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Abstract

The amalgamation of Gondwana is hypothesized to have been an important impetus for the Cambrian explosion. However, more
geochemical records are required to understand the details of this linkage. Here we present a series of new high-resolution lithium
and carbon isotope results from around the Ediacaran—Cambrian Transition (ECT), from a well-dated continuous section in South
China. The results of lithium and carbon isotopes at the Longbizui section indicate at least two parallel large negative excursion events
at the base of the Cambrian (approximately 538.8 Ma) and in the middle of Cambrian Stage 2 (approximately 524 Ma). Using coupled
mass-balance box models of the lithium and carbon cycles, we infer that multiple episodes of orogenesis and enhanced physical erosion
associated with the amalgamation of Gondwana lowered the fraction of carbon buried organically (f5,) and promoted oxidation of the
large dissolved organic matter reservoir by continental sulfate runoff. The coincidence of large negative excursions in lithium and carbon
isotopes with mass extinction events suggests that peaks in orogenesis can directly drive catastrophic environmental conditions for meta-
zoans via deoxygenation. Repeated elimination of the incumbent biotas set the stage for the biological innovation around the ECT. As
continental erosion rates weakened but chemical weathering enhanced after the orogenic peaks, accumulation of nutrients from conti-
nental weathering could eventually re-oxygenate the ocean. As more hospitable environments developed, they supported new rounds of
biotic radiation.
© 2026 Nanjing Institute of Geology and Palacontology. Published by Elsevier B.V. All rights are reserved, including those for text and data
mining, Al training, and similar technologies.
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1. Introduction

The Cambrian explosion was one of the most spectacu-
lar biological events in Earth’s history, characterized by the
rapid evolutionary radiation of nearly all extant metazoan
clades, increasing body size, morphological innovations,
and widespread skeletal biomineralization (Cavalier-
Smith, 2017; Linnemann et al., 2019). However, the evolu-
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tion of metazoans in this era was not a continuous, linear
process. The Cambrian explosion, which was rooted in
the Ediacaran, can be divided into at least three major
phases of biodiversification, which were punctuated by at
least two important mass extinction events, at the base of
Cambrian and again in Cambrian Stage 2 (Shu et al.,
2014; Babcock et al., 2015; Zhu et al., 2019).

A combination of environmental factors, including the
availability of oxygen and nutrients, were likely crucial
for the rapid evolution of metazoans and the development
of modern ecosystem structure. A series of anomalous
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environmental events, including the highest atmospheric
CO, levels (Hearing et al., 2021) and highest seawater
87Sr/%°Sr values of the whole Phanerozoic Eon (Peters
and Gaines, 2012), frequent perturbation of carbon and
sulfur cycles with extremely high magnitude (Maloof
et al., 2010a; Shields-Zhou and Zhu, 2013; He et al.,
2019), and oscillating oceanic redox conditions (Wei
et al., 2020; Pruss and Gill, 2024) were intimately coincided
with the Cambrian explosion. Continental weathering is a
key mechanism for consuming atmospheric CO,, redis-
tributing mass in the Earth’s exogenic system, and deter-
mining the nutrient supply to ecosystems, which in turn
can promote carbon burial and oxygenation (West et al.,
2005; Frings and Buss, 2019; Hilton and West, 2020). Oro-
genic episodes, such as those associated with the formation
of the supercontinent Gondwana, have been hypothesized
as a trigger for the evolutionary innovation observed
around the Ediacaran—Cambrian transition (ECT),
through enhanced continental erosion and chemical weath-
ering (Squire et al., 2006; Campbell and Allen, 2008). How-
ever, owing to the lack of key evidence to constrain the
timing, tempo, driver(s), and impacts of continental ero-
sion and chemical weathering around the ECT, the causal
links among active mountain building, continental weath-
ering, and the Cambrian explosion remain poorly under-
stood. The lithium isotope system provides a tool to
explore these connections. Lithium content in silicates is
one to two orders of magnitude higher than that in carbon-
ates (Pogge von Strandmann et al., 2020). Lithium has two
stable isotopes (°Li and ’Li), with fractionation in the
upper continental crust being sensitive to the chemical
weathering intensity of silicates, but insensitive to biologi-
cal effects or redox conditions (Dellinger et al., 2015).

In this study, we examined the Longbizui section of the
Middle Yangtze Block, characterized by a continuous sed-
imentary succession spanning from the upper Ediacaran
through Cambrian Series 1 (538.8-521 Ma). We collected
a set of high-resolution samples ranging from the upper
Liuchapo Formation to the lower Niutitang Formation,
and conducted an array of geochemical measurements,
including major and trace elements as well as lithium and
organic carbon isotopes. We used these proxies to explore
the temporal evolution of continental weathering pro-
cesses, to better understand the relationship between
mountain-building, chemical weathering, oceanic chem-
istry, and the Cambrian explosion.

2. Geological setting

The South China Craton was formed via the amalgama-
tion of the Yangtze and Cathaysia blocks during the Sibao
Orogeny, in the Neoproterozoic Era (Zhao and Cawood,
2012). While the block separated from Rodinia during
the late Proterozoic, the Cathaysia Block continued to
receive sediment input from the continental interior of
Gondwana (Wang et al., 2021). Depositional facies on
the Yangtze Block around the ECT included shallow-

water platform carbonates and phosphorites, as well as
deep slope and basin environments (Jiang et al., 2012;
Fig. 1).

The Longbizui section is located in Guzhang county of
Hunan province (109°50°32.24”E, 28°29°55.06”N; Fig. 1)
and represents a basinal facies on the Middle Yangtze
Block. The Ediacaran—Cambrian transitional interval of
the Longbizui section includes the Liuchapo Formation
and overlying Niutitang Formation (Wang et al., 2012).
The Liuchapo Formation is composed of gray to black,
thin- to medium-bedded cherts interbedded with shales.
The Niutitang Formation is primarily composed of thinly-
bedded black carbonaceous mudstones and shales,
interbedded with lenticular limestones and phosphorites.
No erosional unconformities are apparent between the low-
ermost horizons recovered from the Liuchapo Formation
and the top of the Niutitang Formation, suggesting contin-
uous deposition over the interval investigated in this study.
Previous zircon dating of this section (from approximately
40 m below the lithologic contact between the Liuchapo
and Niutitang formations; 545.76 = 0.66 Ma; Fig. 2; Yang
et al., 2017), and from the nearby Taoying section (basal
Niutitang Formation; 522.7 £4.9 Ma; Wang et al., 2012)
suggest that the Liuchapo Formation was deposited from
the late Ediacaran through the Cambrian Terreneuvian.

In this study, we followed the chemostratigraphic and
biostratigraphic correlation schemes proposed by Wang
et al. (2012) and Yang et al. (2017), as shown in Fig. 2
and Fig. S1, respectively. In particular, the N2 carbon iso-
tope excursion at the Longbizui section is correlated with
the basal Cambrian negative carbon isotope excursion
(BACE; Shields-Zhou and Zhu, 2013; Fig. S1) that has
been observed around the world (approximately
538.8 Ma). The N4 carbon isotope excursion event at the
Longbizui section corresponds temporally to the negative
carbon isotope excursion in the lower part of the Shiyantou
Formation (SHICE) on the South China platform (Shields-
Zhou and Zhu, 2013), and to the nadir of the negative
excursion between I and II in Siberia (Kouchinsky et al.,
2012), which was dated to the middle of Cambrian Stage
2 (approximately 524 Ma).

3. Materials and methods

In this study, we systematically sampled the Liuchapo
and Niutitang formations at the Longbizui section at an
average spacing of 50 cm. In total, 82 samples were col-
lected and broken into pieces (diameter ~2 mm) using a
hammer. The pieces of the crushed samples were selected
to avoid veins and cavities and pulverized using a SPEX
8515 Shatterbox with a ceramic puck.

A total of ~50 mg powder sample was soaked in 1 N
MgCl, (adjusted to pH = 7.0) for 8 hours, then exposed
to 1IN NaOAc (adjusted to pH = 5.0 with acetic acid) for
5 hours, to remove the exchangeable lithium bound to car-
bonate (Tessier et al., 1979). The sample was centrifuged
for 15 minutes at 4000 rpm, and the supernatant was
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discarded. The samples were subsequently washed 5 times
with MQ H,O (18.2 MQ at 25°C). The dried residue was
subsequently digested with a mixture of concentrated
HF-HNO; using a closed vessel at a temperature of
190°C for 72 hours. After eliminating the refractory fluo-
rides using concentrated HNO; on a hot plate at 120°C,
the sample was redissolved in concentrated HNO; for
12 hours.

A split of 50% of the clean solution was evaporated to
dryness, diluted 20 times with 3% HNO; (v/v) and spiked
with 10 ppb Re. Major and trace element concentrations
(including rare earth elements) were analyzed using an Agi-
lent 7700X quadrupole inductively-coupled plasma mass

spectrometer (ICP-MS) and Agilent 710 inductively cou-
pled plasma-optical emission spectrometer (ICP-OES) at
the State Key Laboratory of Palacobiology and Stratigra-
phy, Nanjing Institute of Geology and Palaeontology
(NIGP), Chinese Academy of Sciences (Xiang et al., 2017).

Chemical index of alteration (CIA) is calculated using
the molar proportions of each species: CIA = (Al,O3)/
(Al,03 + CaO* + Na,O + K,0) x 100 (Nesbitt and
Young, 1982). Where CaO* represents the CaO contents
in silicate fraction only and can be corrected using the fol-
lowing formula: CaO* =(CaO — P,0s) x 10/3. If the
remaining value of CaO* is higher than Na,O, the Na,O
was adopted as CaO* (McLennan et al., 1993). CIA values
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at this section require a further correction for diagenetic
K,0 addition, to avoid the effects of diagenetic K addition
in shales (Cox et al., 1995). This amount of diagenetic K,O
addition can be estimated using the following equation
from Panahi et al. (2000): K»,Ocorr = molar [m X Al,O3 + -
m X (CaO* + Na,0))/(1 —m). In this equation, m is the
proportion of K,O from the parent sample and can be
expressed as: m =molar K,O/(Al,O; + CaO* + Na,O
+ K,0).

The other 50% of the clean dissolution was used for
lithium isotope analysis, following the procedures detailed
by Qie et al. (2023) to separate and purify lithium and mea-
sure Li isotopes. A dual-column system, using different
sizes and volumes of Bio-Rad® AGS0W-X12 cation
exchange resins, was used to purify lithium from the
matrix. After matching the lithium concentration between
samples and bracketing calibrators (L-SVEC standard,
NIST SRM 8545), a standard sample bracketing method
was used to correct the instrumental mass bias and blanks
using the L-SVEC standard (NIST SRM 8545). Sample
values were calculated based on the bracketing standard
and blank values.

8"Li = [("Li/*Li)sample/("Li/Li) _svec — 1] x 1000 (%o)

The overall reproducibility and accuracy of the lithium
procedure (sample digestion, lithium separation, and iso-
tope analysis) was checked by repeated measurements of
BHVO-2 (8'Li = 4.53%0 % 0.37%0, 2SD, n=6), IAPSO
Standard ~ Seawater  (8'Li = 31.23%0 + 0.40%0,  2SD,
n=10), and Alfa-Lithium (3'Li = 14.39%o0 * 0.32%o,
2SD); the analytical results were consistent with the pub-
lished values. Samples preparation, column chemistry,
and lithium isotope analyses were performed at NIGP.

Analyses of carbon isotopes of organic matter were con-
ducted following the procedure outlined in Xiang et al.
(2017, 2018).

4. Models

A simple box model of the global carbon and lithium
cycles was formulated to explore the mechanisms underly-
ing the coupled lithium and carbon isotope excursions
around the ECT. The model was implemented within Mat-
lab R2020a.

The lithium mass balance models proposed by Li and
West (2014) and Kalderon-Asael et al. (2021) were used
as follows:

Friv + Fur = Faoc + Fmaac (Equation 1)
Nsw x d(8'Lisw)/dt = Friy x (8'Ligry — 8'Lisw)
+Fpr x (8'Lipg — 8'Lisw) + Faoc x
A"Liroc + Fuaac x A’Lipaac
(Equation 2)

The sink flux of lithium from the ocean via the alteration
of oceanic crust (AOC) and formation of marine authigenic

aluminosilicate clays (MAAC) pathways can be calculated
using the oceanic reservoir size of lithium (Ngw) divided by
its residence time (tr;). Equation 2 can thus be rewritten as:

Nsw x d(8'Lisw)/dt = Friy x (8'Ligry — 8'Lisw)
+Fpr x (8'Lipr — 8'Lisw) + Nsw /1%
(onc X A7LiAoc + (1 = faoc) x A7LiMAAC>
(Equation 3)
We simplified the faoc X A’Liaoc + (1 — faoc) X A’Livaac

in Equation 3 into a single variable A’Ligy,;.. Equation 3 can thus
be rewritten as follows:

NSW X d(67Llsw)/dt = FRIV X (67LiR]V — 67Llsw)
+FHR X (87L1HR — 87Llsw) + NSW/TLiX
A7Lisink
(Equation 4)

We coupled this lithium isotope mass balance model
with a proposed carbon isotope mass balance box model
(Kump and Arthur, 1999; Li and Elderfield, 2013). In this
model, the inputs of oceanic dissolved inorganic carbon
were subdivided into five endmembers: oxidation of
methane, oxidation of oceanic dissolved organic matter

(DOM), oxidative weathering of sedimentary organic mat-
ter, tectonic outgassing of CO,, and carbonate weathering.

Foc + Fcw + Fow + Fpom + Fumethane
= Fep + Fop
Npic x d(813CDIC)/dt = Foc X (6]3COG - 813CDIC)
+Fpom X (613CDOM - 613CDIC) + Fowx
(513C0w - 813CDIC) + Few X (SISCCW - 813CDIC)
+FMethane X (6]3CMethane - 8]3CDIC) — Fepx
(613CCD - 613CDIC) — Fop x (5]3COD - 613CDIC)
(Equation 6)

(Equation 5)

A Rayleigh distillation model between the fraction of
lithium incorporated into clays and that remaining dis-
solved in rivers was formulated to calculate the variation
in riverine lithium input flux (Rugenstein et al., 2019). Sil-
icate weathering is the predominant mechanism responsible
for the net consumption of atmospheric CO, (Walker et al.,
1981; Kump et al., 2000). The riverine lithium input flux is
assumed to be proportional to the continental silicate
weathering flux (Pogge von Strandmann et al., 2017). The
Rayleigh distillation function was then utilized to calculate
a factor for the variation in riverine lithium input flux and
to infer the silicate weathering flux and the consumption of
tectonic outgassing CO, in the carbon isotope mass bal-
ance model.

87LiRIV = 87Lir0ck + Asec x In (fLi) (Equation 7)

Fivri = Friviio X (Friwsil/Friv,sil,O) X [1 + (fLi - fLi,o)]
(Equation 8)
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Table 1
Definitions of the parameters used in the models.
Symbol Description Value References
Friv Lithium input flux of river 10 x 10° mol/year Misra and Froelich, 2012
Fur Lithium input flux of hydrothermal vents 10.4 x 10° mol/ Misra and Froelich, 2012
year
Faoc Lithium output flux of altered oceanic crust (AOC) Misra and Froelich, 2012
Fumaac Lithium output flux of marine authigenic aluminosilicate clays (MAAC) Misra and Froelich, 2012
8"Ligrv Lithium isotope composition of river water
8"Ling Lithium isotope composition of hydrothermal vents 8.3%o Chan et al., 1992
ALiroc Lithium isotope fractionation associated with uptake into AOC
A'Liyaac  Lithium isotope fractionation associated with uptake into MAAC
Nsw Inventory of seawater lithium 2.76 x 10" mol Li and West, 2014
TLi Residence time of oceanic lithium 0.3x 10° year Misra and Froelich, 2012
8 Lisw Lithium isotope composition of seawater Misra and Froelich, 2012
8" Lirock Lithium isotope composition of primary rock 2%0 Rugenstein et al., 2019
Agec Lithium isotope fractionation between riverine water and secondary lithium-containing  20%o Rugenstein et al., 2019
minerals
Si Fraction of lithium partitioned from the bedrock into the riverine dissolved load
Fiiv, 1i Riverine lithium flux at the nadir of the negative lithium isotope excursion
Fiiv. Li, 0 Riverine lithium flux just prior to the negative lithium isotope excursion
Friv, sit Riverine silicate weathering flux at the nadir of the negative lithium isotope excursion
Friv. sit. 0 Riverine silicate weathering flux just prior to the negative lithium isotope excursion
Foc Flux of tectonic outgassing CO,
313Cog Carbon isotope composition of tectonic outgassing CO, -5%o Li and Elderfield, 2013
Fow Flux of weathered organic carbon
3" Cow Carbon isotope composition of weathered organic carbon -28.1%o Li and Elderfield, 2013
Few Flux of weathered carbonate
313 Cew Carbon isotope composition of weathered carbonate 1.8%0 Li and Elderfield, 2013
FMethane Flux of methane hydrate oxidation
813 Cethane  Carbon isotope composition of methane hydrate -60%o Li and Elderfield, 2013
FDOM Flux of DOM oxidation
3*Cpom Carbon isotope composition of DOM -26%0 Mackensen and Schmiedl,
2019
Fcp Flux of carbonate deposition
3"3Cep Carbon isotope composition of carbonate deposition
ABCpyc. Carbon isotope difference between oceanic dissolved inorganic carbon and burial organic  27.5%0 Kump and Arthur, 1999
oD carbon
Fop Flux of organic carbon deposition
33Cop Carbon isotope composition of organic carbon deposition Li and Elderfield, 2013
Npic Inventory of oceanic dissolved inorganic carbon 1.52 x 10" mol Kump and Arthur, 1999
Tearbon Residence time of oceanic dissolved inorganic carbon 1 x 10° year Kump and Arthur, 1999
3B3Cpic Carbon isotope composition of oceanic dissolved inorganic carbon

More details about the parameters, implementation and
sensitivity test of the coupled lithium-carbon models were
presented in Table 1 and Supplementary data.

5. Results

Organic carbon isotope (513C0rg) values of cherts in the
Liuchapo Formation range from -37.0 to -33.6%0, with an
average value of -35.1%.. However, the carbon isotope
composition of organic matter in the Niutitang Formation
is relatively heavier, ranging from -34.5 to -32.8%o (average
of -33.4%o; Figs. 2, 3; Table S1). The lithium isotope (8’Li)
values of the Liuchapo Formation (average of 7.4%o,
n = 62) are considerably heavier than those of the Niuti-
tang Formation (average of -6.8%o, n = 10). Two of the
negative shifts in lithium isotopes correspond to negative
carbon isotope excursions associated with the BACE and

SHICE events (Figs. 2, 3). The CIA values of the shales
within the Niutitang Formation range from 47.4 to 69.1,
with an average of 62.1 (Fig. 2; Table S1).

6. Discussion

6.1. Evolution of the seawater lithium isotopes from ca. 545
to 521 Ma

The average Li/Al ratio of the Liuchapo Formation
(30.4) was higher than that of the Niutitang Formation
(9.6), and both formations show higher ratios than upper
continental crust (UCC; 0.82 x 10, Rudnick and Gao,
2014) or typical igneous rocks (0.3 x 107%; Dellinger et al.,
2017). Aluminum content in the Longbizui samples indi-
cates that our dissolution procedure released all lithium con-
tained in the bulk rock, including in siliciclastic phases, Fe-
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oxides, and chert. The weak correlation between the alu-

minum and lithium content and Li isotopic composition
suggests that there is not a significant pool of lithium
retained in the form of silicates (Fig. 4; Parnell and
Armstrong, 2023), in authigenic quartz overgrowths, or as
an uncharged LiOH species (lhinger and Zink, 2000;
Kolodny and Chaussidon, 2005). A previous study on the
Permian-Triassic boundary indicated that the lithium iso-
tope fractionation of chert may be similar to that of carbon-
ate (Sun et al., 2018). The scavenging of dissolved lithium
into chert in the Longbuizi depositional environment, which
we hypothesize to have occurred in a relatively closed system
in the opal-quartz transformation phase, may have sup-
pressed lithium isotope fractionation (Kolodny and
Chaussidon, 2005; Parnell and Armstrong, 2023).

The dominant mechanisms for lithium retention in silici-
clastic rocks are either inheritance from parent rocks, or
direct precipitation and crystallization associated with clay
formation during continental chemical weathering and/or
marine reverse weathering (Pogge von Strandmann et al.,
2017; Wei et al., 2024). Various potential parent rocks in
the upper continental crust, including basalts and granites,
shows a limited range of variation in lithium isotopic com-
position, between -5 and 5%o, with an average value of
0 £ 2%o (Sauzéat et al., 2015). The natural range of lithium
isotope fractionation associated with clay formation is
approximately 36%o, which is dictated by several factors,
including differences in clay mineralogy, temperature, and
aqueous chemistry (Hindshaw et al., 2019; Steinhoefel
et al., 2021).
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The striking difference in 8’Li values between the Liu-
chapo and Niutitang Formations cannot be explained
entirely by differences between silicate minerals in the par-
ent rock, suggesting that the lithium isotope signal of authi-
genic quartz controls the variation between sections.
Previous studies of lithium isotopes at marine sections
show similar stratigraphic trends in 8’Li values between
marine shales and carbonates, as both lithologies accumu-
late lithium from the same well-mixed and uniform oceanic
pool, despite different lithium isotope fractionation factors
(Pogge von Strandmann et al., 2017, 2021). In this study,
we interpret stratigraphic trends in 8’Li in the chert inter-
vals of the Liuchapo Formation to reflect coeval changes
in the 8’Li of seawater during deposition.

Following Sun et al. (2018), we assume that the lithium
isotope fractionation factor between chert and seawater is
similar to that between aragonite and seawater and was
set to a fixed Agcawater-chere value of 9.6%o0 (Pogge von
Strandmann et al., 2019). Thus, the negative lithium iso-
tope excursion corresponding to BACE represents a fluctu-
ation from 31.9 to 6.6%o (Figs. 2, 3). Assuming that the
Aseawater-clay Was 20%o in the Niutitang Formation at the
Longbizui section, we inferred that the negative lithium
isotope excursion during Cambrian Stage 2 represents a
fluctuation between 25.7 and 5.8%0 (Figs. 2, 3). As the
tempo of excursions in lithium and carbon isotopes was
approximately synchronous, the durations of the lithium
isotope excursions corresponding to BACE and SHICE
can be estimated as 1.33 Ma and 1.50 Ma, respectively.

6.2. Lithium cycle perturbations driven by enhanced
continental erosion

The nadirs of all four negative excursions in recon-
structed seawater lithium isotopes, including those corre-
sponding with BACE and SHICE, were lower than 10%eo.
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As the lithium isotope composition of the hydrothermal
flux (8"Ligg) is assumed to be constant at approximately
8.3%0 (Chan et al., 1992), a simple mass balance equation
(see Supplementary data) indicates that an increase in the
hydrothermal flux, even up to several orders of magnitude
greater than the present value, could not reproduce the
nadir of inferred seawater 8'Li at the BACE and SHICE
(Fig. ).

The isotopic composition of seawater lithium is usually
heavier than the average isotopic composition of coeval river-
ine lithium, owing to preferential sinks of °Li from the ocean
by AOC and MAAC. Oceanic silicon concentrations, which
are believed to exert a critical control on the rate of authigenic
clay formation and A’Liyaac values (Kalderon-Asael et al.,
2021), was much higher than present levels during the termi-
nal Ediacaran and Cambrian (Planavsky et al., 2010), as
reflected by pervasive chert deposition around the ECT. Thus,
the isotopic fractionations associated with lithium uptake into
MAAC (A"Lipaac) could not be as high as the present value
(> 10%0; Misra and Froelich, 2012) during the BACE and
SHICE excursions but were probably more similar to those
of the Precambrian era (< 5%o, Fig. S2). Oceanic silicon con-
centrations declined around the ECT, corresponding to the
radiation of biomineralizing organisms, including radiolarians
and sponges (Conley et al., 2017). However, the trend of
lithium isotopes in our study does not show any clear correla-
tion with that of silicon isotopes (Fig. 2; Ye et al., 2021). Thus,
it is unlikely that fluctuations in oceanic silicon levels around
the ECT were responsible for large variations in A’Lipaac
and a resultant oceanic lithium isotope with a range of >
10%eo.

One possible mechanism for such dramatic negative
lithium isotope excursions at BACE and SHICE is a com-
bination of extremely low riverine lithium isotope compo-
sition, and enhanced total riverine lithium input flux (see
Supplementary data and Fig. 6). Modern rivers show that

26 (b)

Time (x 10 kyr)

—— Fu: = 100xpresent —— Fu: =200xpresent

Fig. 5. Seawater 8’Li response to increasing hydrothermal lithium flux of 10, 20, 50 and 200 times of present-day value at the (a) BACE, and (b) SHICE.
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Fig. 6. Combinations of riverine 3’Li value and corresponding riverine lithium flux to satisfy the negative 8’Li shift at the (a) BACE, and (b) SHICE using
different A"Ligpy values ranging from 1.9%o to 3.9%o for (a) BACE and from 1.9 to 3.3%o for (b) SHICE, respectively.

the weathering intensity (WI), which refers to the ratio of
the weathering rate to the denudation rate, exerts a first-
order influence on both the lithium flux of the riverine dis-
solved load and its isotopic compositions. The riverine
lithium flux can increase by two to three orders of magni-
tude when the weathering regime changes from supply lim-
ited to kinetically limited, which implies that the WI shifts
from high to low (Dixon et al., 2012; Pogge von
Strandmann et al., 2021). A cross plot of riverine lithium
isotopes versus WI exhibits a boomerang shape, where a
positive correlation exists in the field of low to intermediate
WI (< 0.05) and a negative covariation dominates in the
field of intermediate to high WI (> 0.05; Dellinger et al.,
2015). At the same time, the lithium isotope composition
of present-day riverine waters varies from 1.3 to 43.7%o
(Huh et al., 1998). Thus, the riverine lithium content and
isotopic composition can vary sufficiently to satisfy condi-
tions for the large fluctuations around the ECT, which
have characteristic time scales of < 2 Ma (Figs. 6, SI).
Enhanced erosion triggered by a series of orogenic episodes
associated with the assembly of Gondwana may be the
most plausible explanation for the simultaneous decline
of 8’Liy, and increase of riverine dissolved lithium flux at
the base of the Cambrian and middle of Cambrian Stage
2 (Squire et al., 20006).

Physical erosion is accelerated by the exposure of fresh
rocks on land (Molnar et al., 2007); however, the chemical
weathering flux is limited by kinetic factors. Rapid erosion
would also shorten the residence time of porewater fluids
and reduce the amount of clay formed in these environ-
ments (Dixon et al., 2012). This in turn would decrease
the amount of lithium adsorbed/incorporated in secondary
clay minerals and suppress the general lithium isotope frac-

tionation between riverine waters and parent minerals.
Thus, while the WI decreases, riverine inputs of dissolved
lithium to the ocean would dramatically increase as moun-
tain building proceeds. CIA values from the shale intervals
of Niutitang Formation at the Longbizui section and
Bahuang section (Zhang et al., 2021), and synchronous Jiu-
menchong Formation at the Daotuo section (Zhai et al.,
2018), show a similar vertical pattern to that of inferred
seawater lithium isotope composition (Fig. 2), which cor-
roborates our observation that nadirs in seawater lithium
isotopes correspond to the lowest CIA values and weather-
ing intensities.

The supercontinent Gondwana is believed to have devel-
oped via the suturing together of several accretionary/col-
lisional orogenic belts, including the East African
Orogen, Brasiliano-Damara Orogen, and Kuungan-
Pinjarra Orogen (Zhao et al., 2018; Fig. 1a). While overall
orogenesis was uninterrupted throughout the entire Edi-
acaran and Cambrian periods, it consisted of a series of
local, episodic orogenic events on both the eastern and
western margins of the incipient supercontinent, meaning
the intensity of orogenic effects on geochemical cycles likely
varied significantly over time.

Several discrete orogenic peaks, each with a duration of
a few million years, have been recognized and arranged
within a chronological sequence (Schmitt et al., 2018;
Fig. 2). The distribution of these orogenic peaks around
the ECT approximately tracks the distribution of excur-
sions in our inferred seawater lithium isotope curve. The
orogenic peaks between 540 Ma and 520 Ma correspond
broadly to our lithium isotope excursions, and furthermore
to the BACE and SHICE carbon isotope excursions. Dur-
ing a peak in orogenic activity, more fresh rock would be
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exposed to erosion and weathering, accelerating sediment
transfer from land to the ocean. This would be expressed
as a massive flux of riverine lithium with low 8’Li values,
in which bedrock experienced minimal secondary fraction-
ation of lithium owing to the relative scarcity of authigenic
clay formation.

Magnesium isotopes exhibit a declining trend around
the ECT, suggesting a marked attenuation in weathering
intensity, which could be alternatively explained via
enhanced continental erosion rather than decreased rates
of chemical weathering (Zhang et al., 2021). The rapid
increase in seawater o Sr/%°Sr values to their peak in the
last 900 Ma also supports our interpretation that erosion,
in addition to weathering, was enhanced during the Cam-
brian (Peters and Gaines, 2012).

6.3. Carbon cycle responses to enhanced continental erosion

A marked negative oceanic carbon isotope excursion at
the base of the Cambrian (BACE) has been recorded in
both organic and inorganic carbon isotopes (Maloof
et al., 2010b). Through the detailed correlation of inorganic
carbon isotope results from shallow-water carbonates in
Mongolia, Siberia, Morocco, and South China, a rapid
excursion from > 2%o to a nadir of < -6%c has been identi-
fied (Dahl et al., 2019). Early zircon dating from the Oman
section indicated that the excursion started at
542.33+0.12Ma and peaked at 541.0%0.13 Ma
(Bowring et al., 2007). Thus, the duration of BACE was
approximately 1.33 Ma. Similarly, a global negative carbon
isotope excursion in Cambrian Stage 2 (named the negative
carbon isotope shift in the Nemakit-Daldynian-
Tommotian boundary section in Morocco, and SHICE in
the shallow platform of South China) shifts carbonate car-
bon isotope values from 5%o to -3%c with a duration of
approximately 1.5 Ma (Maloof et al., 2010a; Shields-
Zhou and Zhu, 2013).

The weathering rate of carbonates is generally higher
than that of silicates. As the erosion rate increases during
orogenic peaks, the difference in the weathering rate
between carbonate and silicate further increases (Shields
and Mills, 2017). Modern regions of tectonically active
mountain ranges, such as the Himalayas, show more than
75% of the total alkalinity flux derived from carbonate
weathering, with the remainder derived from silicate weath-
ering (Blum et al., 1998). At the same time, carbonate min-
erals typically weather congruently, with both calcium
cations and carbonate anions dissolving into water
(Frings and Buss, 2019). However, phosphorus-
containing silicate minerals (such as apatite) in the conti-
nental crust only partially decompose as weathering pro-
ceeds. A lower WI during the orogenic peaks could result
in a higher proportion of detrital phosphorus relative to
dissolved (and thus potentially adsorbed) phosphorus.
Many detrital phosphorus-containing minerals can be
retained in floodplains and continental shelves, especially
given the long distances travelled by river-transported ero-

sion products around the ECT (Myrow et al., 2010). There-
fore, detrital phosphorus cannot be effectively utilized by
oceanic primary producers and contributes little to the bur-
ial flux of organic matter (Paytan and McLaughlin, 2007).

Moreover, while elevated erosion rates during orogenic
peaks promote chemical weathering and increase the abso-
lute riverine dissolved phosphorus flux (though lowering
the WI), the difference in stability between carbonate and
phosphorus-containing silicates could significantly lower
the ratio of PO3/HCO;5 in river water that reaches the
ocean, causing the burial fluxes of carbonate and sedimen-
tary organic carbon to vary disproportionately. Thus, oro-
genic peaks could have lowered the fraction of carbon
buried as organic matter (f,.;) and caused a negative shift
in oceanic 8'3C values around the ECT (Maloof et al.,
2010a). Conversely, owing to the different rates of weather-
ing between carbonates and silicates, enhanced erosion
during orogenic peaks would tend to increase rather than
decrease the total 8'*C value of riverine HCO3 input. The
increased adsorption of organic matter onto mineral sur-
faces (especially clays) results in a marked difference in
organic carbon content between silicates and carbonate,
making it impossible for accelerated oxidative weathering
of organic carbon in rocks to explain the magnitude in
the BACE and SHICE excursions (Zhao et al., 2023).

As the nadir of BACE is < -6%o, lower than the canon-
ical carbon isotope composition of tectonic outgassing CO,
(-5%0; Mason et al., 2017), such low seawater 5'°C values
cannot be achieved by an extremely low f,,, value (even
of approximately 0). Oxidation of an organic carbon pool,
either of methane hydrates or DOM, must have been
involved in BACE and SHICE. The feasibility of methane
oxidation for explaining the BACE and SHICE excursions
is currently hindered by a dearth of reliable geological evi-
dence, such as molar tooth structures (Shen et al., 2016), or
primary carbonates with extremely negative 3'°C values of
(< -40%0; Wang et al., 2008). Alternatively, the hypothe-
sized existence and oxidation of a large oceanic DOM
reservoir around the ECT is supported by both geological
evidence and quantitative modelling (Rothman et al., 2003;
Dodd et al., 2023).

Since there is a clear positive correlation between conti-
nental sulfide oxidation rate and physical erosion rate
(Calmels, et al., 2007), global sulfate flux to the ocean dur-
ing orogenic peaks is expected to have greatly exceeded the
background level. The bottom waters of the deep ocean
around the ECT were dominated by ferruginous conditions
(Li et al., 2020), and the increased input of sulfate oxidant
may have driven enhanced DOM oxidation via microbial
sulfate reduction (MSR), leading to expansion of anoxic
bottom water-masses into the photic zone at the BACE
and SHICE excursions, which is supported by negative
excursions in nitrogen isotopes around the world (Wang
et al., 2018; Fig. 3).

As the intensity of orogenesis decreased, the overall glo-
bal erosion rate would have declined relative to the rate of
chemical weathering, with major implications for the phos-
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phorus cycle. On a global scale, < 10% of total bioavailable
phosphorus is transferred from land to the oceans as dis-
solved phases, with most phosphorus delivered to the
ocean via clay and metal oxide particles (Froelich, 1988;
Hao et al., 2021; Fru et al., 2023). When erosion rates were
elevated during orogenic peaks, the formation of clays with
adsorbed bioavailable P was inhibited by the decreased res-
idence time of silicate mineral particles. In contrast, as the
weathering intensity increased following orogenic peaks,
more clay minerals would have been generated, and more
clay-adsorbed phosphate would have been delivered into
the ocean. The massive input of riverine phosphorus would
promote both primary productivity and the burial of
organic carbon and pyrite, driving the positive shifts in
both carbon and sulfur isotopes and promoting the oxy-
genation of the photic zone. Studies on reactive phospho-
rus and micro-nutrients validate the close connection
between P flux, primary productivity and carbon isotope
shifts around the ECT (Cheng et al., 2020; Wei et al., in
press).

Our model simulation demonstrates that, as continen-
tal weathering input increases, the amount of DOM oxi-
dation required to achieve carbon isotope excursions of
approximately -8%o also increases (see Supplementary
data and Fig. 7). As the f,,, value decreases toward a
minimum of 0.01, the amount of DOM oxidation
required to explain carbon isotope excursions of -8%o cor-
respondingly decreases (Fig. 7). Overall, using the cou-
pled lithium and carbon cycle model around the ECT,
we conclude that the most reliable solution for the
carbon-lithium isotope covariation at BACE and SHICE
is a moderate increase of riverine lithium input flux (<
20x of the PAL) in combination with low 8’Li,;, values
(< 6%¢; Figs. 6, 7, S5, S6).

6.4. Implications for the Cambrian explosion

Precipitation and temperature are two important factors
affecting the continental weathering rate (West et al., 2005).
Paleogeographic reconstruction shows that the major oro-
genic belts involved in the assembly of Gondwana were
located within the low-to-mid latitude monsoon zone
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(Fig. la; Yao et al., 2021). The combination of favorable
climate and widespread exposure of fresh rock could pro-
mote a rapid response between orogenesis, nutrient deliv-
ery, and biotic evolution.

The nadirs in oceanic lithium and organic carbon iso-
topes at the base of the Cambrian, and again at
~524 Ma, coincide with the mass extinctions of the Edi-
acaran fauna and small shelly fauna respectively
(Babcock et al., 2015). A combination of less efficient
organic matter burial, and increased oxygen consumption
by DOM oxidation, would together drive deoxygenation
of the Earth’s surface system (Fig. 8). Uranium isotopes
support oceanic anoxia during the extinction of Ediacaran
metazoans and small shelly fossils (Zhang et al., 2018; Wei
et al., 2020; Fig. 3). Orogenic peaks during the amalgama-
tion of Gondwanan initially acted as a driver of mass
extinctions around the ECT, through the familiar kill
mechanisms of anoxia hypothesized for several of the
“Big Five” mass extinctions of the Phanerozoic (Fan
et al., 2020). Mass extinctions may create favorable condi-
tions for fundamental reorganizations of the global biota,
both taxonomically and ecologically (Alroy, 2008). Mean-
while, the harsh environment may stimulate the generation
of morphological novelties, which in turn promote evolu-
tionary innovation and taxonomic diversification when
environmental stresses are removed (Wood and Erwin,
2018).

Carbon and lithium isotopes all show cyclical variation.
The rising limb in 8’Li and 8'*C at the Longbizui section
reflects a rapid recovery of these elemental cycles from
the effects of rapid physical erosion after the peaks in oro-
genesis. In the aftermath of the orogenesis peaks, the
weathering regime transferred from kinetic limitation back
to supply limitation (Dixon et al., 2012), with an elevated
rate of chemical weathering relative to physical erosion.
More clay minerals formed on the continent via chemical
weathering, and more nutrients were delivered into the
ocean. As organic carbon burial increased, more free oxy-
gen accumulated in ocean-atmosphere. As metazoans need
oxygen and food sources to sustain aerobic metabolism,
the availability of oxygen and nutrients may have been crit-
ical determinants of early animal radiation.
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Fig. 7. Solutions for lithium-carbon covariation during the BACE and SHICE excursions across a range of riverine lithium input flux scenarios and fos
values. All scenarios use a typical A”Ligy, value (2.5%0). (a) Oxidation flux of oceanic DOM required to explain the magnitude of the BACE excursion; (b)
Oxidation flux of oceanic DOM required to explain the magnitude of the SHICE excursion.
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The coincidence between a series of coupled positive
excursion in seawater sulfate 8°*S and 8'*Cp;c and maxima
in biodiversity (and habitat expansion of endemic species)
around the ECT demonstrates that pulses of oxygenation
may have been important time windows for the spectacular
diversification of metazoans during the Ediacaran—-Cam-
brian transition (Zhang et al., 2004; He et al., 2019;
Alexander et al., 2025; Fig. 3). Collectively, mountain-
building associated with the assembly of Gondwana
exerted a dual impact on evolution around the ECT, with
a marked time lag between the orogenic peaks and periods
of biotic radiation.

7. Conclusions

We systematically sampled and analyzed carbon and
lithium isotopes from the Longbizui section, South China.
Our results show that extremely rapid exhumation during
orogenic peaks inhibited proportional weathering and
increased the rate of physical erosion relative to chemical
weathering. The declining intensity of weathering during
orogenic peaks lowered both the seawater lithium isotope
composition and the bioavailability of phosphorus in the
ocean. Increased differences in weathering congruency
between carbonate and silicate minerals during the oro-
genic peaks, and limitation of oceanic nutrient availability,
suppressed oxygenic photosynthesis and organic matter
burial.

At the same time, rapid exhumation accelerated riverine
sulfate flux. The combined effects of lower oxygenic photo-
synthesis and higher oxygen consumption led to extinctions
among the incumbent biotas. As orogenesis slowed, some
of these environmental stresses were alleviated, and a new
episode of biotic diversification occurred. Repeated
changes in environment conditions, which were in turn
controlled by orogenic events on the eastern and western
margins of Gondwana, may have acted as one of the key
drivers for the multiple rounds of alternating extinction
and origination around the ECT.
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