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ABSTRACT
The geologically rapid appearance of most extant animal groups in the Cambrian fossil record is often linked to enhanced ocean 
oxygenation. However, conflicting reconstructions of the Cambrian redox landscape make it difficult to determine the extent of 
ocean oxygenation during this significant biotic event, particularly regarding the redox state of the global deep ocean. In this 
study, we present authigenic thallium isotope compositions (ε205Tlauth) for two shale sequences from South China (Qingjiang and 
Weng'an) that span the Cambrian Stage 2–3 boundary to the appearance of the Qingjiang biota, approximately 521–518 million 
years ago (Ma), a timeframe that chronicles a particularly rapid interval of metazoan diversification and radiation in the broader 
Cambrian explosion. If this event occurred amid modern-like extents of global ocean oxygenation, we would expect a significant 
increase in the global extent of seafloor Mn-oxide burial to drive lower ε205Tlauth values near the modern open-ocean composition 
of −6‱. Instead, we observe broadly stable ε205Tlauth values of around −3 to −4‱ in both studied sections. The lack of any sig-
nificant Tl isotope shifts in our dataset argues against a short-term global ocean oxygenation event and suggests the global deep 
ocean was not characterized by modern extents of oxygenation 521–518 Ma. We reinterpret contemporaneous near-modern Mo 
and U isotope compositions to signal a relatively minor increase in marine oxygenation, likely limited to the continental shelves. 
However, ε205Tlauth lower than the average isotopic composition of approximately −2‱ in Ediacaran shales suggests a shift to 
comparatively better-oxygenated conditions sometime between ~555 Ma and 521 Ma. If diversification at this time was linked to 
increased ocean oxygen levels, these changes were likely more dominant in the relatively shallow-water settings of continental 
shelves most densely populated by Cambrian animals and were incapable of dramatically altering seawater Tl isotope mass bal-
ance through seafloor Mn-oxide burial.
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1   |   Introduction

The rapid radiation of most extant animal groups in the early 
Cambrian approximately 540–520 million years ago (Ma) 
marks the pivotal biotic event dubbed the Cambrian explosion 
(Knoll and Carroll  1999; Marshall  2006). Fossil evidence that 
metazoans were unambiguously present ~40 My prior—as 
well as organic biomarker and molecular clock evidence they 
were possibly present as far back as the Tonian or Cryogenian 
(Dohrmann and Wörheide 2017; Knoll and Carroll 1999; Love 
et al. 2009)—has led multiple studies to interpret the Cambrian 
explosion in the context of changing environmental conditions 
that abruptly permitted, or promoted, metazoan radiation (e.g., 
Knoll and Carroll 1999; Wood et al. 2019). However, the search 
for a principal environmental trigger for the Cambrian explo-
sion remains elusive.

One hypothesis that has garnered continued interest is the role 
of changing molecular oxygen (O2) availability in seawater. The 
free energy yield from aerobic respiration is significantly greater 
than that of other oxidants, offering a plausible energy source for 
some ecological innovations that first appear in the Cambrian 
fossil record (e.g., Payne et al.  2009). Similar changes in body 
plan and ecological complexity found today along oxygen gradi-
ents in marine Oxygen Minimum Zones (OMZs) offer a tentative 
analog to the coupled changes in marine redox and metazoan di-
versity during the Cambrian (Rhoads and Morse 1971; Sperling 
et al. 2013). To this point, a shift in the scale of global seafloor 
oxygenation has long been hypothesized as a trigger for early 
animal radiation.

Many recent geochemical studies infer intervals of greater ma-
rine oxygenation during the early Cambrian (Chen et  al.  2015; 
Cheng et al. 2017; Fan et al. 2023; Feng et al. 2014; Jin et al. 2016; 
Li et al. 2017, 2021; Wei et al. 2020; Wen et al. 2015). However, 
the validity and scale of these oxygenation events, chiefly the 
extent of deep marine oxygenation, remain a subject of intense 
debate. The discovery of a few sedimentary U and Mo isotope 
compositions comparable to today has led to a straightforward 
interpretation that oceans were characterized by a near-modern 
redox state (i.e., with large extents of moderately or strongly oxic 
regions) near the Cambrian Age 2–3 boundary (~521 Ma), coeval 
with an exponential increase in global metazoan diversity (Chen 
et al. 2015; Dahl et al. 2017; Li et al. 2021; Wen et al. 2015). In 
this framework, a substantial global oxygenation event could 
have facilitated diversification by expanding habitable settings 
and removing limitations to the O2 demands of Cambrian body 
plans (Chen et  al.  2015). However, other geochemical datasets, 
including changes in Fe species ratios, redox-sensitive element 
(RSE) concentrations, and other Mo and U isotope datasets, seem 
to indicate that the global deep ocean remained broadly anoxic 
in the early Cambrian with strongly heterogeneous marine redox 
conditions (Cheng et al. 2017; Feng et al. 2014; Jin et al. 2016; Qin 
et al. 2022; Sperling, Knoll, and Girguis 2015; Stockey et al. 2024; 
Wei et al. 2018, 2021). Metazoan diversification under this frame-
work may have been triggered by more subtle but still ecologically 
important changes to ocean oxygenation or other environmen-
tal/ecological factors in the shelf environments most densely in-
habited by Cambrian animals. Evidently, additional research is 
required to address the ongoing debate surrounding the redox 
evolution of Cambrian oceans.

Stable thallium (Tl) isotopes offer a novel approach to indirectly 
track changes in deep ocean oxygenation through Tl adsorp-
tion onto Mn(III/IV)-bearing oxides on the deep seafloor (e.g., 
Ostrander et al. 2017; Them et al. 2018). Differences in the ratio 
of the two stable Tl isotopes, 203Tl and 205Tl, are expressed rela-
tive to the NIST 997 Tl standard:

In the modern ocean, scavenging of Tl(I) and its subsequent ox-
idation to Tl(III) by Mn oxides imparts a strong positive isotope 
fractionation effect that enriches the oxides in 205Tl (Nielsen 
et  al.  2013; Peacock and Moon  2012; Rehkämper et  al.  2002). 
This fractionation effect is mineral-specific and is most positive 
in Mn oxides that precipitate in cold, well-oxygenated seawater 
on the deep seafloor, as opposed to those of diagenetic or hydro-
thermally sourced Mn oxides (Peacock and Moon 2012; Phillips 
et al. 2023). Today, the deep ocean is broadly oxygenated such that 
extensive seafloor Mn oxide burial (and consequently 205Tl scav-
enging) yields an open ocean isotopic composition that is notably 
lower than global ocean inputs (ε205Tlseawater = −6.0‱ compared 
to ε205Tlin ≈ −2‱; Owens et  al.  2017; Rehkämper et  al.  2002; 
Wang et al. 2022). Because the ~20 ky marine residence time of Tl 
is longer than the ocean mixing time of ~1 ky, ε205Tlseawater today 
is globally homogenous in the open ocean and sensitive to short-
term changes in marine redox at least within a few thousand years 
(Rehkämper and Nielsen 2004). By contrast, in sediments with re-
ducing porewaters near the sediment–water interface or beneath 
an anoxic water column, Tl is buried, likely with sulfides (Owens 
et al. 2017), with no resolvable fractionation effect. Sediments de-
posited under such reducing conditions record the contempora-
neous ε205Tlseawater value (e.g., Fan et al. 2020; Owens et al. 2017; 
Wang et al. 2022).

By extension, sedimentary sulfides from ancient sediments in-
ferred to have been deposited under reducing waters with suf-
ficient water-mass exchange with the open ocean can be used 
to reconstruct the ε205Tlseawater of the contemporaneous water 
column (Nielsen et al. 2011; Owens et al. 2017). Analogous to 
today, sulfide-bound “authigenic” ε205Tl can be used to infer 
past changes in global Mn oxide burial on the deep seafloor. A 
broadly anoxic ocean would be expected to carry ε205Tlseawater 
values near the isotopic value for global inputs (ε205Tl ≈ −2‱, 
similar to continental crust; Nielsen et al. 2005). Alternatively, 
if the Age 2–3 diversification event occurred in conjunction 
with a global marine oxygenation event to near-modern ex-
tents as has previously been suggested (Chen et al. 2015), we 
would expect a shift toward more negative, possibly near-
modern, values (i.e., −6‱).

In this study, we address the conflicting paleoredox interpre-
tations of the early Cambrian and present authigenic ε205Tl 
records for two black shale sequences from the Nanhua 
Basin, South China, that span the upper part of Cambrian 
Stage 2 to the lower part of Stage 3 from ~521 to 518 Ma. We 
test whether the Tl isotope composition of these shales ap-
proaches modern values of −6‱, which would be expected 
in an ocean with modern extents of oxygenation. We inves-
tigated Cambrian redox variability in two sections inferred 

�
205Tl(‱ ) =

(

205∕203Tlsample
205∕203TlNIST−997

− 1

)

× 104
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to have been deposited along the shelf proximal to a deep 
ocean basin: the Qingjiang core from Yichang, deposited in 
a shallow shelf environment, and outcrops of the Niutitang 
Formation at Weng'an, deposited in a deeper, more distal 
shelf environment. The Shuijingtuo Formation represented 
in the Yichang drill core contains the exceptionally preserved 
Qingjiang biota, and analyses of ε205Tlauth trends relative to 
Age 2–3 diversification are made in the context of their ap-
pearance at ~518 Ma (Fu et al. 2019). Globally, the Age 2–3 in-
terval represents a dramatic increase in the number of animal 
body plans (as recorded by first appearances of Linnean phyla 
and classes; Erwin et al. 2011). References to the “Cambrian 
explosion” in this study refer to this exponential increase in 
body plan disparity recorded in the fossil record, although it is 
recognized that early animal evolution was a protracted event 
(Wood et al. 2019).

2   |   Materials and Methods

2.1   |   Study Sections

In the late Neoproterozoic, intermittent phases of rifting be-
tween the Yangtze and Cathaysian blocks that comprised the 
South China craton formed the NE-trending intracontinen-
tal Nanhua Basin (Wang and Li  2003). Previously published 
stratigraphic frameworks for the basin recognize a broad tran-
sition from shallow-water carbonates in the northwest Yangtze 
Platform to deep-water shales and cherts in the southeast in 
strata deposited in the upper Ediacaran to lower Cambrian (e.g., 
Jin et  al.  2016; Wang and Li  2003). This study focuses on the 
Qingjiang and Weng'an sections near the slope/basin transition 
(Figure 1).

Stratigraphy of the Qingjiang and Weng'an sections was pre-
viously described by Fan et  al.  (2023) and Jin et  al.  (2016), 
respectively, and was used to correlate three stratigraphic 
intervals (I-III) recognized in several South China sequences 
(Figure  1). The Interval I-II boundary is marked by a wide-
spread Ni-Mo layer in both sections that has been dated 
to ~521 ± 5 Ma (Jin et  al.  2016; Xu et  al.  2012) in both the 
Qingjiang (lower Shuijingtuo Formation) and Weng'an (lower 
Niutitang Formation) sections. The beginning of Interval III 
is marked by the appearance of the Qingjiang biota in the 
Qingjiang section and a coeval lithological shift to mudstones 
in the Weng'an section. This boundary has been correlated 
with the ~518 Ma appearance of the Chengjiang biota in a less 
distal outer shelf setting than that of the Qingjiang biota (Fu 
et al. 2019; Han et al. 2018; Jin et al. 2016; Yang et al. 2018). 
Assuming sedimentation rates at each location were constant 
over time, age models were calculated using a linear extrap-
olation of these two stratigraphic markers primarily to facil-
itate data comparison between the Weng'an and Qingjiang 
sections.

2.2   |   Element Concentrations and Fe-Speciation

Trace element (Mo, U, Tl) and major element (Fe, Al) concen-
trations of Qingjiang samples were measured using an induc-
tively coupled plasma mass spectrometer (ICP-MS) at the ALS 

Chemex facility in Guangzhou, China, following a four-acid 
(HCl-HNO3-HF-HClO4) digestion. The relative standard devi-
ations (RSD) for these elements were less than ±10%. Trace 
element concentrations are expressed as enrichment factors 
(MoEF and UEF), where total metal concentrations are normal-
ized to sample Al and compared to the metal/Al of the bulk 
continental crust (XEF = [X]/[Al]sample/[X]/[Al]crust; Rudnick 
and Gao 2014).

Iron species are composed of highly reactive Fe (FeHR) and 
residual Fe (FeR), which were measured at Chengdu Science 
and Technology University. Highly reactive Fe includes 
carbonate-associated Fe (Fecarb), ferric oxides (Feox), magne-
tite (Femag), and pyrite (Fepy) (i.e., FeHR = Fecarb + Feox + Femag 
+ Fepy). Fecarb, Feox, and Femag were sequentially extracted by a 
sodium acetate solution, a sodium dithionite solution, and an 
ammonium oxalate solution following methods from Poulton 
and Canfield  (2005) and Li et  al.  (2021). The leached Fe 
from each extraction was determined by Atomic Absorption 
Spectrometry (AAS). Pyrite iron was calculated from pyrite 
sulfur, which was extracted using the CrCl2 reduction method 

FIGURE 1    |    (A) Paleogeographic map of the Nanhua Basin in South 
China, delimiting the shelf/platform and slope/basin depositional facies 
belts (modified from Chen et al. (2015)). The locations of the Weng'an 
outcrop (1) and Qingjiang core (2) are highlighted. (B) Stratigraphic cor-
relation of the two sections. Stratigraphic descriptions are adapted from 
Fan et al. (2023) and Han et al. (2018).
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and precipitated as Ag2S in silver nitrate traps (Canfield 
et  al.  1986). Pure pyrite standards (Alfa Aesar) were used 
to monitor Fe recovery (93.8% ± 1.9%, n = 5). Three internal 
shale standards (CUG-4, CUG-6, and CUG-7) were measured 
during the extraction of all samples. Residual Fe concentra-
tions were calculated as the difference between total Fe and 
FeHR concentrations.

2.3   |   Thallium Isotope Compositions

Authigenic Tl was separated from detrital-bound Tl via an 
established partial leaching technique (Nielsen et  al.  2011; 
Owens et  al.  2017). This method is used because detrital Tl 
can obscure ε205Tlseawater signals recorded in the authigenic 
fraction of anoxic sediments. Approximately 100 mg of pow-
dered material from each shale sample was leached in either 
2 M HNO3 or concentrated HNO3 at 130°C for 12 h to selec-
tively dissolve Fe sulfides and sulfide-bound Tl. The isotopic 
compositions of modern anoxic sediments treated with ei-
ther HNO3 concentration are indistinguishable from modern 
ε205Tlseawater, suggesting chemical separation of the authigenic 
phase in either case (Fan et al. 2020; Nielsen et al. 2011; Owens 
et al. 2017). The resulting supernatant was separated via cen-
trifugation and dried down before treatment with a series of 
aqua regia (3:1 HCl and HNO3), inverse aqua regia (1:3 HCl 
and HNO3), and HNO3 + H2O2 digestions that break down or-
ganic matter extracted with the authigenic Tl. Samples were 
redissolved in 1 mL 1 M HCl and 1% by volume bromine-
saturated water (hereafter H2O-Br2). The H2O-Br2 ensures 
full oxidation from Tl(I) to Tl(III), which allows Tl to form 
anionic complexes with the halogens that adhere strongly to 
the anion exchange resin used during ion exchange chroma-
tography (Matthews and Riley 1969).

Two sets of ion exchange chromatography columns were per-
formed to purify Tl from the sample matrix following previously 
published methods (Nielsen et al. 2004; Owens et al. 2017). In 
the first round of purification, glass columns were loaded with 
1 mL anion exchange resin (AG1-X8) and cleaned with 0.1 M 
HCl with 5% by weight dissolved SO2. Samples were loaded onto 
the columns, and the sample matrix was eluted using 15 mL 
of 0.5 M HNO3, 2.0 M HNO3, and 0.1 M HCl, with brominated 
water added in each step to maintain the trivalent state of Tl 
and its adherence to the resin. Thallium was then reduced and 
eluted from the resin using 15 mL 0.1 M HCl with 5% dissolved 
SO2. The second round of columns was identical to the first but 
performed in mini Teflon columns that used a tenth of the resin 
and acid volumes.

Thallium isotope ratios were quantified with a Thermo Neptune 
multiple collector inductively coupled plasma mass spectrom-
eter (MC-ICP-MS) housed at the Woods Hole Oceanographic 
Institution (WHOI) Plasma Facility. Standard-sample bracket-
ing and external normalization to NIST SRM 981 Pb were ap-
plied to correct for instrumental mass bias. As a known amount 
of Pb was added to each sample, authigenic Tl concentrations 
could be calculated from the measured 205Tl/208Pb (Nielsen 
et al. 2004, 2015). USGS SCo-1 shale reference material was an-
alyzed with each sample set to monitor instrumental accuracy 
and reproducibility, with an average ɛ205Tl of −2.9 ± 0.2‱; 2SD 

(n = 3), which was within error of values reported in previous 
work (−2.9 ± 0.1‱; 2SD; Ostrander et al. 2017).

3   |   Results

All data are presented in Figures 2 and 3 and are available in 
the Supporting Information (Table  S1). Authigenic Tl in the 
Qingjiang section exhibits slight variability across the profile, 
with authigenic concentrations ranging from ~1 to 5 μg/g and 
isotope compositions ranging from ε205Tl = −2.1 to −4.5‱. 
These samples yield a wide range of MoEF (1–112), UEF (1–17), 
and VEF (1–15). Qingjiang samples show elevated but variable 
FeHR/FeT (0.41–1) and Fepy/FeHR (0.37–0.85), with the former de-
creasing in younger samples.

Samples from the Weng'an section exhibit similar variability in 
authigenic Tl concentrations and isotope compositions, ranging 
from 0.2 to 3 μg/g and −2.3 to −4.2‱, respectively. Samples ex-
hibit slightly higher RSE enrichment, with MoEF ranging from 
1 to 178, UEF ranging from 1 to 53, and VEF ranging from 1 to 
54. Thallium isotope compositions are broadly stable around 
−3 to −4‱ throughout both sections (Figure  3). Though the 
isotope compositions vary slightly across the study interval and 
appear to increase in younger samples, ε205Tlauth before and 
after the Qingjiang biota interval are not significantly different 
in either section (Welch's t-test, Qingjiang: p = 0.13, t = −1.6, 
df = 11.7; Weng'an: p = 0.35, t = −1.1, df = 3.1). In the Qingjiang 
core, RSE enrichments gradually decrease in younger samples, 
with a notable decrease in authigenic Tl concentrations after 
the Qingjiang biota interval from an average of 1.4 μg/g Tl to 
0.25 μg/g Tl. In the Weng'an section, authigenic Tl, MoEF, UEF, 
and VEF are broadly homogenous before the Qingjiang biota in-
terval, after which values similarly show a marked decrease.

4   |   Discussion

4.1   |   Local Redox in the Nanhua Shelf 
Environment

Seawater ε205Tl capture is most effective in sediments today with 
reducing porewaters (Fan et  al.  2020; Owens et  al.  2017; Wang 
et al. 2022). Hence, other methods must first be used to constrain 
the local redox conditions of the Yangtze Platform shelf. In the 
shallower Qingjiang section, moderate to high enrichments in 
redox-sensitive elements (RSE) and FeHR/FeT values well above 
0.38 suggest a persistently anoxic depositional environment 
throughout Cambrian Ages 2 and 3 (Algeo and Tribovillard 2009; 
Poulton and Canfield  2011). Values for FePy/FeHR vary between 
0.65 and 0.8 and suggest that the water column was euxinic (i.e., 
contained free sulfide in the water column), or was intermittently 
euxinic, in strata older than the Qingjiang biota, but these condi-
tions likely gave way to ferruginous (anoxic with dissolved Fe in 
the water column) conditions coincident with their appearance 
(Figure  2). Elevated MoEF relative to UEF throughout the inter-
val evidence the formation of Fe-Mn oxyhydroxide particles that 
shuttle Mo from surface waters to anoxic bottom waters/sedi-
ments (Figure 4), as has been suggested to occur elsewhere in the 
Nanhua Basin (Cheng et al. 2017; Han et al. 2018; Li et al. 2021). 
In this scenario, the precipitation of Fe-Mn (hydr)oxide phases in 
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FIGURE 2    |    Authigenic ε205Tl, trace element concentrations, and Fe-speciation data for the lower Cambrian in the Qingjiang (top) and Weng'an 
(bottom) sections. Data generated in this study are shown in grey; previously published data are shown in white. Blue lines divide correlated inter-
vals I-III. Qingjiang biota first appeared during the interval highlighted with a teal bar in Interval III. Error bars represent ±2 SD of multiple sample 
analyses or the long-term reproducibility of SCo-1, whichever is greater. Vertical bars mark the average ε205Tl of modern seawater (gray) and bulk 
crust (brown). Vertical lines in the FeHR/FeT and Fepy/FeHR plots mark the thresholds for anoxic (FeHR/FeT > 0.22–0.38) and euxinic (Fepy/FeHR 
> 0.7–0.8) conditions, respectively (Poulton and Canfield 2011). Fe-speciation data are not available for samples targeted for ε205Tl measurements in 
the Weng'an section, but previously published measurements for other samples in the same section are shown (Jin et al. 2016). Trace element and 
TOC data for the Weng'an section are from Han et al. (2018). TOC data for the Qingjiang section are from Fan et al. (2023). Note the logarithmic scale 
for Tlauth, Mo, U, and V concentrations.

0.1 10 1 1000 1 100 10 1000 0 5 10

Tlauth Tlauth (µg/g) Mo (µg/g) U (µg/g) V (µg/g) TOC (%)

Sh
u

iji
n

g
tu

o
 F

o
rm

at
io

n

M
em

b
er

 I
M

em
b

er
 II

St
ag

e 
3

I

II

Qingjiang

S
ta

g
e

 3

N
iu

ti
ta

n
g

 F
o

rm
at

io
n

Weng’an

I

II

III

0.0 0.5 1.0 0.0 0.5 1.0

FeHR/FeT Fepy/FeHR

350

355

D
ep

th
 (

m
)

0

50

75

H
ei

gh
t (

m
)

FIGURE 3    |    Integrated profiles for Tlauth and Mo, U, and V enrichment factors across lower Cambrian Stage 3 from the Weng'an (blue) and 
Qingjiang (red) sections. Qingjiang biota first appeared during the highlighted teal interval (> 518 Ma). Error bars represent ±2 SD of multiple sample 
analyses or the long-term reproducibility of SCo-1, whichever is greater. Vertical bars mark the average ε205Tl of modern seawater (gray) and bulk 
crust (brown).

517

518

519

520

521

205Tlauth

A
ge

 (
M

a)

0.1 10
Tlauth (µg/g)

1 1000
MoEF

1 1000
UEF

1 1000
VEF

Section

Qingjiang

 14724669, 2025, 4, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/gbi.70028 by U

niversity O
f U

tah, W
iley O

nline L
ibrary on [06/08/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



6 of 14 Geobiology, 2025

oxic surface waters would have readily adsorbed molybdate and 
served as a vector to transport Mo below the chemocline. Although 
these oxides will reductively dissolve in anoxic bottom waters, sul-
fides can recapture liberated Mo to enrich anoxic sediments with 
authigenic Mo (Scholz et al. 2013). Such shuttling is evidenced in 
the Black Sea today but with no effect on sedimentary ε205Tl values 
(Chen, Li, et al. 2022). These data considered, it is likely that the 

sediments in the Qingjiang site were deposited under anoxic con-
ditions that were conducive to recording ε205Tlseawater.

In the outer shelf Weng'an section, Mo and U enrichments imply 
a more variable redox history. Previously published Fe speciation 
data from the outcrop track a broadly anoxic water column with 
phases of sulfide accumulation and possibly oxygenated condi-
tions, particularly during the appearance of the Qingjiang biota 
(fig.  2; Jin et  al.  2016). A detailed redox history of the Weng'an 
section is beyond the scope of this work, but we conclude that the 
outcrop was sufficiently anoxic throughout the study interval to 
record ε205Tlseawater based on several observations. In line with 
the FeHR/FeT values above the anoxic threshold observed by Jin 
et  al.  (2016; Figure  2), high enrichments in Mo, U, V, and TOC 
point to deposition under anoxic and possibly sulfidic conditions. 
Furthermore, Al-normalized V/Mo and U/Mo ratios are similar to 
those found in sediments within modern OMZ settings (Figure 5).

After ~518 Ma, RSE and TOC values drop sharply. However, 
if these changes signal an oxygenation of outer-shelf porewa-
ters sufficient to prevent ε205Tlseawater capture, then ε205Tlauth 
would be expected to shift to values as heavy as ~ +10‱ asso-
ciated with Mn oxide formation (Rehkämper et  al.  2002; Wang 
et al. 2022). Thallium isotope compositions are instead stable at 
ε205Tl ≈ −3.5‱. Importantly, even oxic depositional environments 
are capable of capturing ε205Tlseawater if pore waters rapidly become 
anoxic (Wang et al. 2022), implying no inconsistency between pre-
vious work on local redox conditions after ~518 Ma in the Weng'an 
section (Jin et al. 2016) and our Tl isotope data. We further note 
that the Weng'an ε205Tl record shows strong congruence with that 
of the Qingjiang section throughout the study interval (Figure 3), 
such that both redox environments were likely similarly conducive 
to capturing ε205Tlseawater. We argue it is therefore likely that both 
the Qingjiang and Weng'an sections record the contemporaneous 
ε205Tl value of the overlying water column.

FIGURE 4    |    Cross-plot of sedimentary Mo and U enrichment factors 
(EFs) for the Weng'an (blue) and Qingjiang (red) sections. The green 
and gray fields highlight expected MoEF-UEF values for sediments in 
unrestricted marine settings and under sites of intense redox cycling of 
Fe-Mn oxide particles, respectively. Diagonal lines represent multiples 
(3, 1, and 0.3) of the Mo/U value of modern seawater (after Algeo and 
Tribovillard  2009 and Tribovillard et  al.  2012). Note the logarithmic 
scale in both axes.
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4.2   |   Open-Ocean Connectivity in 
the Nanhua Basin

If the Nanhua Basin was a semi-isolated basin during the forma-
tion of the studied shales, then reconstructed ε205Tlseawater values 
could be a strictly local signature. This happens in semi-isolated 
basins today because the majority of Tl supplied to these basins 
does not come from the open ocean, but instead from local riv-
erine or anthropogenic sources (e.g., the Black and Baltic seas; 
Owens et al. 2017; Ostrander et al. 2024). Indeed, the influence 
of hydrographic restriction is an often-debated concern on the 
geochemistry of the Nanhua Basin: though South China was 
likely paleogeographically isolated and surrounded by the open 
ocean (Li et al. 2008), geochemical data have been used to infer 
at least partial restriction across the basin (e.g., Chen, Wang, and 
Jin  2022; Xu et  al.  2012). Notably, this argument was used to 
reject a global interpretation of the ε205Tlauth record in a slope 
setting of the Nanhua Basin during the early-middle Ediacaran 
(Ostrander et al. 2020). However, we first note that the samples 
in our Cambrian dataset were deposited at least ~30 My after 
those inferred to represent a time of basinal restriction in the 
Ediacaran; connectivity with the open ocean in the Cambrian 
does not necessarily contradict restriction in the Ediacaran. 
Within the Nanhua Basin, restricted conditions that record 
strictly local ε205Tl in the Ediacaran are marked by extremely low 
Mo and U concentrations of a few μg/g (Ostrander et al. 2020). In 
contrast, higher concentrations of Mo and U in our record more 
closely reflect values from purported times of connectivity in the 
Ediacaran and seem to require stronger seawater Mo and U in-
puts (Algeo and Tribovillard 2009). Other observations from the 
Nanhua Basin support at least partial connection with the open 
ocean during this time: black shale deposits and fossil assem-
blages in sections of the Yangtze Platform have been correlated 
with other deposits globally (Jin et al. 2020; Steiner et al. 2007), 
and trace element enrichments in slope sections near the outer 
shelf have been shown to suggest well-connected bottom wa-
ters (Wang et al. 2015; Wei et al. 2020). These data are partic-
ularly relevant to the Weng'an section that was deposited near 
these mid-slope sections, but the indistinguishable ε205Tl values 
throughout the two sections suggest similar interpretations for 
the connectivity of the basin.

While the data are inconsistent with extreme restriction com-
parable to the modern Black Sea, it is possible that our ε205Tl re-
cord reflects conditions more analogous to modern basins with 
greater, albeit still limited, connection with the open ocean. For 
instance, in the modern Baltic Sea, links to global-ocean chem-
istry are limited to sporadic inflow events from the North Sea 
(Matthäus et al. 2008) such that the pre-industrial ε205Tlauth of 
~ −4‱ represents a mix of riverine (ε205Tl = −2‱) and open-
ocean (ε205Tl = −6 ± 0.3‱) Tl inputs (Ostrander et  al.  2024). 
An average ε205Tl of ~ −4‱ in the Nanhua Basin during the 
Cambrian could analogously represent some mix of riverine 
and open-ocean waters with an unknown isotope composition 
lighter than −4‱.

If ε205Tlauth variability was driven by rates of water-mass ex-
change with the open ocean, RSE enrichment should correlate 
with ε205Tlauth as increased connectivity replenished the Mo, U, 
V, and Tl reservoirs of the basin. Indeed, in the Qingjiang sec-
tion, ε205Tlauth is significantly and moderately correlated with 

Tlauth, and in the Weng'an section, it is significantly correlated 
with VEF (Table 1). These trends may well indicate some influ-
ence of partial basin restriction.

Supporting this interpretation, gradual declines in RSE enrich-
ments in the Qingjiang section could signal their depletion from 
insufficient renewal (Figure 3). This is particularly relevant for 
V, which has been shown to be more sensitive to reservoir deple-
tion during recent periods of limited seawater exchange in the 
turbid Baltic Sea; this sensitivity may be echoed in the notably 
low enrichments of V compared to Mo and U throughout the 
Qingjiang record (Figure 3).

However, several other lines of evidence more strongly sup-
port a negligible riverine signal in the Tl isotope mass balance 
of the Nanhua Basin. First, the absence of similarly significant 
and strong correlations in the opposite sections (i.e., between 
ε205Tlauth and Tlauth in Weng'an and between ε205Tlauth and VEF 
in Qingjiang data) despite broadly congruent ε205Tlauth trends 
at both sites suggests that these unique relationships may 
not signal basin-wide controls on Tl and other RSE cycling. 
Furthermore, most other RSE correlations with ε205Tlauth are ei-
ther statistically insignificant or only explain a minimal fraction 
of its variability (Table 1).

In the deeper-water Weng'an section, covariations in MoEF-UEF, 
Al-normalized V-Mo, and Al-normalized V-U are all similar 
to those found in sediments of modern, unrestricted settings 
(Figures 4 and 5). In the shallower Qingjiang section, MoEF/UEF 
trends similarly reflect those of a modern, open-marine setting 
(Figure  4), albeit with slightly higher Mo enrichments possi-
bly driven by Fe-Mn shuttling. Vanadium/Mo and V/U values 

TABLE 1    |    Summary of linear regression statistics between ε205Tlₐᵤₜₕ 
and (log-transformed) redox-sensitive element enrichments.

Section p Adjusted R2

Combined

MoEF 0.082 0.056

UEF 0.036 0.092

VEF 0.00051 0.27

Tlauth 0.0050 0.18

Qingjiang

MoEF 0.17 0.049

UEF 0.30 0.0072

VEF 0.178 0.046

Tlauth 0.00064 0.44

Weng'an

MoEF 0.50 0

UEF 0.069 0.15

VEF 0.00015 0.63

Tlauth 0.76 0

Note: Bolded values indicate statistically significant correlations (p < 0.05).
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8 of 14 Geobiology, 2025

are notably lower in the Qingjiang section than in the Weng'an 
section, but these RSE trends nonetheless mirror those of sedi-
ments beneath modern OMZs in unrestricted, continental mar-
gin settings (fig. 5; Bennett and Canfield 2020). Although low 
Mo/TOC values in both sections may suggest higher degrees of 
restriction relative to the modern Baltic Sea (Figure 6), such val-
ues more likely reflect a reduced global marine Mo reservoir in 
the Cambrian—an expected consequence of more widespread 
anoxia and reduced oxidative weathering in the early Paleozoic 
landscape (e.g., Sperling, Wolock, et al. 2015; Dahl et al. 2017).

Akin to the modern Baltic Sea, a riverine input sufficient to af-
fect the Tl isotope composition of the Nanhua Basin should be re-
flected in low-salinity or brackish conditions. While the salinity of 
the region during the Cambrian remains debated, recent studies 
suggest that deeper Nanhua Basin seawater either (1) was sim-
ilar to marine conditions throughout the study interval (Zhang 
et al. 2023) or (2) transitioned from brackish to marine conditions 
with increasing exchange with the open ocean (Cheng et al. 2023). 
In the former scenario, seawater ε205Tl is straightforwardly equal 
to that of the open ocean. In the latter scenario, decreasing relative 
riverine input, presumably with a crustal Tl isotope composition 
(−2‱), would be expected to yield increasingly lighter ε205Tlauth, 
yet this is not observed in the ε205Tl record (Figures 2 and 3). Taken 
together, the data are more consistent with a minimal effect of re-
striction on our Tl isotope record.

4.3   |   Alternate Drivers of ε205Tl Trends

Alternatively, authigenic ε205Tl values may have been altered 
through early diagenesis or later-stage processes, such as weath-
ering of the Weng'an outcrop. In the former scenario, it is unlikely 
that remobilization would have altered ε205Tl values, as seawater 
Tl is rapidly removed into sediments under anoxic conditions and 
would not be significantly remobilized in a largely anoxic diage-
netic environment (Ahrens et al. 2021). Any addition of Tl from 
porewaters would likewise have a minimal effect, as diagenetic 

fluid Tl concentrations, on the order of a few pg/g, are much lower 
than the few μg/g authigenic Tl concentrations of the sediment. 
Though the effects of later-stage alteration (e.g., weathering) on 
Tl isotopes have not been constrained, the general congruence 
between the ε205Tl trends of the outcrop (Weng'an) and core 
(Qingjiang) sections (Figure 3) is consistent with limited alteration.

4.4   |   Global Redox Across the Cambrian Explosion

Contrary to previous suggestions of a shift to near-modern extents 
of marine oxygenation during Cambrian Age 3 (Chen et al. 2015; 
Li et al. 2021; Wen et al. 2015), the new Tl isotope data do not re-
cord modern extents of marine oxygenation as evidenced by mod-
ern Tl isotope compositions either following the ~521 Ma Stage 
2–3 boundary or during the appearance of the Qingjiang biota 
at ~518 Ma. Instead, invariant and lighter-than-crustal ε205Tlauth 
support two straightforward, alternative interpretations: (1) deep-
ocean redox conditions were broadly stable but less oxygenated 
than the modern ocean, and (2) the diversification of the Qingjiang 
biota was not accompanied by a dramatic change in deep seafloor 
oxygenation. Our data do not support claims of near-modern 
global deep-ocean oxygenation to permit rapid radiation of meta-
zoan radiation near the Age 2–3 boundary.

Although lower Cambrian shale ε205Tlauth do not approach the 
modern seawater value, they are noticeably lower than the over-
whelmingly near-crustal values found in the Ediacaran shale 
record (Ostrander et  al.  2020, 2023). The Tl isotope composi-
tions in our dataset show clear deviations from crustal values 
(ε205Tl ≈ −2‱) to compositions as light as ε205Tl ≈ −4.5‱. 
These values are significantly lower than the isotopic composi-
tions measured for the Ediacaran from multiple basins (average 
ε205Tlauth = −3.5 ± 0.6‱, n = 38 in the early Cambrian compared 
to −2.2 ± 0.7‱ in the Ediacaran, n = 113, Welch's t-test, p < 2.2 
× 10−16, t = −11.2, df = 82.5, Figure  7). Interpreted straightfor-
wardly (i.e., that a lower ε205Tlauth is driven by increased Mn 
oxide burial from increased oxygenation), the ε205Tl decrease 
observed across the Ediacaran–Cambrian boundary could well 
indicate some amount of increased oxygenation. However, given 
the ~40 My gap between the samples of this study and the young-
est samples from Ediacaran Tl isotope datasets, the exact timing 
and extent of the shift to more oxygenated conditions cannot be 
determined by the present datasets. More work is required to 
identify the timing and tempo of this oxygenation.

4.5   |   Reinterpreting Global Oxygenation

Ideally, other proxy data previously interpreted as evidence of 
global deep-ocean oxygenation must be reconciled with the 
comparatively anoxic oceans illustrated by our ε205Tlauth record 
(Figure 8). Samples across the Stage 2–3 boundary record δ98Mo 
values ranging from ~ −0.1 to ~ +2.3‰ (Chen et al. 2015) and 
δ238U values ranging from ~ −1.0 to ~ −0.4‰ (Dahl et al. 2017; 
Wei et  al.  2020). The most positive of these values are simi-
lar to modern seawater (modern δ98Moseawater = 2.34‰; mod-
ern δ238Useawater = −0.39 ± 0.01‰; Goldberg et  al.  2013; Lau 
et  al.  2019) and are straightforwardly interpreted or modeled 
as evidence for “modern-like” states of ocean oxygenation near 
the Cambrian Age 2–3 boundary—that is a broadly oxygenated 

FIGURE 6    |    Sedimentary Mo-TOC data for the Weng'an (blue) and 
Qingjiang (red) sections. The slope m of the best-fit line is compared to 
the slopes of previously studied restricted basins, with higher slopes in-
versely correlated with restriction (Cariaco Basin and Black Sea: Algeo 
and Lyons 2006; Baltic Sea: Van Helmond et al. 2018).
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9 of 14

FIGURE 7    |    Histogram (top) and boxplot (bottom) of ε205Tlauth from this study (red) and Ediacaran samples (blue). Data for the Ediacaran are from 
Ostrander et al. (2020, 2023) excluding the data from shales inferred to have been deposited in a restricted basin.
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FIGURE 8    |    Compilation of upper Stage 2 to lower Stage 3 ε205Tlauth, δ98Mobulk, and δ238Usw data. ε205Tlauth are from this study, δ98Mobulk are 
compiled by Chen et al. (2015), and δ238Usw are compiled and calculated from authigenic shale δ238U by Wei et al. (2020). Dashed lines represent the 
isotope composition of modern seawater (gray) and crustal input (brown) for each isotope system.
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10 of 14 Geobiology, 2025

deep ocean (Chen et al. 2015; Dahl et al. 2017; Li et al. 2021; Wen 
et al. 2015). However, several complexities hinder such straight-
forward interpretations.

A critical caveat to interpretations of the Mo isotope record is 
that no sink in the modern ocean captures Mo without fraction-
ating its isotopes, and these sinks can only drive seawater δ98Mo 
to values heavier than modern riverine inputs (δ98Moin ≈0.7‰) 
because all sinks preferentially remove lighter-mass Mo isotopes 
(reviewed in Kendall et  al.  2017). Thus, this complication im-
plies that a sufficient change in the extent of any combination 
of sinks can, in theory, drive modern-like δ98Mo without neces-
sarily oxygenating the deep ocean. For instance, in the modern 
Baltic Sea, sediments formed under weakly euxinic settings that 
scavenge Mo non-quantitatively can exhibit δ98Mo as negatively 
fractionated from waters as sediments formed under fully oxy-
genated settings (Nägler et al. 2011). Thus, a large positive δ98Mo 
shift ~520 Ma may instead represent a transition from a domi-
nant marine state with limited effective fractionation—such as 
broad, strongly euxinic conditions with quantitative Mo draw-
down—to the expansion of these lower-H2S conditions that im-
part “oxygenated-like” degrees of fractionation observed in the 
Baltic Sea today. In this scenario, contraction of strongly euxinic 
conditions could yield seawater δ98Mo akin to that of the modern 
ocean without perturbing the marine Tl budget through deep-
ocean oxygenation. Additionally, if water column stratification 
with oxic surface waters and anoxic bottom waters were globally 
relevant, it is also possible that broad extents of Fe-Mn shuttling 
would preferentially bury sufficient 95Mo to drive heavier (more 
modern) seawater δ98Mo while Tl isotopes remained unfraction-
ated (Chen, Li, et al. 2022). Recent modeling efforts have shown 
that values similar to modern δ98Moseawater require substantially 
lower extents of bottom-water oxygenation if Fe-Mn cycling is 
explicitly considered in mass-balance modeling of a broadly an-
oxic ocean with euxinic margins (Qin et al. 2022).

Complications also hinder direct conversion of near-modern 
sedimentary δ238U into interpretations of near-modern extents 
of marine oxygenation. As with the Mo isotope record, near-
modern U isotopic compositions only represent a fifth of the 
authigenic δ238U values measured near the Stage 2–3 bound-
ary; isotope compositions from the proposed δ238Uauth excursion 
range from ~ −0.4 to −0.7‰ (see δ238U compilation by Chang 
et  al.  2023). This large range of data may stem from the fun-
damentally local redox processes that can offset δ238Uauth from 
the isotopic composition of the overlying water column. Chiefly, 
δ238Uauth in sediments formed under reducing settings like those 
inferred from Fe-speciation data in the shale δ238Uauth record 
of the lower Cambrian (Wei et al. 2020) would be fractionated 
toward higher values during the reduction of U(VI) to U(IV) 
(reviewed in Lau et al. 2019) and must be corrected to infer con-
temporaneous seawater δ238U. This correction factor, however, 
can vary strongly with basin conditions (Lau et  al.  2022). For 
instance, the fractionation-corrected, near-modern values de-
duced by Wei et al. (2020) invoked fractionation factors ranging 
from −0.15‰ to −0.8‰. Yet these corrected values are again 
among the most positive of shale samples near the Stage 2–3 
boundary, and they, too, are higher than coeval δ238Uauth values 
obtained from carbonates that themselves can be positively frac-
tionated in reducing diagenetic pore fluids. With the assumption 
that more negative values at any time point therefore represent 

the composition closest to that of contemporaneous seawater, 
the lowest carbonate-hosted δ238Uauth values near the Stage 2–3 
boundary would reflect a seawater composition closer to −0.6 to 
−0.8‰. In the context of Cambrian oceans, this δ238U would re-
quire a significantly smaller change in marine redox. Following 
the example of a global departure from strongly euxinic conti-
nental shelves, a more dominant ferruginous or weakly euxinic 
shelfal regime could yield a smaller (observed) positive fraction-
ation (Andersen et al. 2014) and drive global U isotope composi-
tions closer to modern values.

Recent work places further uncertainty in these δ238Uauth con-
versions to δ238Useawater. Some measurements in altered carbon-
ates and anoxic, siliciclastic sediment suggest δ238Uauth is not 
solely shifted to more positive values than those of the overly-
ing water column (Cole et al. 2020; Hood et al. 2018). Thus, as 
with Mo, this ambiguity offers the possibility that a sufficient 
change in many combinations of sinks can explain modern-like 
δ238Uauth (see a similar discussion by Gong et al. 2023 regarding 
uranium isotopes during the Ediacaran Shuram Carbon Isotope 
Excursion).

Altogether, these arguments demonstrate that the Mo and U 
isotope compositions observed during the lower Cambrian need 
not be driven by modern-like ocean oxygenation. Importantly, 
we note that while we argue against a broadly oxygenated deep 
ocean akin to today, the positively correlated trends in both Mo 
and U isotope compositions suggest some global ocean redox 
change was likely. If these variations were associated with vari-
able organic matter availability in South China where these re-
cords are produced, δ98Mo and δ238U would be expected to be 
inversely correlated as Mo and U uptake became increasingly in-
efficient (through decreased porewater sulfate reduction and/or 
organic matter oxidation) and increasing effective fractionations 
drove diverging δ98Mo and δ238U values (Brüske et al. 2020). A 
positive shift in both isotope systems instead signals a global 
perturbation to their respective marine budgets (see a related 
argument by Kendall et  al.  2020). Namely, the previously dis-
cussed contraction of shelfal euxinia in a nonetheless stably 
anoxic regime offers a potential link between invariant ε205Tl 
values and possible perturbations in seawater Mo and U isotope 
compositions. Taken straightforwardly, the Fe-speciation data 
in this study chronicle a weak change in the redox environment 
of the shelf; decreasing FeHR/FeT values over 521–518 Ma and 
a shift to lower Fepy/FeHR values ~518 Ma may reflect a transi-
tion from euxinic to ferruginous conditions in the local shelf 
and a broader increase in oxidation across early Age 3. These 
changes are broadly coeval with highly fluctuating, and gener-
ally contracting, extent of euxinia on the continental shelf in the 
Nanhua Basin (Cheng et al. 2016; Feng et al. 2014; Jin et al. 2016; 
Li et al. 2017; Xu et al. 2012) and overall elevated surface to mid-
depth oxidation (Fan et al. 2023; Jin et al. 2016; Li et al. 2017). 
Evidently, Age 3 oxygenation could have occurred, but would 
have been limited in extent or depth to not perturb the marine 
Tl budget.

4.6   |   Oxygenation and the Cambrian Explosion

The Tl isotope record suggests that the appearance of the 
Qingjiang biota ~518 Ma, and the broader exponential increase 
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in metazoan diversity ~521 Ma, occurred in a time of relatively 
stable deep-ocean redox conditions with limited (i.e., not mod-
ern) extents of oxygenation. These inferences suggest that nei-
ther the global extent nor a dramatic expansion of modern-like 
moderately or strongly oxygenated seafloor, at least on a scale to 
drive major changes in ε205Tlseawater, were permissive thresholds 
to metazoan radiation and diversification. As such, increased 
oxygenation to fully modern extents was unlikely to have been 
required for Cambrian-style animal body plans, and it is more 
likely that critical oxygen thresholds were much lower (Sperling 
et al. 2013, Sperling, Knoll, and Girguis 2015).

In this light, it is intriguing that early Cambrian oceans may 
have been characterized by some degree of oxic seafloor ex-
pansion relative to the Ediacaran (Figure 7). Although it is dif-
ficult to translate the observed change in Tl isotopes between 
the Ediacaran and Cambrian Stage 2–3 into a specific change in 
atmospheric oxygen given current modeling approaches, these 
results would probably signal minor global oxygenation. This in-
ference would be consistent with recent suggestions by Stockey 
et  al.  (2024) that minor increases in atmospheric oxygen and 
marine productivity occurred around the Ediacaran–Cambrian 
boundary interval. Such minor oxygenation would have in-
creased oxygen partial pressures in shelfal environments, where 
the majority of animals (both modern and Cambrian) live, 
while being insufficient to oxygenate the deep ocean to extents 
comparable to today. The nature and timescale of the statisti-
cal modeling in that study, however, did not allow for precise 
estimation of when this oxygenation occurred. Combining our 
Cambrian results with those of Ostrander et al. (2020, 2023), the 
Tl isotope record seems to suggest that a rise in ocean oxygen-
ation occurred sometime between ~555 Ma and 521 Ma. Though 
increased oxygenation of the shelfal environments was likely 
more important for Cambrian diversification, our Tl record can-
not rule out the possibility of less-than-modern accumulations 
of O2 in the deep sea.

Considerable questions remain in demonstrating that such oxy-
genation was a causal trigger for the Cambrian explosion. From 
a data perspective, the late Ediacaran and Fortunian remain 
unstudied with respect to Tl isotopes, as are the remainder of 
the middle and later Cambrian. Higher temporal resolution 
on the timing of the Tl isotope shift is required. From the per-
spective of “permissive environments” hypotheses, it must be 
demonstrated that this represents a persistent shift away from 
the predominantly crustal values that define the Ediacaran and 
the first metazoan body fossils of the Ediacaran biota, as the 
appearance of modern animal body plans is subsequently sta-
ble on a Phanerozoic timescale. Given that the Tl isotope shift 
appears minor, and considering the statistical relationships be-
tween effect size, sample size, and power, it is likely that a large 
number of measurements will be required to fully resolve this 
signal. This is especially true if there is any cyclicity in the Tl 
isotope record, as with C isotopes (e.g., Smith et al. 2016) or U 
isotopes (e.g., Wei et al. 2020); note though that if the deep ocean 
remained anoxic through this interval, there may not be any 
Tl isotope cyclicity. From an ecophysiological perspective, it is 
necessary to link Tl geochemical results to the direct parameter 
that matters to animals, namely the partial pressure of oxygen 
in shallow shelf environments. Finally, from an evolutionary 
point of view, it is still unknown what represents an acceptable 

or expected temporal gap between oxygenation (and the advent 
of a permissive environment) and the appearance of new animal 
body plans. This is especially true if the appearance of disparate 
body plans is driven not by oxygenation itself, but by ecological 
factors such as the evolution of carnivory (Sperling et al. 2013). 
Nonetheless, at present, the Tl isotope record supports a minor 
oxygenation event sometime between the latest Ediacaran and 
the Cambrian explosion, with a magnitude that likely crossed 
critical ecological thresholds for early animal communities.

5   |   Conclusions

We interpret the global marine redox environment using Tl 
isotope compositions from two shelf sections in the Nanhua 
Basin across the appearance of the Qingjiang biota ~518 Ma, 
which chronicles a particularly rapid interval of metazoan di-
versification and radiation in the broader Cambrian explosion. 
Depositional conditions (namely, local anoxia and basin con-
nectivity with the open ocean) indicate the two sections likely 
recorded contemporaneous global ε205Tlseawater and therefore re-
flect the state of global ocean oxygenation. Invariant ε205Tlauth 
values from the Cambrian Stage 2–3 boundary (~521 Ma) through 
the Qingjiang biota interval (~518 Ma) suggest that the exponen-
tial increase in animal diversity in this interval was not associ-
ated with either a dramatic oxygenation event or the appearance 
of a modern-like ocean redox state, characterized by broad ex-
tents of moderately or strongly oxic seafloor. Rather, contempo-
raneous Mo and U isotope compositions can be reinterpreted as 
evidence of relatively limited oxygenation, such as on the conti-
nental shelves. Authigenic ε205Tl measured from the Cambrian 
are slightly more negative than in the Ediacaran, suggesting a 
minor expansion of oxic depositional environments from the late 
Ediacaran to the early Cambrian. However, this oxygenation 
was likely more dominant on continental shelves, which may 
have played a large role in triggering biotic innovation.
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