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A B S T R A C T

Chemical weathering is a critical Earth system process that regulates climate, ocean chemistry and the long-term 
carbon cycle. However, the intensity and variability of chemical weathering remain insufficiently constrained for 
the mid-Proterozoic (~1.8‒0.8 Ga), greatly limiting our understanding of the environmental context to early 
eukaryotic evolution. Here, we report the first coupled positive seawater 87Sr/86Sr (~0.0007) and δ7Li (~5‰) 
isotope excursions of the Mesoproterozoic Era (1.6‒1.0 Ga), which we argue signifies a substantial weathering 
event at ~1.57 Ga, characterised by increased silicate weathering rates and decreased weathering congruency. 
Drawing on independent geological evidence, we posit that enhanced volcanic CO2 degassing, possibly alongside 
accretional orogenesis, increased denudation rates and invigorated the hydrological cycle, amplifying silicate 
weathering and secondary clay formation. This weathering pulse broadly coincided with coeval ocean oxygen
ation and carbon cycle disruption, implicating it in the appearance of the earliest known decimetre-scale, 
multicellular eukaryotic fossils.

1. Introduction

Chemical weathering of silicate minerals sequesters CO2 and drives 
marine carbonate precipitation by increasing the supply of dissolved 
cations and alkalinity to the oceans (Walker et al., 1981; West et al., 
2005). Chemical weathering also provides critical nutrients (Fe, P, Si, 
etc.) to the coastal oceans, thereby promoting primary productivity 
(Berner, 2003). Therefore, understanding the dynamics of weathering 
conditions and their controlling factors is crucial to deciphering past 
changes to global climate, the carbon cycle, redox conditions and bio
logical evolution. The mid-Proterozoic (1.8‒0.8 Ga) has been long rec
ognised as a time of unusually muted variability in terms of climate 
(Holland, 2006), tectonics (Cawood and Hawkesworth, 2014) and 

ocean-atmosphere composition (Bartley and Kah, 2004; Brasier and 
Lindsay, 1998; Shields and Veizer, 2002). However, as more data have 
accumulated, this traditional view has been increasingly revised. Recent 
studies highlight that the Mesoproterozoic was considerably more dy
namic than previously thought, marked by widespread orogenesis 
(Condie, 2021; Gervais et al., 2023), repeated emplacement of large 
igneous provinces and associated environmental disturbances (Diamond 
et al., 2021; Zhang et al., 2025), carbon isotope variability and fluctu
ations in surface redox conditions (Canfield et al., 2018; Luo et al., 
2025), and key steps in early eukaryotic evolution (Brocks et al., 2023; 
Zhu et al., 2016). Despite these advances, Mesoproterozoic weathering 
regimes remain poorly constrained, limiting our understanding of its 
role in environmental change and biological innovation during Earth’s 
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“middle age”. One factor that has hampered investigation of Meso
proterozoic weathering is a scarcity of high-quality weathering proxy 
records (Chen et al., 2022b; Kalderon-Asael et al., 2021), such as Sr 
(87Sr/86Sr) and Li (δ7Li) isotope ratios. Marine carbonate Sr and Li 
isotope records can represent robust archives of the Sr and Li isotope 
composition of ambient seawater, and in combination, have been suc
cessfully applied to constrain past weathering behaviour and climate 
change (Cao et al., 2022; Caves Rugenstein et al., 2019; Pogge von 
Strandmann et al., 2013).

Strontium and Li isotopes are homogeneously distributed in seawater 
on a global scale, due to their much longer modern ocean residence 
times (~106 years) relative to the time it takes for oceans to circulate 
(~103 years) (Elderfield, 1986; Huh et al., 1998). The Sr isotope budget 
of seawater is normally used to trace the relative importance of more 
radiogenic riverine input versus less radiogenic hydrothermal input 
(Spooner, 1976), but its interpretation is complicated by the large iso
topic range of lithologies undergoing weathering (Bataille et al., 2017; 
Halverson et al., 2010; Peucker-Ehrenbrink and Fiske, 2019). Strontium 
isotopes in seawater are incorporated into carbonate minerals through 
substitution for calcium, without isotopic fractionation (McArthur, 
1994).

By contrast, riverine δ7Li values are largely independent of the sili
cate lithology being weathered, and not affected by weathering of car
bonates, but the formation of silicate secondary minerals preferentially 
consumes 6Li, driving residual waters to heavier isotopic values. Thus, 
riverine δ7Li provides direct information on silicate weathering con
gruency, reflecting the extent of primary rock dissolution relative to 
secondary mineral formation (Misra and Froelich, 2012; Pogge von 
Strandmann and Henderson, 2015), and may also be a tracer for 
weathering intensity, reflecting the ratio of weathering rate (W) to the 
denudation rate (D) (Dellinger et al., 2015). The ocean Li reservoir is 
mainly sourced from riverine and hydrothermal inputs, while the 
oceanic sinks of Li primarily consist of uptake by low-temperature clays 
formed during the alteration of oceanic crust (AOC) and the formation of 
marine aluminous authigenic clays (MAAC) (Chan et al., 1992; Misra 
and Froelich, 2012). The incorporation of oceanic Li into authigenic clay 
minerals, a process known as reverse weathering, imparts a combined 
fractionation effect of ~14–16‰, which drives modern seawater to 
~31‰ (Misra and Froelich, 2012). Seawater lithium isotope composi
tions (δ7Lisw) can therefore be used to examine silicate weathering re
gimes and marine reverse weathering, thus complementing the 
87Sr/86Srsw record. However, Mesoproterozoic marine carbonate δ⁷Li 
data remain extremely sparse. Although recent studies have measured Li 
isotopes in ~1.4 Ga Xiamaling shales (Liu et al., 2025; Zhang et al., 
2025) indicating more variable silicate weathering during this interval, 
coupled marine carbonate Li and Sr isotope records, necessary for 
reconstructing global seawater signals, are still largely lacking for the 
Mesoproterozoic.

The marine carbonate succession of the ~1.57 Ga Gaoyuzhuang 
(GYZ) Formation provides a unique opportunity to fill this gap. This 
succession hosts a negative carbon isotope excursion (CIE), with mul
tiple geochemical proxies suggesting a contemporaneous marine 
oxygenation event (Luo et al., 2020, 2025; Shang et al., 2019; Song et al., 
2024; Tang et al., 2022; Xie et al., 2023; Xu et al., 2023; Yang et al., 
2025; Zhang et al., 2018) linked to the appearance of decimetre-scale, 
multicellular eukaryotic macrofossils (Zhu et al., 2016). Here, we 
report 87Sr/86Sr and δ7Li isotope ratios for marine carbonate rocks of the 
GYZ Formation, to reconstruct the weathering regime across this 
oxygenation event. We then utilise a geochemical box model to explore 
the driving mechanisms behind the weathering regime shift we docu
ment. Combined with published redox proxies, we subsequently 
consider plausible links between tectonics, climate, weathering, redox 
and biological evolution during the early Mesoproterozoic Era.

2. Geological setting

The Gaoyuzhuang Formation (GYZ) is located in the Yanliao Basin of 
the North China Craton (Fig. 1a). The GYZ interval marks the peak of 
marine transgression in the basin, during which a broad epeiric sea with 
connection to the open ocean developed (Zhang et al., 2018). From the 
GYZ to the overlying Wumishan Formation, up to ~5.7 km of carbonate 
strata accumulated, being thickest in the Jixian area (Zhang et al., 
2018). The GYZ Formation corresponds to a period during the final as
sembly of the supercontinent Nuna, marked by accretion on its periph
ery, while extensional processes may have influenced its interior 
(Pourteau et al., 2018; Zhang et al., 2012). In ascending order, the GYZ 
Formation can be divided into four members Member I (Guandi Mem
ber), Member II (Sangshu’an Member), Member III (Zhangjiayu Mem
ber) and Member IV (Huanxiusi Member). This study focuses on GYZ 
Member III, which consists mainly of limestone and dolomitic limestone 
deposited during a transgression-regression cycle (Fig. 1c). The low
er–middle interval of Member III consists of nodular limestone, 
thin-bedded argillaceous (dolomitic) limestone, and calcareous 
mudstone, indicative of deposition in relatively deeper settings, likely 
below storm wave base (Guo et al., 2013; Mei, 2006). The upper part of 
Member III contains ‘molar-tooth’ limestone and microbial dolostone 
with ripple marks, suggesting a brief regression and deposition in a slope 
to subtidal environment (Mei, 2006). Our samples were collected from 
the GYZ Formation Member III (Zhangjiayu Member) at four different 
sections (Gangou, Jixian, Kuancheng, Pingquan, Fig. 1b). In the lower 
and upper horizons of Member III, two tuff beds yielded U-Pb zircon ages 
of 1577 ± 12 Ma (Tian et al., 2015) and 1560 ± 5 Ma (Li et al., 2010), 
respectively.

3. Materials and methods

3.1. Sample preparation method

A total of 223 marine carbonate rocks were selected for this study. 
Samples were micro-drilled from fresh, unaltered material, avoiding 
veins, discoloration, and obvious secondary phases, and then ground by 
hand using an agate pestle and mortar. For bulk carbonate dissolution, 
~10–20 mg of sample powder (N = 223) was dissolved in 5 ml of 2% v/v 
HNO3 for 24 h, then centrifuged at 3600 rpm for 5 mins. The supernatant 
was collected and diluted with 2% v/v HNO3 for major and trace 
elemental analysis (e.g., Ca, Mg, Sr, Al, Mn).

For Sr isotope preparation, we followed the newly developed 
sequential leaching method for argillaceous and dolomitic limestones 
(Chen and Zhou, 2023), whereby ~50–100 mg of micro-drilled sample 
powder (N = 133) is precleaned with 3–5 ml of 1 M ammonium acetate 
in an ultrasonic bath for 30 mins at room temperature. After centrifu
gation, the residue was washed once with ultrapure water and centri
fuged again. 0.05–0.2 M of acetic acid (HAc), calculated to dissolve 
~10–30% carbonate, was then added to the residue. After the acid was 
added, samples were ultrasonically agitated for 30 mins and then 
allowed to stand for another 30 mins at room temperature, before being 
centrifuged at 3600 rpm for 5 mins. The supernatant was collected for Sr 
isotope and elemental analysis.

For Li isotope preparation, we followed the leaching method of 
(Tessier et al., 1979), as tested by many recent studies (Krause et al., 
2023; Liu et al., 2022a; Pogge von Strandmann et al., 2019, 2021b), 
whereby acetic acid was buffered to pH 5 with sodium acetate (NaOAc). 
0.75 ml of pH-buffered solution was added to ~100 mg of micro-drilled 
sample powder (N = 49), then ultrasonically agitated for 10 mins and 
left to stand for ~5 h at room temperature. The solution was then 
centrifuged, and the supernatant carefully pipetted out for Li isotope and 
elemental analysis.
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3.2. Analytical methods

All geochemical analyses were carried out at the London Geochem
istry and Isotope Centre (LOGIC), University College London (UCL). 
Elemental analyses were performed on solutions of bulk carbonate (2% 

v/v HNO3) and all supernatant leaches prepared for Sr (in HAc) and Li 
(in NaOAc) isotopes. Major element concentrations in carbonate 
leachates, including Ca, Mg, Mn, Al and Sr, were measured by induc
tively coupled plasma optical emission spectrometry (Varian 720 
ICP–OES). Each data point represents the average of 6 replicates, with 

Fig. 1. Geological background of the study area. (a) Major tectonic subdivisions of China, modified after (Shang et al., 2019). The blue box shows the area of 
panel b (Yanliao Basin, North China). (b) Simplified Mesoproterozoic paleogeographic map of North China during deposition of the Gaoyuzhuang Formation. The 
four sampling sections are Jixian (40◦9′21.77"N, 117◦28′39.69"E), Kuancheng (40◦36′14.02"N, 118◦31′31.75"E), Gangou (40◦39′49"N, 116◦14′30"E) and Pingquan 
(40◦57′48"N, 118◦36′25"E). (c) General stratigraphic columns of Gaoyuzhuang Formation and sea level change (modified from Zhang et al., 2018). (d) Carbon isotope 
correlation for Gaoyuzhuang Member III across the four sections analysed in this study. (e) Age model for Gaoyuzhuang Member III (and part of Member II) in 
relation to δ13Ccarb data from this study and other published studies (Guo et al., 2013; Shang et al., 2019; Zhang et al., 2018) (shown as grey crosses). Errors are 
smaller than the symbols used.
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the RSD being < 3% for all analysed elements. Trace element Rb and Li 
concentrations of carbonate leachates were analysed by inductively 
coupled plasma mass spectrometry (Agilent 7900 ICP–MS) with cali
bration standards (Superco, Sigma–Aldrich) and samples matrix- 
matched to 50 μg/g Ca (and also to Na content in the case of NaOAc 
leaches). Each data point represents the average of 7 replicates, with the 
RSD being < 5% for all the analysed elements.

For Sr isotope analysis, small polypropylene columns with poly
propylene frits (~30 µm) and ~1 cm thickness (30–40 mg) of Eichrom® 
Sr specific resin were used for Sr separation in an ISO 7 (Class 10000) 
metal-free laboratory with ISO 5 laminar flow hoods at UCL. The su
pernatant (in 0.05–0.2 M acetic acid) was dried on a hotplate before 
being dissolved in 0.5 ml of 4 M nitric acid and then passed through the 
precleaned and conditioned columns. The column was sequentially 
eluted with 1 ml of 8 M HNO3, and twice with a full reservoir of 8 M 
HNO3 to primarily wash out the matrix. Afterwards, two full reservoirs 
of Milli-Q water were used to elute Sr. The collected eluant was then 
dried and redissolved in 2% v/v HNO3 for conventional 87Sr/86Sr isotope 
analysis. The 87Sr/86Sr isotope ratios were measured using a Nu In
struments Plasma 3 multi-collector inductively coupled plasma mass 
spectrometer (MC–ICP–MS) at UCL. Instrumental isotopic fractionation 
(IIF) was corrected using the exponential law (to 86Sr/88Sr = 0.1194), 
followed by a standard bracketing method. The interferences of 87Rb 
were corrected using an 87Rb/85Rb ratio of 0.3857. Interferences for Kr 
were corrected by a blank measurement before each sample. Reported 
87Sr/86Sr ratios were corrected to the published value of SRM 987 
(0.710252 ± 0.000013; Weis et al., 2006). An in-house carbonate 
standard (N1, modern shell) was processed along with sample leachates 
and its multi-run average was 0.70918 ± 0.000018 (2 SD, N=10), which 
is comparable to the modern seawater value (0.709175 ± 0.0000012; 
Kuznetsov et al., 2012). A procedural blank was included in each batch 
of samples, with Sr quantities of less than 0.01% contribution to sample 
measurements.

For Li isotope analysis, a two cation-exchange column method was 
used for Li purification at the LOGIC laboratories (Liu et al., 2022a; 
Pogge von Strandmann et al., 2019). AG®50 W X-12 resin was used for 
the cation-exchange procedure and eluted by 0.2 M HCl. Li isotope 
fractionation during column elution was also monitored by collecting a 
split of the elution before and after the Li collection, which was then 
analysed for Li content. All splits had < 0.2% of the total Li, which 
means the shift in Li isotopes caused by incomplete recovery from col
umns was less than the long-term precision of the Li isotope ratio 
measurements (Liu et al., 2022a; Pogge von Strandmann et al., 2021a). 
Lithium isotopes were measured by a multi-collector ICP-MS (Nu Plasma 
3) at UCL. A sample-standard (IRMM-016) bracketing method was 
applied for Li isotope measurement. A procedural blank was included in 
each batch of samples with Li quantities of less than 0.03% contribution 
to the sample measurements. The Li isotope data are reported as the 
deviation of the 7Li/6Li ratio in samples from the zero-reference material 
L-SVEC (7Li/6Li = 12.17285 ± 0.00023; Magna et al., 2004), which has 
same isotope ratio as IRMM-016 (Jeffcoate et al., 2004). The repro
ducibility and accuracy of the Li procedure, including sample digestion, 
Li separation and Li isotope analysis were checked by repeated mea
surements of Atlantic seawater (δ7Li = 31.08‰ ± 0.48‰ relative to 
L-SVEC, 2 SD, N = 6). Further standards analysed by this method are 
reported in Pogge von Strandmann et al. (2019).

For C and O isotope analysis, powdered carbonate (N = 192) was 
analysed at the Bloomsbury Environmental Isotope Facility (BEIF) at 
UCL on a continuous-flow (ThermoFisher Delta V) mass spectrometer 
linked to a Gas Bench II device. All values are reported using the Vienna 
Pee Dee Belemnite notation (VPDB) relative to NBS19. Repeat mea
surements of the standard NBS 19 gave δ13CVPDB = 1.95‰ ± 0.06‰ (2 
SD, N = 12), δ18OVPDB = − 2.2‰ ± 0.1‰ (2 SD, N = 12).

4. Results and discussion

4.1. Seawater strontium and lithium isotope records

Strontium, Li, C (δ13Ccarb) and O (δ18Ocarb) isotopes, as well as major 
and trace elements are reported in this study (Fig. 2, Supplementary 
Data S1) for marine carbonate rocks across four sections of the 
Gaoyuzhuang Formation (GYZ) Member III. The characteristic negative 
C isotope excursion of Member III is observed in three sections (Ping
quan, Jixian and Gangou; note that its absence in the Kuancheng section 
reflects lack of exposure), with a robust δ13Ccarb shift from ~0‰ to 
~-4‰ (Fig. 1, 2), with no signs of diagenetic overprinting (see Sup
plementary Information; Fig. S1). Age models and stratigraphic cor
relations are constructed based on carbon isotope stratigraphy, 
cyclostratigraphy, and the published dating constraints (Fig. 1d,e and 
see Supplementary Information for details). Using the mean U–Pb 
ages and assuming constant sedimentation rates within each section, we 
calculate sedimentation rates of ~20–30 m/Myr for the studied interval. 
These values fall within the typical long-term (~106 yr) accumulation 
rates (10–100 m/Myr) for carbonate sediments (Schlager, 2010). The 
resulting ~2 Myr duration of the carbon isotope excursion is consistent 
with the floating astronomical timescale derived from Milankovitch 
cycles in Member III of the GYZ Formation at the Jixian and Gangou 
sections (Liu et al., 2022b).

⁸⁷Sr/⁸⁶Sr and δ⁷Li in carbonates are sensitive to diagenesis and 
detrital contamination. To identify samples that best preserve the orig
inal seawater signal, we applied a four-step geochemical screening 
procedure (Fig. S3, S4 and Fig. 3). First, we assessed diagenetic alter
ation by plotting Mn/Sr, Mg/Ca, and Sr/(Ca+Mg) from bulk carbonate 
(2% HNO3) against ⁸⁷Sr/⁸⁶Sr (Fig. S3), using thresholds previously 
validated for this interval (Mn/Sr < 1–2 g/g, Mg/Ca < 0.05–0.4 g/g, Sr/ 
(Ca+Mg) > 200 µg/g; Chen and Zhou, 2023). Second, we evaluated 
detrital contamination using Rb/Sr and Al/(Ca+Mg) ratios from Sr 
leachates against ⁸⁷Sr/⁸⁶Sr (Bellefroid et al., 2018; Chen and Zhou, 2023) 
and Rb/(Ca+Mg) and Al/(Ca+Mg) ratios from Li leachates against δ⁷Li 
(Cao et al., 2022; Pogge von Strandmann et al., 2021a), retaining only 
samples with low Rb and Al contents (e.g., Rb/Sr < 5 mg/g, Al/(Ca+Mg) 
< 1 mg/g; Fig. S4). Third, for this screened subset, we tested the 
robustness of these cutoffs by examining ⁸⁷Sr/⁸⁶Sr and δ⁷Li against all 
major alteration indices commonly used for detecting seawater-derived 
Sr and Li (Mn/Sr, Mg/Ca, Sr/(Ca+Mg), Rb/Sr, Rb/(Ca+Mg), 
Li/(Ca+Mg), Al/(Ca+Mg), and δ¹⁸O; Fig. 3a). δ⁷Li values show no cor
relation with any alteration proxy across the four sections, which sug
gests that diagenesis and detrital silicate inputs exerted negligible 
influence on the screened Li isotope record. In contrast, several highly 
dolomitized Gangou samples exhibit elevated ⁸⁷Sr/⁸⁶Sr ratios that covary 
with alteration indicators, so only their lowest values that overlap with 
the least altered samples from the Pingquan, Jixian, and Kuancheng 
sections were retained. Finally, the screened dataset displays highly 
consistent ⁸⁷Sr/⁸⁶Sr and δ⁷Li values across different sections, yielding 
identical stratigraphic trends regardless of mineralogy (limestone versus 
dolomitic limestone; Fig. 3b), and falling within the range of the globally 
least altered Mesoproterozoic carbonates (Chen et al., 2022b; Kalder
on-Asael et al., 2021).

Member III of the GYZ Formation records deposition during a 
transgressive maximum, spanning environments from below storm wave 
base (during the excursion) to slope and deeper subtidal settings (above 
the excursion), where seawater was likely well mixed and only mini
mally influenced by meteoric input, lagoonal processes, or restricted 
circulation (Luo et al., 2025). Stratigraphic sections distributed along a 
lateral gradient from relatively deeper-water settings (Jixian, Pingquan) 
to shallower-water settings (Gangou) show identical δ¹³C, ⁸⁷Sr/⁸⁶Sr, and 
δ⁷Li excursions. This agreement demonstrates that the isotope signals 
are not facies controlled. When combined with petrographic observa
tions (Fig. S2) and multi-step alteration assessments, the convergence of 
isotope profiles across sections strongly support that the screened data 
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Fig. 2. Geochemical profiles for individual stratigraphic sections through Member III of the Gaoyuzhuang Formation. Carbonate δ¹³C, δ¹⁸O, ⁸⁷Sr/⁸⁶Sr, and δ⁷Li, 
together with bulk carbonate Sr/(Ca+Mg), Mg/Ca, and Mn/Sr for the four measured sections are shown here. All data are from this study and are plotted against 
stratigraphic height. Mn/Sr values for the Jixian and Kuancheng sections are shown on a logarithmic scale. The blue interval marks the carbon isotope excursion. 
Purple symbols in the Sr and Li profiles indicate samples that passed the geochemical screening and are interpreted to best preserve original seawater signals. Because 
the trends of the screened Sr and Li isotopes, particularly for Sr, are difficult to resolve at this scale, detailed trends can be seen in Figures 3 and 4. Reported δ⁷Li 
values represent carbonate Li isotope compositions and are not corrected for carbonate–seawater fractionation. The full dataset and additional elemental data are 
provided in the Supplementary Material.
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captured a genuine global seawater perturbation rather than diagenetic 
overprinting or localized restricted-basin effects. For details of sample 
screening at each step, see the Supplementary Information.

Seawater δ7Li values were then estimated from measured rock values 
by the addition of 5‰ on average (full range 3–8.5‰) (Day et al., 2021; 
Krause et al., 2023; Marriott et al., 2004; Pogge von Strandmann et al., 
2013; Pogge von Strandmann et al., 2019), to correct for isotopic frac
tionation during Li incorporation into carbonates (see Supplementary 
Information). The seawater 87Sr/86Sr and δ7Li values for the three 
sections that document the C isotope excursion show a coupled 
increasing trend towards the nadir of the δ13Ccarb excursion (-4‰), with 
a Sr isotope increase from ~0.7050 to ~0.7057 and a Li isotope increase 

from ~13‰ to ~18‰ (Fig. 4). After reaching peak values, Sr isotope 
ratios decrease to ~0.7048, before returning to ~0.7050, while Li 
isotope values return to ~13‰ and remain around this level. δ13Ccarb 
values likewise recover to a consistent value of ~0‰ (Fig. 4).

4.2. Modelling the Sr and Li positive isotope excursion

Dynamic Sr and Li isotope box models have been developed by 
previous studies (Nana Yobo et al., 2021; Pogge von Strandmann et al., 
2013; Pogge von Strandmann et al., 2021b), and are used here to 
constrain which of the key potential factors (including the hydrothermal 
flux, river input flux and its isotope composition, and marine reverse 

Fig. 3. Screening procedure Step 3 and Step 4 – evaluation of cutoff validity. a) Step 3: Plots of ⁸⁷Sr/⁸⁶Sr and δ⁷Li values for samples that passed the Step 1 and Step 2 
screening plotted against indicators of diagenesis and detrital contamination. Only trendlines with R² ≥ 0.5 are shown. Apart from elevated ⁸⁷Sr/⁸⁶Sr ratios in the 
Gangou (GG) section, the ⁸⁷Sr/⁸⁶Sr ratios in the other three sections and all δ⁷Li values show no evidence of alteration. Mg/Ca, Mn/Sr, and Sr/(Ca+Mg) ratios were 
measured in bulk carbonate dissolved in 2% HNO₃. For Sr isotope plots, Rb/Sr and Al/(Ca+Mg) were measured in Sr leachates obtained using acetic acid. For Li 
isotope plots, Al/(Ca+Mg), Rb/(Ca+Mg), and Li/(Ca+Mg) were measured in Li leachates obtained using sodium acetate. b) Step 4: Inter-section comparison. Sr and 
Li isotope data for samples that passed the Step 1 and Step 2 criteria are shown by stratigraphic position and Mg/Ca ratios. The black line indicates the trend defined 
by least altered samples. The blue line highlights diagenetically altered samples with higher ⁸⁷Sr/⁸⁶Sr values from dolomitic limestones in the Gangou section, 
consistent with alteration patterns observed in panel (a). Error bars for δ⁷Li represent two standard deviations (N = 3); other analytical uncertainties are smaller than 
the symbol size.
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weathering) are the likely controls on the observed covariation in Li and 
Sr isotopes. The model begins with an initial steady state in which input 
and output fluxes are balanced. To reflect higher Precambrian 
ridge-spreading and outgassing rates (e.g., Tajika and Matsui, 1992), the 
modern hydrothermal flux (Fₕ) for both Sr and Li were doubled 
(Kalderon-Asael et al., 2021). Riverine fluxes (Fᵣ) were then adjusted to 
reproduce the measured pre-excursion seawater values. To account for 
radiogenic evolution, riverine (Rᵣ) and hydrothermal (Rₕ) ⁸⁷Sr/⁸⁶Sr ratios 
were taken from contemporaneous river and mantle evolution curves 
(Shields, 2007; Workman and Hart, 2005), while the diagenetic reflux 
(Rdiag) was set equal to coeval seawater (Richter and Liang, 1993). For 
lithium isotopes, riverine input (Rᵣ = 5.8‰) follows modelled Precam
brian values (Kalderon-Asael et al., 2021), consistent with reduced 
isotope fractionation during clay formation under warmer conditions (Li 
and West, 2014). Hydrothermal Li isotope compositions were assumed 
to be similar to modern systems (Coogan and Dosso, 2012). A reduced Li 
isotope fractionation between seawater and authigenic clays (Δ⁷Li =
7‰; Kalderon-Asael et al., 2021), compared with the modern ocean 
(16‰; Misra and Froelich, 2012), was used to reflect enhanced Pre
cambrian reverse weathering (Isson and Planavsky, 2018; Kalder
on-Asael et al., 2021; Krissansen-Totton and Catling, 2020). The 
resulting initial residence times for both seawater Sr and Li are close to 
the modern values (Basu et al., 2001; Kalderon-Asael et al., 2021). Our 
model for seawater Sr and Li isotopes is solved in 10 kyr steps. The 
model structure and input parameters are detailed in the Supplemen
tary Information and Table S1

Based on the age model, δ7Li (from ~13‰ to ~18‰) and 87Sr/86Sr 
(from ~0.705 to 0.7057) increased to peak values within ~1 Myr 
(Fig. 4). We first used the Sr isotope system, which is highly sensitive to 
hydrothermal input (Pogge von Strandmann et al., 2013), to explore 
whether changes in hydrothermal flux alone could drive the excursion. 
A ≥10-fold decrease in hydrothermal flux would be required to repro
duce the Sr isotope peak. Such a decrease is geologically implausible, 

particularly during periods of supercontinent breakup when hydro
thermal activity is generally expected to increase. Even this extreme 
scenario, however, could produce only a ~2‰ increase in δ⁷Li 
(Fig. S5a). Thus, hydrothermal changes alone cannot explain the ob
servations. Increasing the weathering flux would lead to an increase in 
seawater 87Sr/86Sr, as river input is more radiogenic than seawater in 
our model (Supplementary Information). However, since the riverine 
input δ7Li is lower than that of seawater (due to marine clay minerals 
preferentially incorporating 6Li), this increased weathering flux would 
lead to a decrease, rather than an increase, in seawater δ7Li (Fig. S5b). 
Simultaneous increases in riverine Sr and Li isotope ratios without 
changing fluxes would require a rise of ~14.5‰ in riverine δ⁷Li and 
~0.0035 in riverine ⁸⁷Sr/⁸⁶Sr to achieve the observed peak values 
(Fig. S5c). Such a substantial increase (~0.0035) in the riverine Sr 
isotope ratio, however, appears improbable, as it surpasses both the 
magnitude of the shift in riverine 87Sr/86Sr ratios resulting from Hima
layan erosion and weathering over the last 40 Myr (Richter et al., 1992), 
and the net impact of the highly radiogenic Ganges-Brahmaputra system 
on the contemporary oceanic Sr budget (Richter and Turekian, 1993).

Therefore, changing hydrothermal flux, river flux, or riverine isotope 
composition in isolation cannot reproduce the coupled Sr and Li ex
cursions; combination of flux and isotope changes is required. In all 
combined scenarios we tested (Fig. S6 and Supplementary Informa
tion), we were unable to match the observed Sr and Li isotope trends 
when the weathering flux and riverine δ⁷Li were held constant, 
regardless of adjustments to hydrothermal flux or riverine ⁸⁷Sr/⁸⁶Sr. Our 
results show that both an increase in continental weathering flux and an 
increase in riverine δ⁷Li input are consistently required, whereas 
riverine ⁸⁷Sr/⁸⁶Sr and hydrothermal flux may vary depending on the 
magnitude of weathering change. For example, a smaller increase in 
weathering flux could be partly offset by a larger rise in riverine ⁸⁷Sr/⁸⁶Sr 
or a reduction in hydrothermal input, and vice versa. Given the high 
uncertainties associated with changes in Precambrian riverine ⁸⁷Sr/⁸⁶Sr 

Fig. 4. Integrated geochemical profiles through Gaoyuzhuang Formation Member III. C, Sr and Li isotopes are from the four sections (Gangou, Jixian, Pingquan, 
Kuancheng) of this study. An average fractionation factor (5‰) has been applied to the δ7Li profile to estimate seawater values (see Supplementary Information for 
details). A coupled positive excursion in seawater Sr and Li isotopes correlates to the negative C isotope excursion (shown by the yellow band). δ34SCAS, I/(Ca + Mg), 
P/Al and Hg/Al are from published studies of the Gangou section (Shang et al., 2019; Tang et al., 2022; Xie et al., 2023). Intensified volcanic activity is evidenced by 
large igneous provinces (LIPs), such as in Amazonia (1576 ± 4 Ma; Teixeira et al., 2019) and West Africa (1575 ± 5 Ma; Teixeira et al., 2019). Slight differences in 
the starting points of δ³⁴SCAS, I/Ca+Mg, P/Al, and Hg/Al (from other studies) compared to Sr and Li isotopes (this study) may result from uncertainties in strati
graphic correlation. Analytical uncertainties are smaller than the size of the symbols.
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and hydrothermal flux, and since neither factor can dominate or inde
pendently drive the observed Sr and Li peaks, we present here the 
simplest admissible scenario (Fig. 5), in which both riverine Sr isotope 
composition and hydrothermal flux are held constant during the rising 
limb of the excursion. Using the Sr isotope system to constrain the 
required weathering increase, and then applying this constraint to the Li 
isotope model, yields a 2.8-fold increase in continental weathering flux 
together with an approximately 12‰ (range 10–13‰) rise in riverine 
δ⁷Li (Fig. 5). It is important to note that although absolute values of 
weathering flux and riverine δ⁷Li may vary when riverine ⁸⁷Sr/⁸⁶Sr and 
hydrothermal flux are allowed to change, the required direction of 
change (higher weathering flux and higher riverine δ⁷Li) is consistent 
across all viable model configurations that reproduce the observed 
seawater Sr and Li peaks (Fig. S6 and Supplementary Information). 
Consequently, the inferred shift in the weathering regime, as defined by 
the direction of change in both weathering flux and riverine δ⁷Li (dis
cussed in the following section), remains robust despite uncertainties in 
individual model parameters.

Another possibility to explain seawater Li isotope variability con
cerns an increase in the fractionation factor (ΔLisw-sink) during marine 
reverse weathering. Given the increased riverine flux (2.8 times) 
constraint from Sr isotopes, an increase in ΔLisw-sink to 21‰ would be 
required to explain the coeval Li isotope excursion (Fig. S5d). This value 

is even higher than the modern value (~16‰) (Misra and Froelich, 
2012), which seems unlikely, as the biologically controlled Si cycle that 
dominates today was absent in the Precambrian, and there was no 
known evidence for widespread chert deposition during the study in
terval (Krissansen-Totton and Catling, 2020). Instead, studies suggest 
that the Precambrian ocean experienced intensified reverse weathering, 
driven primarily by silica oversaturation and potentially enhanced by 
elevated concentrations of Fe and other clay-forming ions in ferruginous 
deep waters (Isson and Planavsky, 2018; Kalderon-Asael et al., 2021; 
Krissansen-Totton and Catling, 2020; Poulton and Canfield, 2011). Such 
conditions would tend to lower, rather than increase the Li isotope 
fractionation factor. Other effects, such as temperature and pH changes, 
are also unlikely to have driven the observed Li isotope shifts (see 
Supplementary Information). Therefore, the scenario of increased 
continental weathering coupled with increased river δ7Li remains the 
most plausible explanation for the coupled positive Sr-Li isotope 
excursion at ~1.57 Ga.

After reaching peak values, δ7Li returned to its initial value, while 
87Sr/86Sr declined to a lower than initial value (0.70484), within ~1.2 
Myr. The observed recovery trend cannot be fully explained by scenarios 
such as solely decreasing riverine input values or altering the weath
ering flux (Supplementary Information and Fig. S7). Given modern 
oceanic residence times, a twofold increase in hydrothermal input is 

Fig. 5. The simplest successful modelling scenario for reproducing the observed seawater Sr and Li isotope excursions, sensitivity tests for residence time and 
excursion duration. a) Model results for seawater Sr isotopes. In the simplest scenario that assumes modern residence time and unchanged riverine Sr isotope 
composition, the observed increase in ⁸⁷Sr/⁸⁶Sr requires a 2.8 times increase in continental weathering flux (Fr), while the recovery requires a two times increase in 
hydrothermal input (Fh). b) Model results for seawater Li isotopes. The timing of changes in Fr and Fh is constrained by the Sr isotope model under modern residence 
time. The shaded band represents the uncertainty window defined by the full range of published fractionation factors for Li incorporation into carbonates (3 to 8.5‰; 
Day et al., 2021; Krause et al., 2023; Marriott et al., 2004; Pogge von Strandmann et al., 2013; Pogge von Strandmann et al., 2019). Under modern residence time, 
reproducing the observed excursion requires an increase in riverine δ⁷Li of approximately 12‰ (range 10 to 13‰) during the rising limb and a decrease to ~ 0‰ 
during the recovery. A reduced residence time (1/3 modern) requires a smaller increase in riverine δ⁷Li to reach the peak and yields rapid recovery without further 
lowering of riverine δ⁷Li (green dash line). c) Sensitivity to residence time. Shorter oceanic residence times reduce the magnitude of the required increase in 
continental weathering flux (Fr) and riverine δ⁷Li (Rr), and allow a more rapid recovery of seawater isotopes. Reducing the Li residence time to one third of the 
modern value permits Li to recover to its initial composition without any additional decrease in riverine δ⁷Li, although this does not apply to Sr isotopes. d) 
Sensitivity to excursion duration for the rising limb. Increasing the duration of the rising limb from 1 to 4 million years reduces the required increase in weathering 
flux from 2.7 to 1.8 times, and lowers the required riverine δ⁷Li shift from 18‰ to 14‰. Tres = residence time; M = modern residence time; N = seawater reservoir 
size; R = isotopic ratio; F = flux; sw = seawater; r = river; h = hydrothermal. Symbols are larger than analytical uncertainties.
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necessary to account for the decreasing trend in 87Sr/86Sr ratios 
(Fig. 5a). However, this change alone cannot restore seawater δ7Li to its 
initial value, as marine 87Sr/86Sr is considerably more sensitive to hy
drothermal input than δ7Li (Pogge von Strandmann et al., 2013). An 
additional decrease in riverine δ7Li to zero or a negative value would be 
required to match the observed trend (Fig. 5b, solid line). Such a 
decrease, however, is less realistic as it would imply riverine δ7Li values 
lower than the average for primary silicate rocks (Pogge von Strand
mann et al., 2021a). A sensitivity test on the residence time shows that 
reducing the oceanic residence times of Sr and Li leads to a rapid re
covery and lowers the magnitude of change required in both weathering 
flux and riverine δ⁷Li to reproduce the observed peak values (Fig. 5c). A 
shortened Li residence time is plausible, as enhanced marine reverse 
weathering during the Precambrian would have reduced the seawater Li 
inventory. With the residence time reduced to 1/3 of modern, Li isotopes 
can recover within ~1 Myr without additional forcing (Fig. 5c). This is 
not applicable for Sr isotopes, and an external forcing is necessary to 
achieve lower 87Sr/86Sr ratios during the recovery phase relative to the 
initial values (Fig. 5c). Within the framework of partial breakup of the 
supercontinent Nuna (Lu et al., 2002), and excluding other potential 
scenarios, the recovery of Sr and Li isotope ratios might reasonably be 
attributed to an increased hydrothermal input, with the reduced resi
dence time for the Li reservoir (Fig. 5a, 5b). Details of failed recovery 
scenarios are provided in the Supplementary Information.

A sensitivity test on duration (Fig. 5d) shows that lengthening the 
rising limb of the excursion from 1 to 4 Myr reduces the required in
crease in weathering flux from 2.7 to 1.8 times and lowers the required 
riverine δ⁷Li from 18‰ to 14‰. The total duration of ~2 Myr (including 
both the rise and recovery) adopted in our box modelling likely repre
sents a minimum estimate, as independent constraints from the Sr 
isotope system indicate that a substantially shorter excursion is unlikely 
(Supplementary Information). Our residence time and duration tests 
demonstrate that the observed Sr and Li isotope excursion is geochem
ically feasible across a reasonable parameter space, but improved 
geochronology will further refine this framework. Additional sensitivity 
tests addressing uncertainties in the age model, hydrothermal flux, and 
fractionation factor are provided in the Supplementary Information 
(Figs. S8-S10).

4.3. Changes in weathering regime and its possible driving mechanisms

In modern settings, riverine (dissolved) δ7Li plotted against weath
ering intensity shows a “boomerang” shape, whereby the highest 
riverine δ7Li corresponds to a moderate weathering intensity with 
increased clay formation (incongruent weathering; Dellinger et al., 
2015; Pogge von Strandmann et al., 2021b), while the dissolved Li yield 
(weathering flux) decreases towards the high-intensity regime (Pogge 
von Strandmann et al., 2021b). Our modelling results indicate that the 
increasing trend observed for the Sr-Li isotope excursion is primarily 
driven by an enhanced continental weathering flux, coupled with 
elevated riverine δ7Li. This model result aligns with a weathering regime 
shift from high intensity (transport-limited and congruent weathering) 
towards moderate intensity (higher denudation rates and incongruent 
weathering).

A decrease in weathering intensity with an increased weathering flux 
may have been driven either by warming episodes (increase in CO2 
degassing; Krause et al., 2023; Pogge von Strandmann et al., 2013) or by 
increased tectonic uplift with more fresh rocks being exposed and 
weathered (Caves Rugenstein et al., 2019; Misra and Froelich, 2012). 
Although tectonic uplift seems unlikely to fit an event of such short 
duration, the influence of orogenic activity cannot be fully dismissed. 
The final stages of Nuna assembly likely occurred ~1.6 Ga (Pourteau 
et al., 2018) through the collision between north Australia and Lau
rentia, and palaeocontinental reconstruction suggests that the North 
China Craton was then connected to the North Australia Craton (Zhang 
et al., 2012). The estimated high pCO2 levels across the study interval 

(Zhang et al., 2022) suggest the presence of an external carbon source to 
offset carbon consumption by higher weathering rates. CO2 degassing 
from intensive volcanism during this period is supported by Hg 
enrichment and mercury isotope anomalies in marine sediments (Luo 
et al., 2024; Tang et al., 2022; Yang et al., 2025), the emplacement of 
large igneous provinces (Baratoux et al., 2019; Teixeira et al., 2019), and 
a potentially global plume event (Condie et al., 2023), occurring across 
and preceding the excursion (Fig. 4). Increased pCO2 would have 
enhanced global surface temperatures, leading to an intensified hydro
logical cycle and increased rainfall (Krause et al., 2023). In the mean
time, the orogenic activity and volcanic eruptions may have supplied 
more weatherable fresh rock surfaces. As a result, the denudation rate 
(D) would have increased (Pogge von Strandmann et al., 2021b), leading 
to enhanced clay mineral formation, resulting in increased incongruent 
weathering and elevated riverine δ7Li values. An analogous silicate 
weathering scenario has been observed in the Cenozoic Era (Krause 
et al., 2023), when increased clay formation sequestered 
carbonate-forming cations, thus playing a key role in sustaining the 
Middle Eocene Climatic Optimum. This scenario also aligns well with 
the sustained high pCO2 levels and warm climate during the study 
period. The integration of our data, geological evidence and modelling 
outcomes therefore supports the hypothesis of a volcanism-induced 
weathering event affecting tectonically uplifted terrains, triggering an 
increase in continental weathering rates and a decrease in weathering 
congruency.

4.4. Links to the Mesoproterozoic carbon cycle and ocean oxygenation

Seawater 87Sr/86Sr and δ7Li values initially increased prior to the 
negative CIE, but their peak and falling limb coincide with the nadir and 
recovery of δ13Ccarb, respectively (Fig. 4). An increase in the isotopic 
composition of carbonate-associated sulfate (δ34SCAS) occurs almost 
coincident with increasing seawater Sr and Li isotopes, followed by a 
sharp decline below the CIE (Xie et al., 2023), while positive I/(Ca+Mg) 
and P/Al excursions (Shang et al., 2019) occur prior to and across the 
CIE (Fig. 4). Slight offsets between the initial rises in I/(Ca+Mg) and 
P/Al reported in previous studies (Shang et al., 2019) and the timing of 
the Sr and Li isotope excursions likely reflect uncertainties in strati
graphic correlation or differences in proxy residence times. Iodine and 
phosphorus have oceanic residence times that are several orders of 
magnitude shorter than those of Sr and Li (Broecker and Peng, 1983), 
and therefore respond rapidly to local redox or environmental changes, 
whereas Sr and Li record more slowly integrated global weathering 
signals. Multiple studies based on independent redox proxies (e.g., 
δ53Cr, δ98Mo, I/(Ca+Mg) ratios, δ34SCAS, Ce anomalies) have suggested 
that the negative carbon isotope excursion in GYZ Member III most 
likely resulted from an oceanic oxygenation event (Luo et al., 2020, 
2025; Shang et al., 2019; Tang et al., 2022; Xie et al., 2023; Xu et al., 
2023; Zhang et al., 2018). Based on these observations, we propose a 
plausible connection between the changes in the weathering regime and 
the associated carbon cycle perturbations, ocean oxygenation, and bio
logical evolution that occurred during deposition of the GYZ Formation.

Initially, the weathering regime was transport-limited, characterised 
by low δ7Li and 87Sr/86Sr ratios (as discussed above), with low riverine 
sulfate and nutrient inputs (Guo et al., 2015; Xie et al., 2023) (Fig. 4, 6a). 
The pulse of volcanism (Luo et al., 2024; Tang et al., 2022; Yang et al., 
2025) intensified volcanic CO2 degassing, triggered greater continental 
weathering and increased in the sulfate influx to the oceans. Given the 
low seawater sulfate concentrations envisaged for this interval (Guo 
et al., 2015; Xie et al., 2023), an initial increase in nutrient inputs 
through weathering led to sulfate-limited pyrite burial, potentially 
combined with greater isotopic fractionation during microbial sulfate 
reduction (Habicht et al., 2002), resulting in a positive shift in measured 
δ34SCAS (Xie et al., 2023). Continued weathering, indicated by Sr and Li 
isotope peaks, may then have triggered a pulse of sulfate into the ocean, 
thus overturning the effects of pyrite burial on seawater δ34S due to a 
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combination of a lower proportion of pyrite burial relative to the sulfate 
input, and a greater flux of isotopically lighter riverine sulfate (Shields 
et al., 2019) (Fig. 4, 6b). Elevated phosphorus influx (Shang et al., 2019; 
Fig. 4) and higher carbonate-associated phosphate (Xie et al., 2024), 
together with increased bioessential micronutrients’ input such as Cu, 
Zn, and Ni (Luo et al., 2024), point to enhanced continental nutrient 
supply during this interval. Increased nutrient supply would have 
stimulated primary productivity and organic carbon burial (Fig. 6b), as 
evidenced by heavier δ⁶⁶Zn values during the study interval, interpreted 
to reflect the preferential burial of isotopically light Zn with organic 
matter and the enrichment of residual seawater in heavy Zn (Song et al., 
2024). Elevated TOC contents in coeval strata provide additional sup
port for increased organic carbon burial (Zhang et al., 2018). In contrast, 
the muted δ¹³⁸Ba response likely reflects buffering in a low-sulfate 
Mesoproterozoic ocean, in which limited barite precipitation allowed 
dissolved Ba to accumulate and reduced the sensitivity of Ba isotopes to 
productivity-driven changes (Li et al., 2025).

Although increased organic carbon burial is typically associated with 
a positive CIE, the Proterozoic carbon isotope record has been proposed 
to be insensitive to such changes due to counterbalancing effects from 
the weathering of isotopically light organic carbon (Daines et al., 2017). 
Increased sulfate weathering associated with pyrite burial may have 
acted as an additional oxygen source (Shields et al., 2019), as evidenced 
by the positive δ34SCAS isotope excursion (Fig. 4, 6b). Changes in ocean 
redox conditions and oxygenation are evidenced by elevated I/(Ca+Mg) 
ratios in carbonates (Shang et al., 2019; Fig. 4, 6b), which reflect 
increased iodate (IO₃⁻) in more oxic waters, as iodate is the only iodine 
species that can be incorporated into carbonate minerals (Lu et al., 
2010). The ocean oxygenation is further corroborated by independent 
redox proxies in the same interval, including negative Ce anomalies 
(Chen et al., 2025; Zhang et al., 2018), enrichment in ferric (oxyhydr) 
oxide minerals (Zhang et al., 2018) and a positive Mo isotope excursion 
(Xu et al., 2023). The increased availability of oxidants in the ocean, 
such as sulfate and oxygen, likely led to enhanced remineralization 
(oxidation) of marine organic matter, causing the δ13Ccarb composition 
of marine dissolved inorganic carbon to decrease (Chen et al., 2022a; 
Rothman et al., 2003; Shi et al., 2022). The release of organically bound 
P and C through the oxidation of DOM would likely have resulted in 
elevated oceanic P and atmospheric CO2 levels (Alcott et al., 2022; Dodd 
et al., 2023). The increased pCO2 would then have sustained or further 
accelerated silicate weathering and P input to the ocean, which may 
explain the peaks in P and Sr-Li isotopes observed across the negative 
CIE (Fig. 4, Fig. 6b). As the available oxidant (e.g., O2, SO4) in the ocean 
was more limiting than during later times in Earth history, ocean 
oxidation could not be sustained and δ13Ccarb values returned to their 
initial levels (Fig. 6c). Cessation of surplus marine organic matter 
remineralisation and reduced continental weathering would then have 
reduced the P input to the ocean, thus causing a decrease in organic 
carbon and pyrite burial, as well as a return to more widespread anoxia 
(Fig. 6c).

Beyond marine oxygenation, several studies have also proposed a 
rise in atmospheric oxygen during this interval. For example, positive 
Cr-isotope values have been interpreted to mark the onset of oxic Cr 
cycling at atmospheric pO₂ levels greater than approximately 0.1–1% 
PAL (Xie et al., 2023). However, other work shows that Cr-isotope 
fractionation can arise independently of atmospheric oxygen through 
non-redox processes, localized Cr cycling, or diagenetic modification, 
limiting its reliability as a quantitative proxy for atmospheric pO₂ (Oze 
et al., 2016; Saad et al., 2017; Wang et al., 2021). Mass-balance calcu
lations using Mo isotopes and estimates from I/(Ca+Mg) have been 
extrapolated to suggest that widespread ocean oxygenation during the 
studied interval may have required atmospheric oxygen levels exceeding 
roughly 4% PAL; however, translating marine redox proxies into at
mospheric conditions necessarily involves assumptions and un
certainties (Shang et al., 2019; Xu et al., 2023). Although such estimates 
imply that oxygen could have crossed thresholds considered necessary 

Fig. 6. Conceptual model linking the weathering event to carbon cycle 
perturbation and marine oxygenation. The arrow width represents the relative 
magnitude of each flux. a) Prior to the Sr and Li isotope excursion. The general 
Mesoproterozoic climate was warm, and weathering regime was transport- 
limited, accompanied by low sulfate and nutrient inputs, with a prominent 
level of ocean anoxia. b) The peak of the Sr and Li isotope excursion. Increased 
volcanic degassing, coupled with accretional orogenic uplift, triggered an 
enhanced weathering rate with more secondary mineral formation (incon
gruent weathering), resulting in an increase in seawater Sr and Li isotope 
values. Elevated sulfate and nutrient inputs led to enhanced productivity and 
pyrite burial, potentially raising oxygen levels. The increased availability of 
marine oxidants (O2 and SO4) oxidized dissolved organic matter (DOM) and 
drove the carbon isotope excursion. DOM oxidation likely further released CO2 
and P, sustaining the weathering. c) After the Sr and Li isotope excursion. 
Cessation of DOM oxidation and reduced weathering gradually returned Sr, Li 
and C isotope values to their initial state, and prompted a return of widespread 
oceanic anoxia. The lower Sr isotope value compared to the initial state may 
potentially be attributed to an increased hydrothermal flux, possibly in 
conjunction with greater exposure of relatively unradiogenic igneous rock.
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for early eukaryotic respiration (>0.1–1% PAL; Runnegar, 1991; 
Sperling et al., 2013), microbiological and evolutionary studies 
emphasize that eukaryogenesis required multiple biological and 
ecological innovations and was not governed by oxygen availability 
alone (Butterfield, 2009, 2015; Porter, 2020). The relationship between 
Mesoproterozoic oxygen dynamics and early eukaryotic evolution re
mains complex and requires further investigation. Despite these un
certainties, the Mesoproterozoic is increasingly recognised as a dynamic 
interval marked by episodic oxygenation that may have deepened the 
redox chemocline and expanded oxic habitats (Luo et al., 2025). The 
oxygenation event documented here coincides with the appearance of 
unusually large GYZ macrofossils (up to 30 cm; Zhu et al., 2016), which 
may reflect transient increases in ocean oxygen and nutrient availability 
that permitted greater body size and morphological complexity (Luo 
et al., 2025).

More broadly, enhanced weathering–driven eutrophication associ
ated with LIP volcanism can influence ocean redox in markedly different 
ways depending on the prevailing background state. In the predomi
nantly oxic Phanerozoic ocean, efficient aerobic remineralization means 
that productivity pulses typically accelerated oxygen consumption, 
promoting expanded anoxia and even contributing to mass extinction 
events (Schobben et al., 2020). These effects were further amplified 
under greenhouse conditions, which weakened deep water ventilation 
and limited oxygen resupply (Hotinski et al., 2001). In contrast, the 
Mesoproterozoic ocean was persistently low in oxygen with ferruginous 
deep waters (Poulton and Canfield, 2011). This strongly stratified redox 
structure likely reduced remineralization efficiency at depth. As a result, 
nutrient-driven productivity sustained over longer (≥10⁵–10⁶ yr) time
scales could have enhanced organic carbon burial efficiency and pro
duced a net gain in surface-ocean O₂, even if local respiration intensified. 
These contrasting responses highlight how the environmental impacts of 
volcanism and enhanced weathering depend on the background redox 
state of the contemporaneous Earth System and on the balance between 
the timescales of oxygen production and consumption, offering key in
sights into the environmental controls on the coevolution of life and the 
Earth System during Earth’s middle age.

5. Conclusion

Our study presents the first evidence of a coupled positive Sr and Li 
isotope excursion in early Mesoproterozoic seawater, revealing a sig
nificant weathering event at approximately 1.57 Ga. This event was 
characterised by an increased chemical weathering rate alongside 
decreased weathering congruency. We propose that the onset of this 
weathering pulse was primarily driven by elevated CO₂ emissions from 
intense volcanic activity, possibly accompanied by orogenic uplift and 
erosion. Enhanced weathering increased the delivery of nutrients and 
sulfate to the ocean, stimulating the burial of organic carbon and pyrite, 
and potentially contributing to a pulse of ocean oxygenation. This pulsed 
oxygenation event may have created more favourable conditions for the 
emergence and radiation of the earliest known, decimetre-scale, multi
cellular eukaryotic organisms during the early Mesoproterozoic Era.
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