not simply determine Li contents of the detrital sediments, fine-
grained sediments from modern lowland terrains with high silicate weathering intensity may

have appreciably low Li concentrations (Dellinger et al., 2017). Compared to the UCC (8Liucc
13
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=0.6 £ 0.6%o, [LiJucc = 30.5 + 3.6 ppm), notably low 8’Li values as well as relatively lower Li
concentrations of the Member II black shales suggest more congruent chemical weathering
regime in this interval, which means less uptake of Li into secondary clays relative to Li release
from the bed rocks (Dellinger et al., 2014, 2017; Dosseto et al., 2015). This congruent chemical
weathering is considered as a transport-limited condition, analogous to the chemical weathering
regime in modern Amazon lowlands, implying high silicate weathering intensity during early
stages of the Cryogenian non-glacial interval. Black shales in the uppermost parts of Member
I record a gradual increase in 6’Li values, indicative of weakening silicate weathering intensity.
Gray shales and siltstones of members III and IV show consistently high 6’Li values (~ 1.1%o),
close to the 8’Li value of the UCC (0.6 = 0.6%o). Considering that Li concentrations of the gray
shales and siltstones (~ 62.2 ppm) are much higher than that of the UCC (30.5 £ 3.6 ppm), high
d’Li values of these samples are more likely caused by an incongruent chemical weathering
regime, during which Li is quantitatively incorporated into secondary clays and then
transported to continental margins with a moderate silicate weathering intensity (cf. Dellinger

etal., 2017).

Given that the Li isotopic compositions of bulk samples from the Datangpo Formation are
linked to changes in continental physical erosion and chemical weathering, correlations
between 8’Li values, Li concentrations and Li/Al ratios are further investigated to track the
effects of rock provenance, physical erosion and chemical weathering on Li isotopic
compositions of terrestrial detrital sediments (e.g., Millot et al., 2010; Dellinger et al., 2014).
Three endmembers of detrital materials produced under different silicate weathering intensities

(Fig. 6A and B) are defined here (A): product of physical erosion in the glaciated basaltic terrain
14
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(data modified from Pogge von Strandmann et al., 2006, 2010; Wimpenny et al., 2010b);

endmember (B) product of congruent chemical weathering (high silicate weathering intensity,

corresponding to modern Amazon and Congo rivers) (data from Dellinger et al., 2014, 2017

and references therein); and endmember (C) product of incongruent chemical weathering (low

silicate weathering intensity) based on modern riverine suspended materials (data from

Dellinger et al., 2014, 2017 and references therein). Samples of the Datangpo Formation in this

study exhibit clear covariation between Li concentrations or Li/Al ratios and 8'Li values (Fig.

6), representing the evolution of two continental weathering regimes (A-B and A—C trends) in

the Cryogenian non-glacial interval. Analogous to modern lowlands of the Amazon and Congo

rivers, the significant negative 8’Li excursion observed in the Datangpo Member II (Fig. 2)

suggests a gradually enhanced silicate weathering intensity, approaching highly congruent

weathering conditions in the aftermath of the Sturtian glaciation (trend A-B in Fig. 6). This is

consistent with the suggestion of intense silicate weathering during the early stage of

deglaciation caused by warm climate and the exposure of fresh mineral surfaces via glacial

erosion (Prestrud Anderson et al., 1997; Mills et al., 2011; Fabre and Berger, 2012). Following

the negative excursion, 8’Li values rapidly increase in the middle and upper Datangpo

Formation and approach that of average UCC (Fig. 2). Higher 6’Li values in Member III and

IV suggest an incongruent weathering condition (moderate silicate weathering intensity), which

is analogous to modern regions with relatively weak silicate weathering (trend A—C in Fig. 6).

The changes in silicate weathering intensity from the middle to upper Datangpo Formation

might reflect the initiation of global cooling before the Marinoan glaciation.

6.2 Evolution of marine redox states in the Yangtze margin area following the Sturtian
15
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Redox states of the Cryogenian non-glacial ocean have been investigated in previous studies
based on analyses of various proxies. Uranium isotopes of shallow carbonates in Mongolia
suggested a transient oceanic oxygenation in the aftermath of the Sturtian glaciation and
subsequent expansion of marine anoxia (Lau et al., 2017). Molybdenum isotopes of black shales
in South China imply that the global sub-surface ocean was largely anoxic during the
Cryogenian non-glacial interval (Cheng et al., 2018). Additionally, iron speciation analyses of
the black shales in South China suggest a highly stratified seawater structure with extensive
anoxic deep waters in the Yangtze marginal area, which is also evidenced by variable and
extremely high 8**S in pyrites and high 8'°N in black shales during this period (e.g., Li et al.,
2012; Wei et al., 2016). To better constrain the links between chemical weathering and redox
state of continental shelf seawater during the Cryogenian non-glacial interval, iron speciation

and redox-sensitive trace elements (Mo and U) were also analyzed for the samples in this study.

6.2.1 Fe speciation

Based on Fe speciation framework for modern marine sediments under different local redox
conditions, samples with Fepr/Fer exceeding 0.38 are generally deposited beneath anoxic
bottom waters. The threshold value can be reduced to 0.22 due to thermal alteration of ancient
rocks (see Raiswell et al., 2018 for a detailed review). Further, available Fepr tends to be
converted to Fepy where free H»S has accumulated in anoxic seawater via microbial sulfate
reduction, thus samples with Fenr/Fer > 0.38 and Fepy/Fenr > 0.7-0.8 are considered to
precipitate from the euxinic (sulfidic) bottom waters (Raiswell et al., 2018). Additionally, low

Feur/Fer (0.2—0.3) and high Fep,/Feur (> 0.9) are considered to reflect relatively high H,S
16
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concentration in sediment pore water, rather than bottom water-mass (Hardisty et al., 2018).

The samples from the Datangpo Formation have consistently higher total Fe concentration

(average Fer = 4%) and Fe/Al ratio (average Fer/Al = 0.46), relative to the UCC (Fer = 3.5%,

Fer/Al = 0.44; Rudnick and Gao, 2014). An absence of covariation between Fer and Al

concentrations indicate that changes in Fer concentration are not controlled by terrestrial

detrital input. Thus, iron speciation data in this study can be taken to reflect redox conditions

of local bottom waters (cf. Clarkson et al., 2014; Scholz et al., 2019). As shown in Fig. 3D and

E, the Fenr/Fer ratios of the samples in Datangpo members I and II are higher than 0.38,

suggesting that anoxic bottom waters dominated in the Yangtze marginal area at the start of the

non-glacial period. In contrast, samples from members III and IV (except for the lowest three

samples), whose Feur/Fer ratios are mostly lower than 0.38, were more likely deposited in an

oxic marine environment. Further, Fep,/Fenr ratios in Datangpo Member II are mostly higher

than 0.7-0.8, and so bolster the view that the black shale unit (Member II) of the Datangpo

Formation was deposited under predominantly euxinic conditions (Li et al., 2012; Cheng et al.,

2018).

6.2.2 Mo- and U-enrichment patterns

Black shales in Datangpo Member Il show a peak of Mo enrichment (up to 48.1 ppm),

consistent with significant Mo enrichment in euxinic sediments. Whereas, U in the entire

Datangpo Formation is not appreciably enriched (Uaverage = 2.76 ppm), compared with the UCC

(Uuce = 2.7 ppm, Rudnick and Gao, 2014). Studies of modern reducing sediments have built a

framework to interpret local marine depositional conditions using Mo—TOC and Mogr—Ugr
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covariations (Algeo and Lyons, 2006; Algeo and Tribovillard, 2009). The relationship between

Mo and TOC in reducing sediments has been used to constrain the degree of basin restriction

based on the case that rapid Mo precipitation induces significant Mo depletion in the local water

column and thus low Mo/TOC ratios of sediments in a strongly restricted basin without

sufficient replenishment of Mo from the open ocean (Algeo and Lyons, 2006). Therefore,

Mo/TOC ratios of modern reducing sediments (the dashed lines in Fig. 7C) show a gradually

decreasing trend accompanying enhanced basin restriction. In addition, because of the different

geochemical behaviors of Mo and U under anoxic and euxinic conditions, Mogr vs. Ugr

[enrichment factors of Mo and U defined by element Xgr = (X/Al)sampte / (X/Al)paas] covariation

in reducing sediments is widely used to track the local depositional environment as well as

basin restriction (arrows in Fig. 7D) (Algeo and Tribovillard, 2009; Tribovillard et al., 2012).

Given the robust constraints on redox conditions of bottom water from Fe speciation data,

global Mo-U cycling through the Cryogenian non-glacial interval is further unraveled by using

Mo-TOC and Mogr—Ugr covariations of samples from the Datangpo Formation.

In this study, appreciable Mo enrichments can be observed in the Datangpo Member I and 11

(Mogr up to ~ 60), whereas U is depleted throughout the entire Datangpo Formation (Ugr = ~

1). The Mo/TOC ratios of the Datangpo samples are generally lower than those of sediments in

the modern Black Sea (Fig. 7C), which were previously interpreted to be a result of the strongly

restricted depositional environment of the Nanhua Basin (e.g., Li et al., 2012). However, the

Mogr/Ugr ratios of most samples in this study are much higher than that of modern seawater

(Fig. 7D), which is quite different from the situation for the modern strongly restricted basin

(e.g., Black Sea). Combined with Fe speciation data from the Datangpo samples constraining
18
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local marine redox states in Yangtze marginal seawater, systemic analysis of Mo—U covariations

can provide more insights into global oceanic redox evolution, by considering secular changes

in global Mo and U ocean reservoirs (cf. Scott et al., 2008; Partin et al., 2013). Different from

the Mo—TOC and Mogr—Ugr pattern of modern reducing sediments, which are deposited

beneath waterbodies with high Mo and U concentrations, the mostly low Mo/TOC and high

Mokgr/Ugr ratios of the Datangpo samples are more likely indicative of moderately low Mo and

extremely low U concentrations in seawater, corresponding to much smaller Mo and U

reservoirs in the Cryogenian global ocean, compared to the modern ocean (cf. Scott et al., 2008;

Partin et al., 2013; Reinhard et al., 2013). The decoupled records of Mo and U concentrations

of the black shales in the lower Datangpo Formation and the steep slope with low Ugr (~ 1) of

the samples plotted on the Mogr-Ugr diagram (Fig. 7D) suggest that the marine U reservoir may

have been significantly smaller than the Mo reservoir in the Cryogenian ocean, likely due to

more scavenging of U relative to Mo from anoxic and non-euxinic seawater. This scenario is

supported by the case that the early Neoproterozoic ocean was characterized by predominantly

ferruginous rather than sulfidic conditions (e.g., Guilbaud et al., 2015). Hence, Fe speciation

and Mo-U enrichments in the Datangpo Formation, South China are indicative of an episodic

but widespread expansion of euxinic seawater over the continental margin during the

Cryogenian non-glacial interval.

6.3 Possible links between continental chemical weathering and redox state of

continental margin ocean

Studies of the Datangpo Formation, South China suggested a dynamic redox landscape for

Yangtze marginal seawater with extensive marine euxinia following Sturtian deglaciation (Li
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etal., 2012; Cheng et al., 2018; this study). Dynamically changing redox states after the Sturtian
glaciation reflect transitions between euxinic and ferruginous conditions on the Yangtze margin,
likely driven by continental chemical weathering. Previous studies have suggested widespread
ferruginous conditions and only spatially limited euxinic conditions during the middle
Proterozoic (Planavsky et al., 2011; Gilleaudeau et al., 2019), during which continental
chemical weathering and marine primary productivity were significantly depressed (Crockford
et al., 2018; Rafiei et al., 2019). In this view, transitions of local marine ferruginous and
euxinic conditions in the aftermath of the Sturtian glaciation were more likely controlled by
microbially mediated sulfate reduction linked to changes in continental weathering and marine
primary productivity(e.g., Reinhard et al., 2009; Planavsky et al., 2011; Li et al., 2012; Guilbaud

etal., 2015).

In the context of significant correlations between Feur/Fer, Fepy/Feur and 8’Li values (Fig. 8),
the expansion of marine euxinia in the Yangtze marginal area could be attributed to a significant
increase in silicate weathering intensity, characterized by consistently high Fepr/Fer and
Fepy/Fenr ratios, and low 8’Li values in the Datangpo Member II (Fig. 8). During the Sturtian
glaciation, as most of the continents were fully covered by ice, chemical weathering of
terrestrial materials, including pyrite, might have almost ceased, resulting in extremely low
oceanic sulfate concentration and thus only ferruginous conditions in the deep marine realm
without much euxinic seawater (i.e., sulfate-limited condition). Based on Li isotope data in this
study, Datangpo Member I was deposited when continental margin sea ice had disappeared and
physical erosion of continental mafic igneous rocks could dominate the terrestrial inputs to the

ocean (Fig. 9A). Thus, this interval inherited low oceanic sulfate and Mo concentrations from
20
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the glacial period.

Given that more continental fresh rock surfaces were exposed to chemical weathering after the

long-term glacial erosion (Prestrud Anderson et al., 1997; Mills et al., 2011; Fabre and Berger,

2012), high silicate weathering intensity during the Datangpo Member II interval likely

triggered a concurrent increase in silicate weathering flux prior to the development of deep soils

(Fig. 9B). The consistently enhanced silicate weathering intensity and flux could effectively

elevate nutrient (e.g., P) fluxes delivered to the continental margin ocean in the early deglacial

period (cf. Hawkings et al., 2016; Li et al., 2018). Likewise, coupled increase in weathering

intensity and availability after such long-term glacial erosion, could also facilitate the release

of sulfate and Mo in early stages of deglaciation, by promoting the oxidative weathering of

sulfide minerals (e.g., Sahoo et al., 2012; Torres et al., 2017). The fertilization of Yangtze

marginal seawater due to the high silicate weathering intensity and flux may have consequently

promoted primary productivity and microbial sulfate reduction in the aftermath of the Sturtian

glaciation, recorded by high TOC and Fepy/Fenr in the Datangpo Member II samples (Fig. 9B).

The expansion of marine euxinia as well as increased import of Mo to the continental margin

ocean induced rapid Mo accumulation in the lower Datangpo Member II. Seawater U

concentrations might have increased slightly but were still low as indicated by notably low U

contents of the Member II samples (Fig. 3B), as marine U reservoir was much smaller than the

Mo reservoir in the Cryogenian ocean. Additionally, increased silicate weathering intensity

might have led to the development of deep soils under a relatively quiescent tectonic regime.

As shown in modern lowlands of Amazon and Congo rivers, the exhaustion of fresh rocks,

followed by formation of deep soils, could subsequently decrease the weathering flux (cf.
21
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Dellinger et al., 2015). By analogy, this waning in silicate weathering flux would inhibit the
further delivery of nutrients to continental margin ocean and reduced primary productivity in
later post-glacial stages, which corresponds to the rapid decline in the TOC of the upper
Member II (Fig. 2B). Compared to silicate weathering, the decline in oxidative weathering flux
of sulfides (i.e., release of sulfate and Mo) is more rapid, due to the easier exhaustion of fresh
sulfides than silicate minerals during early post-glacial stages (cf. Torres et al., 2017). Thus,
together with decline in terrestrial Mo supply, scavenging of Mo in the euxinic seawater resulted
in a sharp decrease in Mo concentrations of the upper Datangpo Member II (Fig. 3A), even

though euxinic conditions still dominated this interval (Fig. 3E).

High &’Li and low TOC of the Datangpo Member III and IV samples indicate that the middle
to late Cryogenian non-glacial interval experienced low silicate weathering intensity and
potentially low primary productivity (Fig. 2A and B), which was likely linked to a transition
from relatively warm climate to cooler climate under conditions of relatively high tectonic
stability (i.e., Marinoan glaciation). The waning of euxinic seawater may have been related to
more limited sulfate supply and lower organic production in the oceans due to suppressed

continental silicate weathering intensity and availability.

7. Conclusions

New high-resolution 8’Li data from the Datangpo Formation, South China are used to track
temporal variations in continental silicate weathering intensity during the Cryogenian non-
glacial interval. A significantly negative 6’Li excursion in the basal Datangpo Formation was
caused by enhanced silicate weathering intensity in the aftermath of the Sturtian glaciation. By
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contrast, high 8’Li values in the lowest, middle and upper Datangpo Formation suggest
relatively low silicate weathering intensity in the earliest and later parts of the non-glacial
interval. Coupled increase in continental silicate weathering intensity and land surface
reactivity coincided with the expansion of euxinic seawater in the Yangtze marginal area in the
aftermath of the Sturtian glaciation. Large inputs of nutrients and sulfate due to high continental
silicate weathering intensity and flux would have intensified marine primary productivity and
stimulated microbial sulfate reduction on continental margins. The transient spread of marine
euxinia was therefore driven by enhanced continental weathering following the Sturtian

deglaciation.
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Figure captions

Figure 1. Paleogeographic map of South China in the Cryogenian deglaciation and
lithostratigraphy of the Cryogenian succession in the studied Daotuo section. Radiometric
dating for Datangpo Formation is on basis of Zhou et al. (2019) for the basal Datangpo
Formation and Zhang et al. (2008) for the uppermost Datangpo Formation.

Figure 2. Profiles of 8’Li, Total organic carbon (TOC), Li concentration, Li/Al ratio and Al/Si
ratio of the Datangpo Formation in the Daotuo section. The shaded area in (A) represents the
range of 8’Li values for the upper continental crust (UCC) (Sauzéat et al., 2015). The dashed
line in (E) represents the threshold for coarse—fine grain (Bouchez et al., 2011; Dellinger et al.,
2014).

Figure 3. Profiles of Mo concentration, U concentration, Fe/Al ratio and Fe speciation data
(Fenr is highly reactive Fe; Fepy is Fe in pyrite; Fer is total Fe) of the Datangpo Formation in
the Daotuo section. The thresholds of Fe speciation analyses in (C), (D) and (E) are modified
from Raiswell et al. (2018).

Figure 4. Cross-plots of (A) Be vs. Al, (B) Sc vs. Al, (C) Ti vs. Al, and (D) Th vs. Al of the
bulk samples in the Daotuo section. R? represents the coefficient of determination of the

correlations. The average ratios of Al/Be, Al/Sc, Al/Ti and Al/Th for the studied samples and
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the UCC (data from Rudnick and Gao, 2014) are shown in each figure.

Figure 5. Cross-plots of (A) 8’Li vs. Al/Si ratio and (B) Na/Al ratio vs. Li/Al ratio for the bulk
samples in the Daotuo section. The dashed curve in (A) represents 8’Li values of modern river
sediments as a function of Al/Si ratio (modified after Dellinger et al., 2014), used as a proxy
for detrital grain size. Low Al/Si ratio (< 0.15) are modified from river bed sands and high Al/Si
ratio are modified from finely ground suspended sediments. The dashed arrow in (B) represents
the mixing line of igneous rock debris and sedimentary rock debris (modified after Dellinger et
al., 2014).

Figure 6. Cross-plots of (A) 8’Li vs. Li concentration and (B) 6’Li vs. Li/Al ratio for the bulk
samples in the Daotuo section. The dashed lines are the results of two endmember mixture for
8’Li values of bulk samples in this study. R? represents the coefficient of determination of the
correlations. Endmember A represents physical eroded mafic rock with high 8’Li and low Li
concentration (8'Li = 6.18%o, [Li] = 11.80 ppm, Li/Al = 1.95); endmember B represents highly-
congruent weathering product with low 8’Li and relatively low Li concentration (6"Li = -4.98 %o,
[Li] = 36.96 ppm, Li/Al = 3.46); and endmember C represents incongruent weathering product
with relatively high 6’Li and Li concentration (8’Li = -1.53%o, [Li] = 62.93 ppm, Li/Al = 7.00)
(above data are modified from Pogge von Strandmann et al., 2006, 2010; Wimpenny et al.,
2010b; Millot et al., 2010; Dellinger et al., 2014; 2017 and references therein).

Figure 7. Cross plots of (A) Fer vs. Al concentration, (B) Fepy/Fur vs. Fexr/Fer, (C) Mo vs.
TOC concentration and (D) Mogr vs. Ugr for the studied samples in the Daotuo section. In (A),
Fer of all studied samples are higher than 0.5%. In (B), the boundaries between oxic and anoxic
conditions (Feur/Fer = 0.22-0.38) and between ferruginous-anoxic and euxinic-anoxic
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condition (Fep,/Feur = 0.7—0.8) are on basis of Raiswell et al. (2018). In (C), Mo vs. TOC
diagrams of modern marine sediments are modified from Algeo et al. (2006). The slopes of
each line are 45 £+ 5 (Saanich Inlet), 25 + 5 (Cariaco Basin), 9 = 2 (Framvaren Fjord) and 4.5 +
1 (Black Sea), respectively, which represent the Mo—TOC correlations of the marine sediments
in various modern anoxic depositional environment. In (D), the curves represent the co-varying
Morzr and Ugr of the marine sediments in different modern depositional environment (i.e., open
marine setting, Cariaco Basin and Black Sea) (Algeo and Tribovillard, 2009).

Figure 8. Co-variations between 8'Li and Fenr/Fer, Fepy/Fenr for the studied samples in the
Daotuo section. The boundaries between oxic and anoxic conditions (Feur/Fer = 0.22-0.38)
and between ferruginous-anoxic and euxinic-anoxic condition (Fepy/Ferr = 0.7-0.8) are on
basis of Raiswell et al. (2018). The arrows represent the systematic tendency for extensive
marine anoxia and euxinia following the increase in silicate weathering intensity.

Figure 9. Schematic diagram of links between continental weathering and marine redox states
over continental margin during the Cryogenian non-glacial interval. (A) Stage A, high physical
erosion dominated post-glaciation, low primary production and no euxinic seawater on the
continental margin; (B) Stage B, congruent chemical weathering (high silicate weathering
intensity and flux) in the early interglacial period, high primary production and expanded
euxinic seawater on the continental margin; (C) Stage C, incongruent chemical weathering
(moderate silicate weathering intensity and low weathering flux) in the middle and late non-
glacial interval, low primary production and diminished euxinic seawater on the continental

margin.
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