L)

Check for
updates

Received: 9 January 2019 Revised: 23 November 2019 Accepted: 14 January 2020

DOI: 10.1111/gbi.12379

ORIGINAL ARTICLE

T WiLEy

Constraining oceanic oxygenation during the Shuram excursion
in South China using thallium isotopes

Haifeng Fan'?

| Sune G. Nielsen®* | Jeremy D.Owens® | Maureen Auro® |

Yunchao Shu® | Dalton S. Hardisty® | Tristan J. Horner®” | Chelsie N. Bowman® |
Seth A. Young® | Hanjie Wen'+?

State Key Laboratory of Ore Deposit Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences, Guiyang, China

2University of Chinese Academy of Sciences, Beijing, China

SNIRVANA Laboratories, Woods Hole Oceanographic Institution, Woods Hole, MA, USA

“Department of Geology & Geophysics, Woods Hole Oceanographic Institution, Woods Hole, MA, USA

>Department of Earth, Ocean and Atmospheric Science, National High Magnetic Field Laboratory, Florida State University, Tallahassee, FL, USA

6Department of Earth and Environmental Sciences, Michigan State University, East Lansing, MI, USA

7Department of Marine Chemistry and Geochemistry, Woods Hole Oceanographic Institution, Woods Hole, MA, USA

Correspondence

Haifeng Fan, State Key Laboratory of
Ore Deposit Geochemistry, Institute
of Geochemistry, Chinese Academy of
Sciences, Guiyang 550081, China.
Email: fanhaifeng@mail.gyig.ac.cn

Present address

Yunchao Shu, CAS Key Laboratory of Crust-
Mantle Materials and Environments, School
of Earth and Space Sciences, University of
Science and Technology of China, Hefei,
China

Funding information

This research was funded by the Strategic
Priority Research Program (B) of CAS,
Grant/Award Number: XDB18030302;
NSFC, Grant/Award Number: 41890840,
U1812402, 41573011; NASA Exobiology,
Grant/Award Number: NNX16AJ60G,
80NSSC18K1532; NSF, Grant/Award
Number: OCE-1624895, EAR-1748635;
NSF Cooperative Agreement, Grant/Award
Number: DMR-1157490, DMR-1644779;
and CAS IIT, Grant/Award Number: JCTD-
2019-17.

Abstract

Ediacaran sediments record an unusual global carbon cycle perturbation that has
been linked to widespread oceanic oxygenation, the Shuram negative C isotope ex-
cursion (NCIE). However, proxy-based estimates of global ocean redox conditions
during this event have been limited largely due to proxy specificity (e.g., euxinic sedi-
ments for Mo and U isotopes). Modern global seawater documents a homogenous Tl
isotope composition (£2°°TI = -6.0) due to significant manganese oxide burial, which
is recorded in modern euxinic sediments. Here, we provide new data documenting
that sediments deposited beneath reducing but a non-sulfidic water column from the
Santa Barbara Basin (¢29°Tl = -5.6 + 0.1) also faithfully capture global seawater Tl
isotope values. Thus, the proxy utilization of Tl isotopes can extend beyond strictly
euxinic settings. Second, to better constrain the global redox conditions during the
Shuram NCIE, we measured Tl isotopes of locally euxinic and ferruginous shales of
the upper Doushantuo Formation, South China. The £2°°Tl values of these shales ex-
hibit a decreasing trend from =-3 to =-8, broadly coinciding with the onset of Shuram
NCIE. There are 2% Tl values (-5.1 to —7.8) during the main Shuram NCIE interval that
approach values more negative than modern global seawater. These results suggest
that manganese oxide burial was near or even greater than modern burial fluxes,
which is likely linked to an expansion of oxic conditions. This ocean oxygenation may
have been an important trigger for the Shuram NCIE and evolution of Ediacaran-type
biota. Subsequently, Tl isotopes show an increasing trend from the modern ocean
value to values near the modern global inputs or even heavier (szOSTI = -2.5~04),
occurring prior to recovery from the NCIE. These records may suggest that there was
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1 | INTRODUCTION

The Shuram negative carbon isotope excursion (NCIE) is funda-
mentally different from all known carbon isotope (5'°C) excur-
sions in the geological record, with §'%c decreasing from +5 to as
low as -12%o., well below the mantle value of approximately —6%o
(e.g., Calver, 2000; Bristow & Kennedy, 2008; Fike, Grotzinger,
Pratt, & Summons, 2006). The Shuram NCIE is documented from
Ediacaran (~580-550 Ma) strata globally, although the absolute
duration is uncertain with some geochronologic estimates of 10’s
of Myr (Le Guerroué, Allen, Cozzi, Etienne, & Fanning, 2006), while
other paleomagnetic/cyclostratigraphic estimates suggest <10 Myr
(Minguez, Kodama, & Hillhouse, 2015). These global observations
suggest that the Shuram NCIE is a primary record of unprecedented
perturbation to the global carbon cycle rather than diagenesis, and
is important for understanding the coevolution of the environ-
ment and Ediacaran-type biota for this critical time interval in the
latest Neoproterozoic (e.g., Fike et al., 2006; Grotzinger, Fike, &
Fischer, 2011; Jiang, Kaufman, Christie-Blick, Zhang, & Wu, 2007;
Kaufman, Corsetti, & Varni, 2007). Most previous studies have sug-
gested that the Shuram NCIE may be related to a period of ocean
oxygenation (e.g., Fike et al., 2006; McFadden et al., 2008), result-
ing in the oxidation of a massive 13C-depleted dissolved organic
carbon (DOC) reservoir in the deep ocean (Fike et al., 2006; Jiang
et al., 2007; McFadden et al., 2008; Rothman, Hayes, & Summons,
2003). However, recent studies also suggested that local heteroge-
neous and transient oxygenation may have played a critical role in
the expanded spatial heterogeneity of 8*3C and 5°4S excursions, not
only from the Doushantuo Formation shales but also from carbon-
ate platform regions worldwide during the Ediacaran (Li et al., 2017;
Loyd et al., 2013; Osburn, Owens, Bergmann, Lyons, & Grotzinger,
2015; Shi et al., 2018). Therefore, the challenge is to establish the
global extent of oceanic redox conditions for this period, which is
important for understanding the connection between oceanic oxy-
genation and the radiation of Ediacaran-type biota because the old-
est Avalon Assemblage occurs in a deep-water, volcaniclastic setting
of the Avalon Zone of Newfoundland (Narbonne, 2005).

Thallium (TI) isotopes have shown rapid response to changes
in global marine redox conditions during the onset of associated
carbon isotope excursions (Ostrander, Owens, & Nielsen, 2017;
Them et al.,, 2018). The modern marine residence time of Tl is
~18,500 years (Baker, Rehkamper, Hinkley, Nielsen, & Toutain,
2009; Nielsen, Rehkamper, & Prytulak, 2017; Rehkdmper &
Nielsen, 2004), significantly longer than the ocean mixing time
of ~1,500 vyears, thereby yielding a globally homogenous TI iso-

tope composition (¢2°°TI = 10,000 x (205/203T|samp|e'205/203T|5RM

a decrease in the extent of oxygenated conditions in the global oceans during the late
stage of the Shuram NCIE.

Doushantuo Formation, ocean oxygenation, Shuram NCIE, thallium isotopes

9970/ 292931 50-) fOr Oxic seawater of £2°°TI = -6.0 + 0.3 (Owens,
Nielsen, Horner, Ostrander, & Peterson, 2017, and references
therein) with concentrations of 65 + 5 p.m. (Owens et al., 2017;
Rehkiamper & Nielsen, 2004). Sources of Tl to the ocean are dust
aerosols, rivers, hydrothermal fluids, continental margin sediment
pore fluids, and volcanic fumaroles, which are all characterized by
relatively similar TI isotope compositions of £2°°TI = -2 (Baker et
al., 2009; Nielsen et al., 2005, 2006, 2011, 2017). These sources
are balanced by adsorption onto manganese (Mn) oxides and incor-
poration into oceanic crust during low-temperature hydrothermal
alteration (Nielsen et al., 2006). The adsorption of Tl to Mn oxides
is associated with a large positive isotope fractionation (modern
£29°T| values of Mn oxides are +6 to +12; Rehkamper et al., 2002;
Rehkamper, Frank, Hein, & Halliday, 2004; Nielsen et al., 2013), ac-
counting for the burial of ~32% of the global oceanic Tl inventory.
In contrast, Tl deposition within altered oceanic crust imparts a rel-
atively minor isotope fractionation from seawater (modern 2057
values of altered oceanic crusts are -10 to -6; Nielsen et al., 2006),
constituting the majority of the remaining ~68% of the burial. There
are additional sinks, but they are relatively minor and/or have lim-
ited known isotopic effect on seawater (Owens et al., 2017). Thus,
the burial of Mn oxides is the most dominant flux that drives seawa-
ter Tlisotope variability, especially over shorter timescales (Owens,
2019; Owens et al., 2017). Manganese oxides are ubiquitous in oxic
marine sediments deposited below an oxygenated water column
but are absent under anoxic conditions including euxinic (anoxic
and sulfidic water column) conditions at or above the sediment-
water interface (Johnson, Webb, Ma, & Fischer, 2016; Rue, Smith,
Cutter, & Bruland, 1997). Hence, the Tl isotope composition of sea-
water can be related to the extent of oxic conditions at the seafloor
by means of the global Mn oxide burial flux (Bowman et al., 2019;
Ostrander et al., 2019, 2017; Owens, 2019; Owens et al., 2017;
Them et al., 2018).

Modern euxinic sediments from the Black Sea and Cariaco
Basin preserve the Tl isotope signal of the overlying oxic por-
tion of the water column (Owens et al., 2017). As such, the TI
isotope composition of ancient sediments with independent ev-
idence for euxinic deposition can be used to reconstruct the TI
isotope composition of ancient seawater. Ostrander et al. (2017)
have shown that ancient euxinic sediments from two ocean ba-
sins recorded a significant positive Tl isotope excursion prior to
the Cretaceous Oceanic Anoxic Event 2 (OAE2; 94 Ma), which
suggests an expansion of anoxia prior to massive organic carbon
burial event. Additionally, Tl isotopes have shown a positive shift
before the classically defined Toarcian OAE (T-OAE; 183 Ma), re-
flecting a two-step deoxygenation event (Them et al., 2018). In the
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Precambrian, Tl and molybdenum isotopes were paired to docu-
ment basinal or global oxygenation, which drove manganese oxide
burial prior to the Great Oxidation Event (Ostrander et al., 2019).
Thus, Tl isotopes record global perturbations to the burial flux of
Mn oxides, which is related to the extent of oxic bottom waters
and dissolved Mn availability in the ocean.

In an effort to estimate relative changes in oceanic oxygenation
during the Shuram NCIE, shales in the Doushantuo Formation
from four sections (spanning inner shelf to slope settings) in South
China were investigated for their Tl isotope composition. We pro-
vide independent evidence from Fe speciation and redox-sensi-
tive elements for the local paleoredox conditions of the overlying
water column during deposition. To investigate the potential of
low oxygen, but non-euxinic settings to record seawater Tl iso-
tope signatures, it was first necessary to calibrate the Tl isotope
proxy in a modern low oxygen setting, the Santa Barbara Basin,
California, USA.

2 | GEOLOGICAL SETTING AND SAMPLES
2.1 | Santa Barbara Basin

A 2.8-m giant gravity sediment core was taken from the deepest por-
tion (594 m water depth) of the Santa Barbara Basin (N 34°13'34.2",
W 120°1'49.2") in 2001 on the R/V New Horizon. This basin, silled
at 475 m, has been extensively studied due to the low bottom water
oxygen concentrations occurring below the sill, typically <0.1 ml/L
but can vary on seasonal timescales (Moffitt, Hill, Ohkushi, Kennett,
& Behl, 2014; Reimers, Ruttenberg, Canfield, Christiansen, & Martin,

1996; Sholkovitz, 1973). The sedimentation rate in this basin is gen-
erally high, where ~2,000 years is represented by 200 cm (Reimers,
Lange, Tabak, & Bernhard, 1990; Schimmelmann, Hendy, Dunn, Pak,
& Lange, 2013). Generally, sediments in the basin are characterized
by elevated organic carbon contents (~3-4 wt%; Raven, Sessions,
Fischer, & Adkins, 2016; Schimmelmann & Kastner, 1993) with minor
sulfide accumulation in the upper portion of the deep basin pore fluids
(Raven et al., 2016).

2.2 | Overview of the Doushantuo Formation

The Doushantuo Formation of the Nanhua Basin in South China has
zircon U-Pb ages of 635.2 + 0.6 Ma to 551.1 + 0.7 Ma (Condon et
al., 2005). The Doushantuo Formation is underlain by the glacial di-
amictites of the Nantuo Formation and overlain by dolostones of the
Dengying Formation (Jiang et al., 2007). Local correlations between
different exposures of the Doushantuo Formation, as well as paleobasi-
nal reconstructions, have been established based on biostratigraphy,
5'3C chemostratigraphic data, and U-Pb ages (e.g., Condon et al., 2005;
Jiang, Shi, Zhang, Wang, & Xiao, 2011; Li et al., 2017; Liu et al., 2014;
Zhu et al., 2013). For this investigation, three sections were collected
from the Yangtze Gorges area, where it has been proposed that the
Doushantuo Formation was deposited below wave base, in an inner
shelf lagoon (Western Hubei Platform; Figure 1; Jiang et al., 2011;
McFadden et al., 2008). The slope sample materials were collected
from a section (Wuhe) deposited on the slope (Guizhou) of the Yangtze
platform that has been interpreted as well connected with the open
ocean during the Ediacaran (Figure 1; Jiang, Sohl, & Christie-Blick,
2003; Zhang et al., 2013; Zhu et al., 2013).

@ Baiguoyuan
@ Jiulongwan

FIGURE 1 The simplified
paleogeographic reconstruction for

the Yangtze platform during deposition
of the Doushantuo Formation, South
China, modified from Jiang et al. (2011).
There are three depositional facies in the
Nanhua Basin, including the shallow shelf,
slope, and basinal facies. The locations

of the four sections investigated in this
study marked as circled numbers. Three
sections ((1) Baiguoyuan, (2) Jiulongwan,
and (3) Chenjiayuanzi) were collected
from the inner and intrashelf locations in
the Yangtze Gorges area. There was no
barrier separating the shelf area from the = !,' .
open ocean (Zhu et al., 2013). One section sl {
(@ Wuhe) represents deposition on the
slope that was well connected with the
open ocean at that time (Jiang et al., 2003;
Zhang et al., 2013)

@ Wuhe
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dominated facies
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2.2.1 | The Yangtze Gorges area

The Doushantuo Formation can be generally subdivided into four mem-
bers in the Yangtze Gorges area. The upper portion of the Doushantuo
Formation is marked by an NCIE (Figure 2), which has been referred to
as the Doushantuo negative carbon isotope excursion (DOUNCE) (Zhu
et al., 2013), and is correlated with the global Shuram NCIE (Li et al.,
2017). Hereafter, we refer to the DOUNCE as the Shuram NCIE. The
Shuram NCIE in the Yangtze Gorges area is characterized by three dis-
tinct subdivisions, named as EN3a (onset of negative excursion), EN3b
(peak of negative carbon isotope), and EN3c (a recovery to positive val-
ues) (Li et al., 2017; McFadden et al., 2008; Figure 2).

At the Baiguoyuan section (BGY, N31°19'31", E111°03'33"), the
Shuram NCIE begins at the upper part of Member Il of the Doushantuo
Formation and ends within the top portion of Member IV (Figure 2a;
Zhuetal., 2013). In the upper part of this section, there is a ~20-m-thick
black shale that has been separated into two intervals (Li et al., 2014;
Tang, Ding, Yao, & Gong, 2013). The first, lower interval consists largely
of laminated black shale with interbedded thin, muddy dolostone. The
upper part is characterized by organic-rich black shale and dark gray
mudstone (Li et al., 2014; Tang et al., 2013). Sampling locations of black
shales span the EN3b and EN3c stratigraphic intervals, whereas the
EN3a stratigraphic level is only scarcely present as shale (Figure 2a).

The Jiulongwan section (JLW, N30°48'54", E111°03'20") and
the Chenjiayuanzi section (CJYZ, N30°49'50", E111°06'31") are
located in the southern limb of the Huangling Anticline. The de-
tailed stratigraphy and carbon isotope curves have been previ-
ously published (e.g., Jiang et al., 2007; Li et al., 2010, 2017; Liu
et al., 2014; McFadden et al., 2008). The Shuram NCIE is located
in the upper part of Member Il to Member IV (102-155 m) of the
Jiulongwan section (Figure 2b). In the Chenjiayuanzi section, the
Shuram NCIE is located in the upper Member Il through Member
IV, ~150-183 m (Figure 2c). In these two sections, black shales

BGY(Zhuetal.,2013) JLW(McFadden etal., 2008)

were collected from the EN3c interval. For the described black
shales, Member IV of Jiulongwan section has been investigated
previously for paleoredox conditions of the overlying water col-
umn, with Mo concentration and Fe speciation proxy evidence for
euxinic water column conditions during deposition of this member
of the Doushantuo Formation (e.g., Kendall et al., 2015; Li et al.,
2010; Och et al., 2015).

2.2.2 | The Wuhe section

The Wuhe section (WH, N26°45'93.6", E108°25'0.5") in Guizhou
Province outcrops along the Qingshui River in Taijiang County. Here,
the Doushantuo Formation has also been subdivided into four mem-
bers to correlate with the Yangtze Gorges area (Sahoo et al., 2016).
The Wuhe carbon isotope curve is difficult to correlate with sections
investigated from the Yangtze Gorges area, as the magnitude of the
Wauhe negative CIE is muted (Jiang et al., 2011). Nevertheless, Sahoo
et al. (2016) proposed a potential correlation between the Wuhe sec-
tion and the Jiulongwan section, which indicates that the Shuram NCIE
might also start at the middle/upper part of Member Ill. The recogni-
tion of EN3a and EN3b intervals has been difficult to constrain due
to the predominance of black shales in this section that are not con-
ducive for carbonate C isotope analyses. Here, we use new C isotope
data to re-assess the approximate stratigraphic locations of EN3a and
EN3b (Figure 2d, Appendix S1). These data suggest that EN3a com-
mences in the middle of Member lll, which could be consistent with
C isotope data from the Jiulongwan section (McFadden et al., 2008).
Black shale samples studied here were collected from Members Il and
IV. Previous paleoredox proxy evidence from Mo and U concentra-
tions and Fe speciation indicate ferruginous to euxinic water column
conditions during deposition of Members lll and IV (Han & Fan, 2015;
Sahoo et al., 2016).

CJYZ(Liuetal.,2014) WH(Jiang etal., 2011)

D : : 180 | :
/_.——' v | 150 150 v H /__/ v
54 (En3c| || En3c : 17 1801 ‘En3c 110
3 {En3b 14055550 140 P S— ' i
| s En3b 1607 170 DOUNCE EN3b 100
104 ] :
130 7 130 ] _ﬁ 160 h
DOUNCE DOUNCE 190 En3a |1 |*°
15 5 120 120 m | 140 Japresmecezencd S i I
-, L s n z : T R P
L, ™ éEnsa MO4EELEE 110 : 0T 1407 BA
H T En3a \ ‘__,-- 6] 70
25 F S il bt e {0107 7o = 02 L 120 H :
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@ Dolostone M shale E] Cherty nodule - Olistostrome |:| Sampling locations

FIGURE 2 A pronounced negative carbonate carbon isotope excursion occurs in Members Il through IV of the Doushantuo Formation
in all studied sections, this carbon isotope excursion has been correlated with the Shuram NCIE. The potential stratigraphic correlation
between three sections located in the Yangtze Gorges area and the slope section (Wuhe) follows previous studies (purple line; Jiang et al.,
2007; Jiang et al., 2011; Sahoo et al., 2016) and our new data (green line, Table A1). The green bars indicate interval sampled in this study.
The green line in the Wuhe section represents carbon isotope curve in this study (Appendix S1). BGY, Baiguoyuan; CJYZ, Chenjiayuanzi;

JLW, Jiulongwan; WH, Wuhe
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3 | METHODS

3.1 | Authigenic Tl isotope and concentration
analysis

The modern Santa Barbara samples were dissolved and analyzed
in a trace metal-free clean laboratory in the Geochemistry group at
the National High Magnetic Field Laboratory (NHMFL), Florida State
University. Approximately 100 mg of dried and powdered samples was
digested in polytetrafluoroethylene (PTFE) beakers using 3 ml of 2 M
HNO, at 130°C for 12 hr. The supernatant solution was centrifuged
and completely evaporated, and then redissolved in a CEM Mars 5 mi-
crowave for 2 hr to completely digest all residual organic matter.

The concentration and isotopic composition of authigenic
Tl in ancient shales were measured following a partial dissolu-
tion method (modified after Owens et al., 2017) that was per-
formed in a class 100 metal-free clean laboratory at the NIRVANA
Laboratories, Woods Hole Oceanographic Institution (WHOI).
Approximately 200 mg of powdered samples was digested in PTFE
beakers using 10 ml concentrated HNO, at 135°C for 12 hr. The
supernatant, which is considered to contain primarily authigenic
Tl that may be bound to sulfides (Nielsen et al., 2011; Owens et
al., 2017), was separated from the residual solids by centrifugation
and complete evaporation. The samples were then redissolved in
3 ml concentrated HNO, and transferred into 90-ml quartz glass
vials. The 90-ml vials were sealed with PTFE thread seal tape and
heated to 260°C at 110 bars of pressure for 1.5 hr in an Anton Parr
high-pressure asher (HPA). Each sample was subjected to the HPA
procedure twice to ensure complete digestion of any residual or-
ganic matter that may interfere with the chemical separation of Tl
from sample matrix. After digestion in the HPA, a 10% aliquot was
used for chemical purification of TI.

All Tl was separated from the sample matrix using a single PTFE
mini-column containing 0.1 ml (AG1-X8 resin; Ostrander et al., 2017).
Thallium isotope ratios and concentrations were measured using a
Neptune multi-collector inductively coupled plasma mass spectrom-
eter (MC-ICP-MS) at the WHOI Plasma Facility or NHMFL. Each sam-
ple required the addition of NIST SRM981 Pb with standard-sample
bracketing applied for instrumental mass bias correction to determine
the Tl isotope ratio (Nielsen, Rehkamper, Baker, & Halliday, 2004).
Thallium concentrations were calculated by monitoring 2°°T1/2°®Pb
ratios during isotopic measurements because a known quantity of
NIST SRM981 Pb was added to each sample. Thallium isotopic com-
positions are reported relative to the NIST SRM 997 TI solution,
¢2%5T] = 10,000 x (205/203T|sample-ZOS/ZOSTISRM 97) /205/203T|SRM o7

Application of the two different acid strengths used in the
two different laboratories for extracting the authigenic Tl com-
ponent has been shown to result in identical Tl isotope composi-
tions for the USGS reference material SCo-1 (Bowman et al., 2019;
Ostrander et al., 2019, 2017; Owens et al., 2017; Them et al., 2018).
Here, we also evaluate the entire chemical separation procedure
by analyzing the USGS reference material SCo-1 (shale) six times to

monitor external precision and accuracy. The average £2°°Tl value
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of SCo-1 was determined as 2°°Tl = -2.8 + 0.3 (2sd, n = 6), in excel-
lent agreement with previous studies that obtained €2°°Tl = -2.9 to
-3.0 (Bowman et al., 2019; Ostrander et al., 2019, 2017; Owens et
al., 2017; Them et al., 2018). Based on the measurements of SCo-
1, we estimate the long-term external reproducibility to be =0.3
£29°TI(2sd) and apply this error as a minimum to all sample anal-
yses unless the repeated sample measurement was greater than
this error.

3.2 | Major and trace element concentrations of
bulk rocks

Elemental compositions for the Santa Barbara Basin samples utilized
a standard multi-acid digestion that used trace metal clean HNO,,
HCI, and HF. Sample masses of approximately 100 mg were weighed
into PTFE beakers and microwave-digested using a CEM MARS 5 to
remove organic carbon without volatilizing redox-sensitive trace ele-
ments. Further treatment with nitric and hydrochloric acid at different
temperatures on a hotplate was used to completely dissolve the sam-
ples. After complete dissolution of the samples, they were dried down
and dissolved in 2% HNO, for analysis on an Agilent 7500cs quadru-
pole inductively coupled plasma mass spectrometer (ICP-MS) for trace
metal concentrations at the NHMFL at FSU. Blank concentrations
were below detection limits, and replicate analyses of USGS standard
SDO-1 were within <5% of the reported values for all elements.

For the major element analyses of shale samples in the
Doushantuo Formation, powdered samples were mixed with a
lithium tetraborate powder in a platinum crucible. The mixture
was melted and formed into pellets, which underwent high-tem-
perature (>1,000°C) glass fusion for 2 hr. The major elements (Al,
Fe, and Mn) were determined using X-ray fluorescence (XRF) at
the ALS Chemex (Guangzhou) Co., Ltd. Trace element (TI, Mo, U)
concentrations of bulk rocks were measured at the Institute of
Geochemistry (Guiyang), Chinese Academy of Sciences. Powder
samples (50 mg) were digested in a PTFE bomb using ultrapure HF
and HNO, acids under pressure at high temperature (190°C) for
12 hr. After complete digestion and acid evaporation, the samples
were diluted in 3% HNO, with Rh internal standard solution. This
solution was analyzed for trace elements using an ICP-MS. During
the analytical processes, a standard reference material SBC-1 was
measured alongside samples and gave elemental concentrations
consistent with certified values (Table 1). The calculation of Mo
and U enrichment factors (Mo and U,) and (Mo/U), ,, followed
methods outlined in Tribovillard, Algeo, Lyons, and Riboulleau
(2006) and Algeo and Tribovillard (2009). The uncertainty on Mo,

and U is dependent on that of the Mo, U, and Al concentrations.

3.3 | Fe speciation sequential extraction

We used the method outlined by Poulton and Canfield (2005) that

has been widely adopted for the sequential extraction of reactive
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iron species (Appendix S1). Using approximately 100 mg of pow-
dered sample, the sequential extraction is as follows: (a) Fe associ-
ated with carbonate phases (Fecarb) including siderite and ankerite
was extracted using sodium acetate; (b) Fe associated with crystalline

oxide phases (Fe including goethite and hematite was extracted

oxide)

by sodium dithionite; and (c) Fe in magnetite (Fe__ ) was extracted

ma
using ammonium oxalate. After each extraction, agn aliquot of the
solution was analyzed on an Agilent 7500cs quadrupole ICP-MS at
the NHMFL. The Fepy concentrations were determined by the gravi-
metric yields of extracted Ag,S from samples using the chromium re-
ducible sulfide extraction method modified from Canfield, Raiswell,
Westrich, Reaves, and Berner (1986) in the Young Lab at FSU, and
assuming a stoichiometry of FeS,. Highly reactive Fe (Fe g)-to-total
Fe (Fe;) ratio was calculated as the sum of these four species: Fe
Fe

carb’

oxide’ Femag, and Fepy.

4 | RESULTS
4.1 | Modern sediments

All data are listed in Table 1 and presented in Figures 3 and 4. The
Fe,r/Fe; ratios of the Santa Barbara Basin sediments are between
0.41 and 0.46 with nearly homogenous FePY/FeHR values as well
(0.52-0.59) (Figure 3a). The Mo, is primarily between 4 and 6, and
U is not >1 (Figure 3b). Additionally, the Mn concentrations (311-
353 ppm) for all of the samples are all well below the oxic to anoxic
threshold of 850 ppm (Turgeon & Brumsack, 2006, and references
therein). The four modern down-core sediments from the Santa
Barbara Basin exhibit homogenous Tl isotope compositions, with an
average of £2°°Tl = 5.6 + 0.1 for these samples (Table 1).

4.2 | Ediacaran organic-rich shales

The Fe,,z/Fe; ratios of the Baiguoyuan samples vary from 0.28 to
0.66 (Figure 3a). The Fep, /Fe,, ratios are near zero, mostly between
0.01 and 0.09. The molybdenum enrichment factors (Mo) are be-
tween 3 and 60, with a mean of 34 (Figure 3b). Uranium enrichment
factors (Ugg) have a narrow range from 3 to 10 with a mean value
of 6. The Chenjiayuanzi and Wuhe samples show similar Fe,./Fe;
values, ranging from 0.30 to 0.63, and low Fe;, /Fe,, ratios, with
a range of 0.01 to 0.12, with one notably high value of 0.66 in the
Wuhe section (Figure 3a). For the Chenjiayuanzi samples, Mo, and
U exhibit a wide range from 28 to 192 and 4 to 31, respectively
(Figure 3b). In the Wuhe section, three samples document lower
Moy and U, than 3, while the rest of the samples have uniform U,
(5-10) and a wide range of Mo, (11-403) (Figure 3b). In contrast,
most shales from the Jiulongwan section exhibit elevated Fe,;/Fe;
ratios (0.26 to 1.0) and FeF,y/FeHR values (0.71 to 0.94), except one
sample (JLW-07) (Figure 3a), which is consistent with previously
published work (Li et al., 2010). These samples yield high Mo rang-

ing from 85 to 398, compared to U, from 4 to 16. These values are

similar to previous studies that have also reported high Mo enrich-
ments for the Doushantuo Formation (Han & Fan, 2015; Kendall et
al., 2015; Och et al., 2015).

The overall variation of Tl isotope composition in all investigated
Doushantuo shales is between £2°°T| = -7.8 at the Wuhe section and
£295T| = +0.4 at the Baiguoyuan section (Figure 4). The only portion
of the Shuram NCIE that is represented in all four sections is EN3c,

205T| = -2.5 to 0.4, with a few more

with values clustered around ¢
negative values toward the very top of EN3c (Figure 4). Only the
Baiguoyuan and Wuhe sections contain samples from EN3a and
EN3b, and Wuhe only contains three samples from these intervals
(Figure 4), such that direct correlations of Tl isotopes between these
two sections are not possible. The EN3a portion of Baiguoyuan sug-
gests a gradual decrease in Tl isotope values from £2°°Tl = -3.1 to
-4.8, whereas samples from EN3b at the Baiguoyuan section gener-

205T| = -6.5 to -4.2. The three samples from

ally display values of ¢
EN3a and EN3b at Wuhe are in general agreement with these values

at £2%°TI = -7.8 to -5.1.

5 | DISCUSSION
5.1 | Proxy calibration at Santa Barbara Basin

The ratios of Fe./Fe; in sediments deposited from oxic water
columns are usually at or below 0.38, with a modern average of
0.26 + 0.08 and a Phanerozoic average (past 542 Myr, excluding
the modern) of 0.14 + 0.08 (Lyons & Severmann, 2006; Poulton &
Raiswell, 2002; Raiswell & Canfield, 1998; Raiswell et al., 2018).
However, this ratio usually exceeds 0.38 for sediments deposited
under an anoxic water column, which arises from excess Fe deliv-
ery relative to typical detrital input and the preservation of Fe(ll)
minerals (e.g., Poulton & Raiswell, 2002; Raiswell & Canfield, 1998).
Excess Fe is primarily delivered to these environments via diffusion
of soluble Fe(ll) from reductive dissolution of Fe oxides along the
continental shelf, elevating the Fe; pool through an “Fe shuttle”
to deeper basinal settings where it is captured as syngenetic pyrite
(e.g., Lyons & Severmann, 2006; Raiswell & Canfield, 1998). When
Fe,r/Fe; exceeds 0.38, the FePY/FeHR ratios of sediments depos-
ited under euxinic conditions are >0.70, indicating Fe-limited pyrite
formation and, thus, excess hydrogen sulfide from microbial sulfate
reduction due to organic carbon decomposition(Marz et al., 2008;
Poulton & Canfield, 2011). When anoxic conditions are indicated by
Fe,r/Fe; >0.38, but FeF,y/FeHR values are <0.7, it is interpreted to be
deposited under ferruginous conditions, reflecting excess Fe(ll) rela-
tive to dissolved hydrogen sulfide in the water column (Berner, 1982;
Poulton & Canfield, 2011).

The Fe speciation analysis of the Santa Barbara Basin sedi-
ments reveals Fe,,,/Fe; of 0.41-0.46 and Fe;, /Fe,,; of 0.52-0.59
(Figure 3a), which supports a locally reducing water column with
sulfide accumulation limited to reducing pore fluids. This is con-
sistent with some previous observations (Raven et al., 2016), but

we note that the original work demonstrating Fe,, /Fe; variations
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TABLE 1 Tlisotope composition and Tl concentration, Fe species data, and trace elements of the investigated samples

Depth e 205 Authigenic TI  Total Tl Al Fe, Mn Mo U
Sample ID m authigenic  2SD ppm ppm wt% wt% ppm ppm ppm
Baiguoyuan N=3
AQH-02 0 0.0 0.3 0.69 0.96 6.58 1.21 28 35.8 14.8
AQH-03 0.5 0.2 0.1 0.73 1.05 6.94 0.63 63 36.0 8.8
AQH-04 1 -1.6 0.1 0.87 1.22 7.31 1.49 55 21.5 16.1
AQH-05 1.5 0.4 0.6 0.72 0.98 6.85 0.89 41 46.1 229
AQH-06 2.5 -1.0 0.3 0.77 1.06 7.04 0.89 37 47.0 22.8
AQH-07 3.5 -1.0 0.2 0.70 0.90 6.75 0.88 40 279 17.7
AQH-07 (duplicate) -0.8 0.1 0.66 0.90
AQH-08 4.5 -1.4 0.3 0.69 0.96 6.93 0.85 31 31.9 19.4
AQH-09 5.5 -6.5 0.1 1.15 1.24 7.25 3.34 57 31.6 18.1
AQH-10 6.5 -4.2 0.3 1.20 1.58 7.60 1.97 33 49.5 17.7
AQH-11 7.5 -2.8 0.5 0.87 2.04 7.94 2.16 33 42.8 15.6
AQH-12 8.5 -2.7 0.4 0.47 215 8.01 213 41 28.1 16.2
AQH-13 9.5 -6.4 0.1 2.21 2.54 7.50 211 33 53.3 26.7
AQH-15 11.5 -4.8 0.2 1.53 1.99 7.69 1.39 35 229 15.6
AQH-16 13 -6.2 0.3 1.41 1.68 7.65 191 34 14.7 16.2
AQH-17 14.5 -4.8 0.2 1.68 2.24 8.10 2.22 40 14.0 17.8
AQH-18 16 -3.9 0.3 1.49 1.77 8.15 1.35 29 9.3 14.0
AQH-19 17.5 -4.7 0.2 1.48 2.02 7.70 1.86 38 19.4 17.3
AQH-24 19 =&l 0.3 1.52 1.72 6.66 2.19 98 2.7 16.0
Jiulongwan =3
JLW-03? 154.5 -2.5 0.3 1.71 1.98 5.29 3.33 227 118.0 30.3
JLW-06? 153 -1.5 0.1 1.17 1.24 4.16 2.08 303 98.5 13.2
JLW-07% 152.5 -1.7 0.2 0.71 0.94 5.82 2.70 152 72.3 15.8
JLW-08? 151.8 -1.9 0.3 091 1.18 4.47 2.25 227 90.8 13.8
JLW-09? 150.5 -1.2 0.6 1.31 1.50 5.72 2.73 152 73.0 14.3
JLW-10° 150 -1.2 0.1 1.41 1.55 4.86 2.32 227 127.0 16.3
JLW-112 149.5 -1.6 0.9 1.75 1.92 5.56 2.83 227 133.0 17.6
JLw-12° 149 -2.5 0.3 117 1.33 5.82 295 152 63.6 15.2
JLW-13° 148 2.4 0.3 1.35 1.41 5.10 2.37 152 89.4 7.7
JLW-147 146 -0.7 0.1 1.00 1.18 5.09 2.33 227 71.8 14.9
JLW-15° 144 -1.4 0.4 1.60 1.84 6.14 2.84 152 291.0 13.3
JLW-16° 142 -0.4 0.1 1.43 1.79 6.46 3.03 227 65.2 16.8
Chenjiayuanzi =3
CJYzZ-01 180 -3.0 0.8 0.24 0.60 4.76 2.94 311 61.2 221
CJYZ-03 179 -4.5 0.6 0.13 0.27 0.39 0.22 43 7.0 4.4
CJYZ-05 175.5 -0.7 0.3 0.92 112 5.79 2.82 86 86.5 15.8
CJYZ-06 174.5 -0.6 0.1 0.88 1.05 5.73 2.75 95 131.0 8.9
CJYZ-07 172.5 0.1 0.1 0.95 1.09 6.76 1.32 34 39.5 10.6
CJYZ-08 171.5 0.4 0.2 0.93 1.10 6.40 1.68 30 92.5 171
CJYZ-09 170 -0.1 0.4 1.03 1.19 6.58 1.15 35 21.8 16.2
Wuhe N=3
WH14-14 116.8 -3.0 0.3 0.46 0.57 5.85 3.01 51 74.6 14.9

WH14-05 115.4 =iL{0) 0.4 0.74 0.95 8.06 3.17 35 69.1 13.7
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Depth e 205 Authigenic Tl  Total Tl Al ker Mn Mo V)
Sample ID m authigenic  2SD ppm ppm wt% wt% ppm ppm ppm
WH14-04 115.3 0.0 0.1 1.34 1.58 8.23 2.28 42 366.0 16.4
WH14-03 115.2 -0.6 0.5 1.27 1.50 8.11 2.75 64 84.4 171
WH14-02 1151 0.1 0.5 1.44 1.41 8.33 2.21 25 400.0 18.3
WH14-01 115 -0.4 0.2 1.03 1.19 8.39 3.16 82 104.5 15.0
WH82* 104.4 -7.8 0.5 0.19 0.28 5.30 3.32 29 7.0 16.5
WH76? 99.1 -5.1 0.7 0.14 0.24 6.49 3.65 146 24 3.7
WH68* 88.2 -6.3 0.3 0.24 0.38 6.38 2.94 130 2.0 3.2
WH58? 74.5 -34 0.6 0.14 0.25 7.12 1.59 23 2.5 3.3
WH43? 56.0 0.39 0.53 5.51 2.69 57 32.9 20.2
WH42? 55.3 -1.2 0.4 0.43 0.57 5.86 291 49 69.9 16.5
Santa Barbara Basin  cm N=3 ppm ppm
NHO1 12-18 G6C- 0.5 -5.5 0.1 0.74 0.56 8.59 4.51 311 4.8 2.7
47 0-1 cm
NHO1 12-18 G6C- 1.5 -5.6 0.2 0.41 0.54 8.77 4.54 322 5.6 2.7
47 1-2 cm
NHO1 12-18 G6C- 2.5 =57 0.2 0.38 0.58 9.50 4.77 352 6.7 2.9
47 2-3 cm
NHO1 12-18 G6C- 3.5 -5.7 0.1 0.42 0.54 9.59 4.73 353 4.6 2.7
47 3-4 cm
Standard N=6 ppm ppm
SCo-1 -2.8 0.3 0.53 0.71
Reference value -2.9 0.1
(Ostrander et al.,
2017)
SBC-1 0.96 11.00 6.54 1,100 2.2 6.2
Reference value® 0.89 11.12 6.79 1,161 2.4 5.8

Note: “-" Below detection limit. For Fe species data: A standard is used in which our reproducibility is ~7% for each extraction.

2Al, Fe, Mo, and U data are referenced from Han and Fan (2015).
PThe reference value is cited from USGS.

in sediments under fluctuating water column redox states mea-
sured two sediment samples between 1 and 5 cm depth from the
“dysaerobic” Santa Barbara Basin, with values of Fe ./Fe; < 0.25
(Feyg only includes dithionite, pyrite, and monosulfide bound Fe;
Raiswell & Canfield, 1998). The discrepancy with our data is likely
due to differences in the methods as the original sequential Fe ex-
traction scheme did not include Fe contents from Fe_,, and Femag
fraction. If we remove these two extractions, our data are slightly
higher (average of 0.32 for upper 4 cm samples) than previously
reported values but within the methodological uncertainty. We
utilize the entire extraction scheme as values for Fe

carl
are pivotal for recognizing anoxic, ferruginous settings where py-

, and Femag

rite is less abundant than in euxinic settings (Poulton & Canfield,
2011; Raiswell et al., 2018). Our Fe,/Fe; data are also within an-
alytical uncertainty of a recent study on the Santa Barbara Basin
with the core top value of 0.38, but their Fepy/FeHR values of 0.10
are significantly lower than our results (Wang, Hendy, Latimer, &
Bilardello, 2019). Wang et al. (2019) observed Fe speciation simi-

lar to ours in some deeper samples, and they argue that elevated

sedimentation rates may have muted some of the Fe speciation
ratios. Regardless, these sediment Fe speciation results are gener-
ally consistent with observations that the water column is reduc-
ing but not fully euxinic.

As outlined in Introduction, Tl isotopes from anoxic but non-eu-
xinic sediments have not been previously investigated and the Tl
isotope composition of such sediments and the overlying water
column is unknown. There are no known marine localities that are
direct analogs for the ferruginous conditions inferred for the ancient
record given the large difference in oceanic sulfate concentrations.
However, given these constraints, we posit that our understanding
of the modern seawater redox state of the Santa Barbara Basin and
the Fe speciation values from sediments reported here make it a rea-
sonable, though not perfect, modern comparison to ancient anoxic
but non-euxinic conditions.

Until now, the phases bearing Tl in non-euxinic reducing sed-
iments have not been well understood. In euxinic basins, Tl is re-
moved quantitatively through scavenging or incorporation into Fe

sulfides precipitated from the water column below the chemocline
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TABLE 1 (Continued)
Fepy I:ecarh Feoxide Femag I:eHR
Mo, Uge wt% wt% wt% wt% wt% Fe,./Fer Fe, /Fe q
374 5 0.09 0.06 1.07 - 1.22 0.53 0.07
87 6
403 6 0.15 0.04 1.07 - 1.26 0.57 0.12
105 5
11 8 0.04 0.13 1.64 - 1.80 0.54 0.02
3 2
3 1 1.22 0.07 0.57 - 1.86 0.63 0.66
3 1
50 10 0.01 - 1.37 - 1.38 0.51 0.01
100 8
5 1 1.08 0.19 0.37 0.45 2.09 0.46 0.52
5 1 1.16 0.16 0.29 0.36 1.96 0.43 0.59
6 1 1.14 0.19 0.44 0.36 2.13 0.45 0.53
4 1 1.13 0.11 0.33 0.36 1.94 0.41 0.58

(Nielsen et al., 2011; Owens et al., 2017). Although non-euxinic re-
ducing conditions can also support sulfide formation near the sed-
iment-water interface, it is also possible that Tl incorporation in
reducing sediments could occur through other processes. Studies
of Tl sorption to organic-rich soils have concluded that Tl is not
strongly bound to organic matter (Jacobson, McBride, Baveye, &
Steenhuis, 2005), which indicates that Tl enrichment in ferrugi-
nous sediments is unlikely to originate from sorption to organic
matter. We suggest that microbial sulfate reduction occurring at
or near the sediment-water interface would provide free HS™ that
combines with dissolved iron to precipitate pyrite and might be
the likely mechanism for Tl deposition in ferruginous conditions.
However, Tl concentrations in these sediments do not show any
correlations with the Fe-pyrite content, suggesting that other
mineral phases may have the capacity to accumulate TI. In addi-
tion, assuming that all sulfate at the sediment-water interface was
converted to HS’, the porewaters would still be more than three
orders of magnitude undersaturated with respect to TI,S (Nielsen

et al.,, 2011). Therefore, it is unlikely that Tl,S would precipitate

directly from these waters. Alternatively, Tl could also be domi-
nantly sorbed onto the surface of clay minerals in these non-eux-
inic reducing sediments, especially Na-illite (e.g., Martin, Wissocq,
Benedetti, & Latrille, 2018; Voegelin et al., 2015). Given that TI
isotope fractionation appears to be muted during sorption that
is not associated with Tl oxidation (Nielsen et al., 2013), it would
not be expected that clay minerals are fractionated relative to the
water column. However, future studies investigating possible Tl
isotope fractionation during clay mineral adsorption would be
needed to verify this hypothesis.

Regardless of the Tl enrichment process, the average Tl iso-
tope composition of the four modern sediment samples from the
Santa Barbara Basin is ¢2°°Tl = -5.6 + 0.1, which is within analytical
uncertainty of the modern seawater value of 29T = -6.0 + 0.3.
This similarity suggests that sediments deposited under reducing
conditions with no evidence for local manganese oxide deposi-
tion—note that total Mn concentrations are much lower in SBB
than average oxic sediments—may faithfully capture the Tl isotope

composition of overlying oxic seawater in open marine settings,
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akin to euxinic sediments (Owens et al., 2017). Therefore, Tl iso-
topic analysis of authigenic phases in marine sediments deposited
under reducing conditions can potentially record the marine sea-
water value, which supports the proxy utilization in similar ancient

environments.

5.2 | Local redox conditions in the Nanhua Basin

Most samples from the Baiguoyuan section have Fe speciation
evidence consistent with deposition in predominantly ferruginous
conditions (Figure 3a). Three samples from this section yielded
lower Fe,./Fe; values (0.22-0.38) that may have resulted from
deposition under oxic water column conditions, but multiple sce-
narios could allow for similar values even under anoxic deposi-
tion: (a) high sedimentation rates and dilution of Fe  (Raiswell &
Canfield, 1998), (b) loss of Fe(ll) through the reduction of Fe oxide
and then transfer into deeper water column (Lyons & Severmann,
2006), (c) the shallow marine trapping of Fe . under oxic water
column conditions (e.g., Poulton & Raiswell, 2002), or (d) early dia-
genetic transformation of unsulfidized Fe to poorly reactive Fe-
rich clays (in the absence of sulfide) (Poulton & Raiswell, 2002).
The latter two processes commonly can be distinguished by near
terrestrial input values or enrichments in Fe /Al above terrestrial
input values (Lyons & Severmann, 2006). In contrast, the former
two processes could possibly be consistent with low Fe/Al ratios
(0.18-0.27) due to the loss of Fe (ll) through iron shuttling and/
or dilution of Fe by rapid deposition of lithogenic material with
low Fe/Al ratios. For example, Scholz et al. (2014) have reported
low Fe,./Fe; and Fe;/Al ratios in the modern Peru margin oxygen
minimum zone resulting from the loss of Fe (ll) through Fe shut-
tling. Therefore, given the context of other similar data, the Fe
speciation data from these three samples still likely record reduc-
ing conditions or close proximity to a ferruginous water column (Li
et al., 2015).

For the Jiulongwan section, elevated Fep, /Fe,, ratios (>0.75) of
most of the samples suggest dominantly euxinic conditions, which
is consistent with previous studies of Fe speciation (Li et al., 2010;
Och et al., 2015). Our Fe speciation data from the Chenjiayuanzi and
Wuhe sections suggest predominantly ferruginous conditions for
those samples (Figure 3a). However, we have only analyzed a very
limited sample set from Wuhe and a more extensive study found
almost exclusively euxinic conditions for Members Il and IV in the
Wubhe section (Sahoo et al., 2016). This may suggest that our data
points are less representative of the predominant local redox con-
ditions during deposition of Members Il and IV at Wuhe, especially
when considering the high trace metal concentrations presented
herein.

In addition to Fe speciation, Mo, and U, are commonly used
to identify water column redox conditions (Algeo & Tribovillard,
2009). Molybdenum is well known to enrich in sediments under-
lying sulfidic water columns due to the reactions of molybdate

with water column sulfide to form tetrathiomolybdate, which

is particle-reactive and is efficiently buried with organic mat-
ter (Algeo & Lyons, 2006; Dahl, Chappaz, Fitts, & Lyons, 2013;
Scott & Lyons, 2012). In contrast, uranium enrichment initiates at
Eh conditions close to where Fe(lll) reduction initiates, allowing
the contrasting behavior with Mo to identify non-sulfidic anoxia
versus euxinic conditions (Tribovillard et al., 2006). Elevated Mo
(>100 ppm) and U concentrations are taken as evidence for depo-
sition under euxinic water column conditions with a large marine
metal inventory, while elevated U and lower Mo (<100 ppm; but
>25 ppm) concentrations are indicative of anoxic, non-euxinic
water column settings (Tribovillard et al., 2006).

The relationship between our Mo, and U is in general agree-
ment with the Fe speciation data that are indicative of anoxic con-
ditions for most samples from the Baiguoyuan section, and euxinic
water column conditions at the Jiulongwan section (Figure 3b). In
contrast, the relationship between Mo, and U, for most shale sam-
ples from the Chenjiayuanzi section and the top of the Wuhe sec-
tion could have been deposited in a euxinic environment (Figure 3b),
whereas Fe speciation from these sections primarily implies ferrugi-
nous conditions (Figure 3a). Mo and U concentrations in this study
are very similar to those reported by Sahoo et al. (2016), which at
least indicates no loss of Mo and U even though oxidative weath-
ering has occurred at the outcrop. However, oxidative weathering
may transfer pyrite to Fe oxide, which may be a possible explanation
for the low contribution of Fe, relative to the Fe pool in these
samples. Regardless, the Fe,,; concentrations would be minimally af-
fected by such a process and would not impact our assessment that
the sediments were deposited under anoxic conditions (Canfield et
al., 2008). If we assume that all Fe oxide in the Chenjiayuanzi and
Wuhe sections represent oxidized pyrite, then most samples would
plot above the euxinic threshold. In this scenario, our trace element
data would support the previous conclusions by Sahoo et al. (2016)
that Members Il and IV in these locations were primarily deposited
under euxinic conditions.

In summary, we conclude that our new Fe speciation and trace
element data for the four sections studied here are broadly indica-
tive of deposition under anoxic water conditions. Detailed interpre-
tations of these data indicate mostly ferruginous conditions locally
during the Shuram NCIE with some samples deposited under euxinic
conditions, predominantly in the Jiulongwan and Wuhe sections.
Combined with previously published data on sediments from the
Nanhua Basin (Och et al., 2015; Sahoo et al., 2016), we argue that
these general local redox conditions are broadly applicable through-
out this basin during the Shuram NCIE.

5.3 | Stratigraphic Tl isotope correlation of the
four sections

A high-resolution section-by-section stratigraphic correlation is
difficult in the Nanhua Basin due to the lack of event stratigraphic
marker beds or diagnostic fossil occurrences. However, we can ex-

amine the general characteristics of the Tl isotope compositions
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FIGURE 3 The local redox conditions of four investigated sections and the Santa Barbara Basin are reflected by Fe species data (a) and
MoEF-UEF covariation (b). The red line shows Mo/U molar ratios equal to the seawater value (7.5-7.9), and black and green dash lines, equal
to fractions thereof (0.3*SW, 3*SW), respectively (Algeo & Tribovillard, 2009) (b). BGY, Baiguoyuan; CJYZ, Chenjiayuanzi; JLW, Jiulongwan;

SBB, the Santa Barbara Basin; WH, Wuhe
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FIGURE 4 Tl concentrations and isotope compositions during the Shuram NCIE along four investigated sections. Gray columns represent

the modern oxic seawater value of £2°°Tl = -6

in each of the three stratigraphically subdivided intervals of the
Shuram NCIE (EN3a-b-c) that have previously been documented
(Figure 2). There is a general agreement of Tl isotope values in inter-
vals EN3b and EN3c that are recorded at the Baiguoyuan and Wuhe
sections (Figure 4), which suggests that the Tl isotope composition
of the Nanhua Basin was relatively homogenous throughout the
Shuram NCIE during these periods. Period EN3a is only represented
by samples from the Baiguoyuan section, and we can therefore not
assess whether the Nanhua Basin was homogeneous with respect
to Tl isotopes during this period. However, in general the Tl iso-
tope similarity between the four sections supports that the Tl iso-
tope composition of the Nanhua Basin was relatively homogeneous
during the Shuram NCIE and that the sections largely record the Tl
isotopic evolution of the water mass within the basin. A schematic

depiction in Figure 5 shows the Tl isotopic evolution of the Nanhua
Basin during the Shuram NCIE. However, based on our current
knowledge of the basin it is difficult to confidently assess whether
this Tl isotope evolution reflects the global ocean or could be due to
changes in basinal restriction. It has been shown that basinal restric-
tion in the Black Sea causes the Tl isotope composition of this basin
to closely reflect the riverine input values of £2°°Tl = -2 (Owens et
al., 2017), whereas the Cariaco Basin (Owens et al., 2017) and Santa
Barbara Basin (this study) are sufficiently well connected to the open
ocean that the sediments record open ocean oxic seawater values.
The Nanhua Basin, and the Jiulongwan and Wuhe sections, in par-
ticular, has been inferred to be well connected to the open ocean
(Jiang et al., 2003; Och et al., 2015; Sahoo et al., 2016; Zhang et al.,
2013; Zhu et al., 2013), which would suggest that the depositional
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environment in the Nanhua Basin was more similar to that found in
the Santa Barbara and Cariaco Basins rather than the Black Sea. If
this is indeed the case, then the Tl isotope evolution of the Nanhua
Basin during the Shuram NCIE would reflect that of the global ocean.
In the absence of any sedimentological and geochemical evidence
for basinal restriction in the Nanhua Basin, we here interpret the
Tl isotope curve as an open ocean record, but caution that basinal
restriction in the Nanhua Basin would likely have caused Tl isotopic
compositions of the water column to converge toward the crustal
input value of £2°°T| = -2, assuming the local inputs had the same

composition as modern rivers.

5.3.1 | Effect of oxidative weathering on Tl isotopes

The same Tl isotope composition between upper continental crust
(£29°TI = -2.0) and riverine detrital particulates (€2°°Tl = -2.5) has
indicated negligible Tl isotope fractionation during continental
weathering processes (Nielsen et al., 2005). However, Tl isotope
fractionation by direct weathering remains relatively unexplored.
A recent study of lateritic soil profiles suggested that Tl is leached
out from the soil during continental oxidative weathering, which
is associated with small and resolvable Tl isotope fractionation to-
ward heavy values (from -2.2 to +0.3) in the residual soil (Howarth,
Prytulak, Little, Hammond, & Widdowson, 2018). These authors also
observed Tl enrichment and heavy £2°°Tl values (+6) at the paleowa-
ter table in another basalt-base profile, which likely reflected an ex-
ternal source of Tl and significant isotope fractionation controlled by
Fe-Mn oxides (Howarth et al., 2018). Neither of these processes are
capable of explaining the very light Tl isotope signatures observed
for shales from the EN3a and EN3b intervals, which eliminates
weathering as a possible cause for most of our Tl isotope variation.
External addition of Tl, either as a syndepositional Fe-Mn shuttle or
as a post-depositional Fe-Mn oxide precipitation, could account for
some of the heaviest values (£2°°TI ~ 0). However, given that these
heavy values are observed at similar stratigraphic levels in all four
sections, the latter of these options appear less likely.

5.3.2 | Near-modern oxic seawater Tl isotopes

We interpret the Tl isotope value of 29T = -8 to -5 during the
Shuram NCIE as evidence for near-modern Mn oxide burial fluxes.
Thallium isotopes show a gradually decreasing trend from £2%°T| ~
-3 to -5 during EN3a-EN3b transition, and then generally record
values of £2°°T| ~ -8 to -5 during EN3b interval (Figures 4a,d and
5). This negative Tl isotope excursion may reflect increased global
Tl scavenging by Mn oxide burial. The increase in Mn oxide burial
during the EN3a to EN3b can be modeled using a previously pub-
lished isotope mass balance model, e, = &, - F;y~Aunox - (Fumnox”
Fin) — Baoc - (Faoc/F i) (Nielsen et al., 2009; Ostrander et al., 2017).
In this model, ¢, and ¢, are the Tl isotope compositions of seawa-

ter and total inputs, where ¢, is effectively constant (eZOSTI = -2,

Baker et al., 2009; Nielsen et al., 2011, 2005, 2017, 2006). Ao
and A, are the Tl isotope fractionation between seawater and
Mn oxide and altered oceanic crust (AOC). F,y, Fy;,ox @and F,oc are
the total inputs, Mn oxide, and AOC output fluxes, respectively. The

shift from £2°°TI

~ =3 to near or slightly lower than modern seawater
values during the EN3a to EN3b transition can be explained by Mn
oxide output fluxes that increased by approximately 30%, assum-
- 205 . _ 205
MnOX-seawater +16 7 Tl-units and AAOC-seawater =-1177Tl-

units. Previous studies suggested that significant Mn oxide burial

ing A

required high concentration of molecular oxygen or O,-derived spe-
cies, such as superoxide, available in the water column (Johnson et
al., 2016). As noted earlier, the Tl isotope composition of authigenic
Tl in our black shales during the Shuram NCIE most likely reflects
that of open ocean seawater. Therefore, this large-scale increase in
Mn oxide burial likely reflects an increased capacity of the ocean
to oxidize Mn, either through increased O,-derived species, such
as superoxide, in the oxygenic portion of the water column, or via
an expansion of areas capable of burying Mn oxide, possibly due
to increased oxygen at the sediment-water interface in the global
ocean (Ostrander et al., 2019). Although the Mn oxide burial rates

required to produce £2°°Tl

~ -6 are high, it remains difficult to quan-
tify ocean oxygenation due to uncertainties associated with the link
between the global modern Mn budget and quantifying the overall
ocean oxygen budget. Due to the likely ferruginous conditions in
the deep ocean (e.g., Canfield et al., 2008), the marine Mn reservoir
should have been much larger than it is today, which would have
enhanced the capacity of the ocean to precipitate large amounts of
Mn oxide over extended periods of time. Thus, any increase in ocean
oxygenation would likely have triggered large changes in Mn oxide
precipitation.

Despite the inability to use Tl isotopes to directly constrain
ocean oxygenation, our interpretation of increased ocean oxy-
genation at the EN3a to EN3b transition is consistent with previ-
ously reported evidence for an oxygenation event during this time,
which was based on globally enhanced continental weathering (Li
et al., 2017; Sawaki et al., 2010), elevated marine sulfate concentra-
tions and decreased sulfur isotope composition (Fike et al., 2006;
Kaufman et al., 2007; Li et al., 2017; Loyd et al., 2013; Osburn et al.,
2015), elevated marine iodate concentrations observed in a range of
global depositional settings (Hardisty et al., 2017), and a positive U
isotope excursion (Kendall et al., 2015; Zhang et al., 2019). Although
spatially heterogeneous, paired §'3C and 8°*S records show coin-
cident negative excursions interpreted to represent an event that
oxidized large dissolved organic carbon and sulfide pools in the deep
oceans (Fike et al., 2006; Kaufman et al., 2007; Li et al., 2017; Loyd
et al., 2013; Osburn et al., 2015; Shi et al., 2018). Coincident with
the Shuram NCIE records, 1/(Ca + Mg) ratios from three separate
paleocontinents have been shown to shift to higher values indi-
cating the presence of locally oxic water columns in these shallow
carbonate environments (Hardisty et al., 2017). Our new Tl isotope
measurements show near-modern seawater values during most of
the EN3b interval. Coupling our data with previously published in-

dependent geochemical proxy data sets, hence, provides additional
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evidence for an oxidation event in the global oceans during the
EN3a-to-EN3b transition, which based on Tl isotopes may suggest
that the Mn oxide burial flux was similar to or greater than that of
the modern ocean. Given the coupled relationship between Tl and
C isotope curves during the Shuram NCIE in our investigated sec-
tions (Figure 5), we argue that the oxygenation of a large water mass
in the global oceans during the Ediacaran may have been a pivotal
trigger for the Shuram NCIE through the oxidation of a large dis-
solved organic carbon reservoir, the disappearance of acanthomo-
rph acritarchs, and the radiation of Ediacaran-type biota (e.g., Fike
et al., 2006; McFadden et al., 2008).

5.3.3 | Tlisotopes during recovery from the
Shuram NCIE

Thallium isotopes document a sharp increase at the EN3b-EN3c
transition (Figures 4 and 5), and during the late period of the Shuram
NCIE (EN3c), nearly all samples from our four sections deposited
under euxinic and ferruginous conditions show TI isotope values
near or slightly higher than modern inputs. Similar increases in Tl

isotopes have been observed in two Mesozoic Oceanic Anoxic

(a) 8°°Mo(%0)
-1.5

-0.5 0.5 1.5 2.5

[ |
Deoxygenation
L A En3c
: En3a-b
[ |
[ |
[ |
1 Global
Oxygenation
1
[ |
[ |
[ |
1
Modern seawater
— T .
-8 -6 -4 -2 0

e°°TI

13
ST Wi ey

Events and a Paleozoic event, and these were suggested to be due
to a decrease in Mn oxide burial in the global oceans (Bowman et
al., 2019; Ostrander et al., 2017; Them et al., 2018). This mechanism
may be a potential trigger for the observed increase in Tl isotope
values around the EN3b-EN3c boundary. It is important to note that
Tl burial into AOC likely has varied over Earth history, but that over
geologically shorter (<5 Myrs) events, the AOC flux is probably rela-
tively invariant (Nielsen et al., 2009). Therefore, it is reasonable to
compare these Phanerozoic events with the Shuram NCIE in terms
of the similarly observed rapid Tl isotope changes.

However, in contrast to Phanerozoic deoxygenation events where
dissolved oceanic Mn was likely already very low, the decrease in Mn
oxide burial during the Shuram NCIE could either be due to a dimin-
ished dissolved Mn reservoir in the ocean or a contraction of the
seafloor area with oxygen at the sediment-water interface. The first
scenario would not require a change in the oxygenation of the ocean,
merely implying that so much reduced dissolved Mn had been re-
moved from the ocean that Mn oxide burial fluxes eventually began
to decrease. As such, the positive Tl isotope shift toward the end
of the Shuram NCIE does not require a global ocean deoxygenation
event. It is notable that the Tl isotope shift toward heavier values

occurs before the recovery back to heavier C isotope compositions
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FIGURE 5 A schematic depiction of the Tl isotopic evolution of the Nanhua Basin during the Shuram NCIE, correlated with Mo and
carbon isotopes. (a) Tl isotope conceptual curve in this study and Mo isotope curve reported by Kendall et al. (2015) during the Shuram
NCIE. (b) The carbon isotope curve of the Yangtze Gorges area (Li et al., 2010, 2017; McFadden et al., 2008) can be divided into the early
(EN3a), middle (EN3b), and late (EN3c) excursion intervals. The possible appearance of complex macroscopic metazoans is also marked
along the Shuram NCIE. Doushantuo-type acanthomorph acritarchs seem to be restricted to before the Shuram NCIE in South China,
South Australia, and Siberia (Xiao et al., 2016, and reference therein). Ediacaran-type macrofossils consist macroscopic, soft-bodied,
morphologically complex, and phylogenetically diverse eukaryotes including animals, which is geographically worldwide and found in 575-

541 Ma rocks of the late Ediacaran period (Xiao et al., 2016)
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(Figure 5). If the Shuram NCIE is related to DOC oxidation (Fike et
al., 2006; Jiang et al., 2007; McFadden et al., 2008; Rothman et al.,
2003), then the earlier shift in Tl isotopes could be consistent with
either exhaustion of the dissolved reduced Mn reservoir from the
deep ocean before total DOC oxidation, or a decrease in the area of
the seafloor in contact with oxygenated seawater at the sediment-
water interface before organic carbon burial re-commenced and
caused the end of the Shuram NCIE. The latter mechanism would
be similar to the interpretation for the Phanerozoic events where
the Tl isotope composition of seawater was observed to respond
prior to the carbon isotope excursion (Ostrander et al., 2017; Them
et al., 2018; Bowman et al., 2019; and reviewed in Owens, 2019).
The decreasing U isotope (6%%v) composition of seawater recorded
by shales from the Member IV of the Doushantuo Formation and
carbonate from the Nama Group suggested a rapid and dramatic an-
oxic expansion from ~560-550 Ma (Kendall et al., 2015; Tostevin et
al., 2019; Zhang et al., 2019), providing additional evidence for our
proposed decrease in ocean oxygenation during the EN3c.

In addition, low §”®Mo values (<0.7%.) have been found in most
shales from the lower part of Member IV in the Jiulongwan section
(e.g., EN3c), which was interpreted to reflect Mo isotope fraction-
ation in weakly sulfidic waters or by the accumulation in the sedi-
ments of Mo that was previously adsorbed onto Mn oxide particles
(Figure 5; Kendall et al., 2015). If the latter process was in operation,
then we would expect significantly heavier Tl isotope compositions
than the contemporaneous seawater value £2°°Tl <-2, because Mn
oxides are ~16 £2°°Tl-units heavier than the water from which they
precipitate (Nielsen et al., 2013; Rehkamper et al., 2002). Some TI
isotope compositions in the EN3c interval at all four sections ap-
proach ¢2°°Tl = O (Figure 4), which could be consistent with Fe-Mn
oxide shuttling, but not with effects from weathering (see Section
5.3.1 for details). However, all four sections we investigated rep-
resent significantly different positions within the Nanhua Basin. In
general, Fe-Mn oxide shuttling might be expected to operate most
strongly in proximity to a chemocline within a basin as the oxide
minerals (in particular, Mn oxides) most likely require dissolved ox-
ygen for precipitation and then rapidly re-dissolve once they reach
an anoxic water masses (Rue et al., 1997). Hence, the ubiquity of the
near crustal e2°°Tl values throughout the Nanhua Basin suggests this
to be a feature of the entire basin, rather than a product of Fe-Mn
shuttling processes. Moreover, high §22°U values in Member IV from
the Jiulongwan section also do not support the operation of Fe-Mn
shuttling in the local deposition environment, because Fe-Mn oxide
sinks commonly enrich isotopically light U (Kendall et al., 2015 and
references therein). Future work is needed on the exact effects of
Fe-Mn oxide shuttling on sediment isotopic signature of Mo and
Tl, as well, as trace metal concentrations to improve constraints on
how to interpret the trace element and stable isotopic signatures
observed in the EN3c interval.

High 678Mo values (1.7-2.0%o) at the latest stage of EN3c in one
small interval from the Jiulongwan section (Figure 5; Kendall et al.,
2015) are difficult to correlate directly with our Tl isotope data, and

even though our samples were collected from the same formation,

sample coverage may not be consistent between these two studies.
We therefore cannot use our present data set to evaluate whether
the short oxygenation period proposed by Kendall et al. (2015) is
supported by the occurrence of light Tl isotope compositions. In ad-
dition, the Tl could be responding faster to deoxygenation (or reduc-
tion in oceanic Mn reservoir) than Mo and U, due to the difference
in modern residence times for these three elements. Nevertheless,
if our proposed deoxygenation event during the uppermost portion
of the Shuram NCIE indeed occurred, we can argue that the oxy-
genation event during the EN3a-b intervals could have stimulated
the evolution of Ediacaran-type biota (e.g., McFadden et al., 2008;
Zhang et al., 2019) and the subsequent deoxygenation event during
EN3c did not prevent the appearance of macroscopic mobile bilate-
rians (Figure 5).

6 | CONCLUSION

In this contribution, we show that the Tl isotope composition of
the authigenic component in sediments from the reducing Santa
Barbara Basin is identical to the open ocean seawater value. These
data imply that Tl isotope compositions of reducing, non-euxinic
ancient sediments can be used to reconstruct the Tl isotope com-
position of contemporaneous seawater. This finding indicates that
anoxic, non-euxinic—as well as euxinic—sediments from basins well
connected to the open ocean can be utilized for Tl isotope redox
proxy reconstructions (Owens et al., 2017).

We also have applied the Tl isotope proxy in ancient ferruginous
and euxinic shales deposited during the late Ediacaran that record
the Shuram NCIE in the Doushantuo Formation from four sections
(that span the inner shelf to the continental slope) in South China.
During the peak of the Shuram NCIE, values of the ferruginous/eux-
inic shales from both the inner shelf (Baiguoyuan) and slope (Wuhe)
sections show light Tl isotope values (£2°°Tl = -5 to -8), with an av-
erage value close to the modern oxic seawater value of 29°T| = -6.
These values are lighter than values observed at the onset and recov-
ery stages of the Shuram NCIE. These lighter values suggest a signif-
icant increase in Mn oxide burial fluxes during the main phase of the
Shuram NCIE. This increase in Mn oxide burial could correspond to
an expansion of the seafloor area with high oxygen concentrations at
the sediment-water interface. Alternatively, the increased Mn oxide
burial could also have been induced by an increased oxidative capac-
ity of the oxic portion of an otherwise anoxic ocean that would have
steadily depleted the anoxic portion of the ocean in dissolved Mn. In
either case, the contemporaneous negative Tl and C isotope excur-
sions during the early-middle stage of Shuram NCIE suggest that the
origin of the Shuram NCIE and the radiation of Ediacaran-type biota
are likely associated with a large-scale or possibly even global ocean

oxygenation event.
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