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ABSTRACT

The Hirnantian isotopic carbon excursion (HICE) records a dramatic perturbation to

the global carbon cycle across the Late Ordovician Hirnantian glaciation (ca. 444.5

million years ago). The HICE is characterized by variable duration and amplitude in

global records, but its ultimate driver, and controls on the observed variability, are

poorly understood. Here, we present a comprehensive compilation of geochemical

data and paired carbon and calcium isotope records for two continuous Hirnantian

sections at Wanhe and Shuanghe on the Yangtze Shelf (South China). Our results

reveal a lateral gradient of up to 4‰ in organic carbon isotope (δ

13

C

org

) values across

the shelf, decreasing from nearshore to offshore. Carbonate carbon isotope (δ

13

C

carb

)

data from the Wanhe and Shuanghe sections also show pronounced variability, which

cannot be fully explained by primary mineralogical changes or early marine

diagenesis. We therefore interpret the spatial δ

13

C

org

patterns as reflecting, at least in

part, shelf-scale heterogeneity in seawater dissolved inorganic carbon isotope

(δ

13

C

DIC

) values. Our compilation further suggests that substantial organic carbon

burial likely triggered the HICE, while sea-level change subsequently drove the

asynchronous, spatially heterogeneous changes in seawater δ

13

C

DIC

values.

Additionally, enhanced carbonate weathering, linked to falling syn-glacial sea-level,

amplified the spatial heterogeneity in regional marine δ

13

C

DIC

values. Moderate δ

13

C

org

changes (<+2‰) are observed in central shelf areas across the Hirnantian glaciation,

suggesting that the global carbon cycle perturbations during this ice age were of more
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modest amplitude than often suggested.

1. Introduction

The Late Ordovician is marked by the first of the “Big Five” mass extinctions

(Harper, 2023), which coincided with substantial continental glaciation (the Hirnantian

glaciation; Finnegan et al., 2011). A marked fall in atmospheric CO

2

levels is proposed

to have occurred during this glacial period (e.g., Pohl et al., 2016; Zhang et al., 2024),

coincident with a global positive carbon isotope (δ

13

C) excursion (the Hirnantian

isotopic carbon excursion; HICE). The HICE began in the latest Katian (ca. 445.2

million years ago), with variable amplitudes ranging from +1‰ to over +6‰ across

different sections (Melchin and Holmden, 2006; Fig. 1A-B). Marine anoxia and

increased primary productivity were reportedly widespread in late Katian oceans

(Hammarlund et al., 2012; Zou et al., 2018; Dahl et al., 2021; Qiu et al., 2022b; Liang et

al., 2024), and thus elevated organic carbon burial has been invoked as a main driver

for the HICE (e.g., Brenchley et al., 1994; Zhang et al., 2024). However, this hypothesis

appears to be inconsistent with an apparent decrease in total organic carbon (TOC)

content in both deep marine (Fig. 1C) and shelf (Fig. 1D) settings at the peak of the

HICE (e.g., Melchin and Holmden, 2006; Yang and Fan, 2025).

Although post-depositional diagenetic alteration could potentially cause varying

degrees of change in carbonate carbon isotope (δ

13

C

carb

) compositions (e.g.,

Crockford et al., 2020; Jones et al., 2020; Adiatma et al., 2024), this process does not
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provide a robust explanation for the observed heterogeneity in organic carbon isotope

(δ

13

C

org

) records, as diagenetic alteration has limited effects on δ

13

C

org

values in

sedimentary rocks (e.g., Jiang et al., 2012). Instead, Kump et al. (1999) proposed that

the HICE may have resulted from syn-glacial weathering of carbonate platforms and

associated increases in

13

C input to the ocean. However, this model appears to require

unrealistic increases in the weathering influx to fully account for a δ

13

C shift of up to

+6‰ in the global ocean (Melchin and Holmden, 2006). Alternatively, Sánchez-Roda et

al. (2024) suggested that the positive shift could reflect a decline in carbonate burial

during the glacial episode, but as with other models, this would not explain the

spatially heterogeneous and asynchronous nature of the HICE.

Variability in the amplitude and duration of the HICE may document spatial

heterogeneity in marine dissolved inorganic carbon isotopic (δ

13

C

DIC

) compositions

(Melchin and Holmden, 2006; LaPorte et al., 2009; Ahm et al., 2017). While recent work

has revealed the presence of marine DIC depth gradients during the Hirnantian

glaciation (Yang et al., 2024), the exact spatial pattern of marine δ

13

C

DIC

variations on

a regional scale remains poorly defined. To address this, we initially provide a series of

reconstructions of spatiotemporal trends in marine δ

13

C

DIC

values by mapping δ

13

C

org

data from 43 sites across the Yangtze Shelf. Paired δ

13

C

org

, δ

13

C

carb

and carbonate

calcium isotope (δ

44

Ca) data from two continuous sections at Wanhe and Shuanghe

then allow a detailed evaluation of the roles of sea level change and carbonate

weathering on marine C and Ca cycling. Our integrated analyses provide new insight
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into early Paleozoic C isotope dynamics in the ocean, and provide a compelling

explanation for the controversial variability of HICE records.

2. Geological setting

South China was situated at a low latitude during the Ordovician– Silurian

transition (Cocks and Torsvik, 2021; Fig. 2A), and consisted of the Yangtze Block to

the northwest and the Cathaysia Block to the southeast (Lin et al., 2024). During the

Ordovician–Silurian transition, the northern region of the tropical South China Block

was flooded by the epicontinental Yangtze Shelf Sea, which deepened toward the

north and passed into the Panthalassa Ocean (Fig. 2B). Upper Ordovician strata in the

Yangtze region comprise the early–mid Katian Pagoda and mid–late Katian Linhsiang

platform limestones. The Linhsiang Formation is overlain by late Katian to earliest

Hirnantian strata, including carbonaceous shales of the Wufeng Formation in

deep-water shelf areas, and argillaceous limestones interbedded with calcareous

shales of the Daduhe Formation in shallow-water proximal shelf areas. These two

coeval units generally record regional sea-level rise (Fig. 1F) and increased terrestrial

inputs due to the northward progression of the Kwangsian Orogeny (Chen et al., 2014).

The Hirnantian Kuanyinchiao Bed, consisting of calcareous mudstones with carbonate

concretions and abundant shelly fossils of the cool-water fauna,

accumulated during a glacial maximum (Rong et al., 2020). The succeeding graptolitic

shales of the Lungmachi Formation were deposited during post-glacial marine

transgression and ocean euxinia from the latest Hirnantian to Rhuddanian (Zou et al.,
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2018). In the Yichang and Central Guizhou uplifts, the Lungmachi Shale directly

overlies the Linhsiang limestones, reflecting a Late Ordovician to early Silurian

depositional hiatus, with local exposure and erosion of the Late Ordovician carbonates

(i.e., Pagoda and Linhsiang formations) during the maximum extent of the Hirnantian

glaciation (Chen et al., 2018).

In this study, we obtained samples from the Wanhe (103.4762°E, 27.7552°N) and

Shuanghe (104.8842°E, 28.3847°N) sections on the Yangtze Shelf (Fig. 2B). During the

Late Ordovician, the Wanhe section was situated in a nearshore shallow-water setting

characterized by limestone deposition. By contrast, the Shuanghe section was

consistently situated in a moderately deep mid-shelf setting, dominated by shale

deposition. However, much of the shale at Shuanghe is calcareous, with an average

carbonate content of 37.4 wt% (Qiu et al., 2022a). The carbonate minerals primarily

comprise calcite and dolomite, and occur as silty carbonate laminae, dispersed grains

within the fine-grained matrix, or calcareous fossils (Qiu et al., 2022; Wu et al., 2022).

The sedimentary characteristics and biostratigraphy of the two sections can be

correlated with the Wangjiawan section, representing the Global Boundary

Stratigraphic Section and Point (GSSP) for the base of the Hirnantian Stage (Chen et

al., 2006).

3. Materials and methods

A total of 151 samples were collected from the Wanhe (108) and Shuanghe (43)

sections. Before geochemical analysis, the fresh samples were carefully trimmed to
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remove weathered surfaces, visible veins and pyrite nodules. The remaining sample

was then powdered to approximately 200 mesh using an agate mill. All samples from

the Wanhe section were analyzed for major elements, TOC content and organic carbon

isotopes at the Key Laboratory of Petroleum Resources of the Northwest Institute of

Eco-Environment and Resources, Chinese Academy of Sciences. Additionally, 84

samples from the Wanhe (41) and Shuanghe (43) sections were analyzed for

carbonate carbon isotopes, Ca isotopes and trace element contents in carbonate

minerals at the State Key Laboratory of Geological Processes and Mineral Resources,

China University of Geosciences, Wuhan, China. All data are shown in Table S1. We

also compiled Ca/Al, calcite, TOC, and carbon isotope data from 13

globally-distributed locations (Fig. S1; Table S2), and 49 cores and sections from

South China (Fig. S2; Table S3).

3.1 Geochemical analyses

3.1.1 Organic carbon contents and isotopes

Prior to analysis, ~2 g of dried sample powder was decarbonated via two

sequential dissolutions with 4 M HCl at room temperature. Samples were then washed

with deionized water to remove all remaining acid and dried at 50℃. TOC content was

measured using a CS-902C High Frequency Infrared C-S analyzer. The analytical

reproducibility was better than ±0.1% based on duplicate analyses. Organic carbon

isotopes (δ

13

C

org

) were analyzed using a Finnigan MAT253 Mass Spectrometer and

reported in standard δ-notation relative to the Vienna Pee Dee Belemnite (VPDB)
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standard. The analytical reproducibility of δ

13

C

org

was better than ±0.1‰.

3.1.2 Carbonate carbon isotope analysis

About 100 mg of sample powder was weighed into a 10 mL Na glass vial, and

then sealed by a butyl rubber septum. After flushing with helium gas, the sample was

reacted with 100% phosphoric acid at 72°C to release CO

2

. The carbonate carbon

isotope (δ

13

C

carb

) compositions of the released CO

2

were then measured with a

MAT253 Mass Spectrometer, and isotope data were calculated relative to the VPDB

standard. The analytical reproducibility was better than ±0.1‰.

3.1.3 Elemental analyses

For bulk major element analysis, ~4 g of dried sample powder was weighed into a

mold with boric acid lining the edges and bottom. The powdered samples were

pressed into a pellet with an inner diameter of 32 mm using a ZHY-401A press

machine at a pressure of 30 tons. Bulk major element analyses were measured using

a PANalytical Sequential X-ray Fluorescence (XRF) spectrometer. The analytical

precision for all major elements was maintained at better than ±3%.

For bulk trace element analysis, ~50 mg of sample powder was weighed into

Teflon beakers. Sequentially, 1.5 mL of 68% HNO

3

, 1.5 mL of HF, and 0.01 mL of HClO

4

were added. Afterwards, the Teflon beakers were placed on a hotplate at 140°C.

Dissolved samples were evaporated to dryness, then re-dissolved in 1.50 mL HNO

3

and 1.50 mL HF. Then the capped Teflon beakers were placed into an oven at 195°C

for over 48 h. Dissolved samples were evaporated to dryness, and then 3 mL of HNO

3
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was added. Re-dissolved samples were evaporated to dryness, and then 3 mL of 50%

HNO

3

was added and the beakers placed into an oven at 150°C for 24 h. The dissolved

samples were transferred into 100 mL tubes, and Rh internal standard solution was

added. Deionized water was added into the tube to 100 g, ensuring the concentration

of Rh in the solution was 50 mg/mL. The final solutions were analyzed using an

inductively coupled plasma mass spectrometer (ICP-MS Agilent 7700e).

For the analysis of trace elements in carbonates, ~200 mg of sample powder was

individually weighed into centrifuge tubes, and 2 mL of deionized water was added.

After 10 mins vibration, the samples were centrifuged and then all supernatant was

removed. The deionized water washing procedure was repeated. After washing, the

samples were dried and finely re-ground. Next, ~50 mg of the dried sample powder

was weighed into a new centrifuge tube, and 0.25 mL of acetic acid (0.86 M) was

added. The samples were sonicated for 30 minutes, then allowed to react at room

temperature for 24 h (first acidification). After centrifugation, the supernatant was

discarded. To ensure complete removal of absorbed Ca, this acetic acid washing

procedure was performed again. After the second acidification, the samples were

dried and re-ground. Subsequently, the samples were re-dissolved with 0.5 mL of 0.86

M acetic acid. After 30 minutes vibration, the samples were allowed to react at room

temperature for 24 h (third acidification). After centrifugation, the supernatant was

carefully transferred into a clean Teflon vial. This acid extraction step was repeated

(fourth acidification), and the resulting supernatant was added to the same Teflon vial.

168

169

170

171

172

173

174

175

176

177

178

179

180

181

182

183

184

185

186

187

188



10

The combined solution was then analyzed for trace elements using an ICP-MS (Agilent

7700e).

3.1.4 Calcium isotope analysis of carbonate minerals

In this study, we analyzed the Ca isotope compositions of carbonate minerals,

rather than whole-rock samples. The same extraction procedure described above for

testing trace elements in carbonate minerals was applied, and the final solutions

obtained from the combined third and fourth acidification steps were used for Ca

isotope measurements. Firstly, an aliquot containing about 40 μg of Ca was

transferred into a 7 mL vial. The solution was dried and re-dissolved with 400 mL of 4

mol/L HNO

3

and then loaded on DGA extraction chromatography resin to purify. About

6 mL of 4 mol/L HNO

3

was added to completely rinse off matrix elements. Then, 3 mL

of deionized water was added to quantitatively elute the Ca. The purified sample

solutions were evaporated to dryness and re-dissolved with 2 mL of 0.35 mol/L HNO

3

prior to calcium isotope measurements. The final sample solutions were measured for

calcium isotope ratios using a multi-collector inductively coupled plasma mass

spectrometer (MC-ICP-MS; Nu Plasma 1700) operated in high-resolution mode. The

Ca isotopic compositions of the samples are reported as δ-notation relative to

seawater (δ

44

Ca–SW):

δ

44

Ca (in‰) = [(

44

Ca /

40

Ca)

sample

/ (

44

Ca /

40

Ca)

SW

- 1] × 1000

Measurement uncertainty for each sample was ±0.06‰ (two-standard deviation: 2SD),

and the long-term external precision of δ

44

Ca was better than ±0.07‰ (2SD) (Li et al.,
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2018). The average δ

44

Ca value of the SRM 915a standard relative to seawater was

1.92 ± 0.07‰.

3.2 Agemodel

To construct shelf-scale δ

13

C

DIC

variability across the Hirnantian glaciation, we

compiled approximately 2100 δ

13

C

org

data points from 43 drill cores and outcrop

sections on the Yangtze Shelf (Fig. S2). Each sample and compiled data point was

assigned an interpreted age based on age-constrained graptolite zones (Fig. S3). The

Stage boundary ages and durations of each graptolite zone are derived from the latest

International Chronostratigraphic Chart (v2024/12) and the Geologic Time Scale 2012

(Cooper et al., 2012). Linear ages were constructed assuming a constant

sedimentation rate within the age-controlled graptolite zone. To minimize the

influence of outliers and age uncertainties, we extracted six δ

13

C

org

values with 1 Ma

time span between 447.5 Ma and 442.5 Ma from the 10% LOWESS (locally weighted

scatterplot smoothing) fitted δ

13

C

org

profile for each section (Table S3). These

extracted δ

13

C

org

values were then used to generate a series of time-slice δ

13

C

org

records using Surfer software. The 1σ uncertainty on the extracted δ

13

C

org

values

was<0.5‰. A kriging interpolation method in Surfer was applied for map grids.

4. Results

The δ

13

C

org

and δ

13

C

carb

profiles show considerable variability throughout the

Pagoda and Daduhe formations at Wanhe (Fig. 3A). Overall, calcareous shale and

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

228

229



12

mudstone intervals show lower δ

13

C

org

and δ

13

C

carb

values compared to

carbonate-rich intervals. In the early Hirnantian, a positive δ

13

C

org

excursion (i.e., HICE)

of +1.8‰ is observed, whereas no clear HICE signal is evident in the δ

13

C

carb

profile.

This is followed by relatively stable δ

13

C

org

(average -29.7‰) and δ

13

C

carb

(average

-0.58‰) values in the Lungmachi Formation. The δ

13

C

carb

profile for the Shuanghe

section fluctuates between -1.34‰ and +1.26‰ (Fig. 3B). Similar to the δ

13

C

org

profile,

the δ

13

C

carb

profile exhibits a slight (~1.1‰) Hirnantian positive excursion starting at∼
7.0 m in the Wufeng Formation. However, distinct δ

13

C

carb

troughs occur when δ

13

C

org

reaches its maximum.

Carbonate δ

44

Ca at Wanhe ranges from -1.41‰ to -0.93‰, with variability in the

late Katian Daduhe Formation and the Hirnantian Kuanyinchiao Bed (Fig. 3A). This is

followed by relatively stable low values that persist into the Silurian. In the Shuanghe

section, the carbonate δ

44

Ca profile has high values (average -0.99‰) in the basal

Linhsiang limestones. This is followed by consistently lower values around -1.38‰,

before a rapid increase at the onset of the HICE. Subsequently, carbonate δ

44

Ca

records decrease to low values with mild fluctuations, reaching a minimum of -1.57‰

within the peak HICE interval. With the exception of the two samples at the top, the

Lungmachi Formation shows a nearly invariant carbonate δ⁴⁴Ca value of around

-1.38‰, similar to pre-HICE values.

5. Discussion

5.1 Shelf-scale δ

13

C

org

variability
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Contoured maps show that δ

13

C

org

values are at their lowest (<-31‰) in central

regions of the deep-water shelf, with a gradual increase toward the inner shelf edges,

thereby forming a nearshore-to-offshore δ

13

C

org

gradient of up to 4‰ (Fig. 4). The

gradient is most pronounced around the southwest edges of the shelf, where dense

δ

13

C

org

contours extend broadly along the shoreline. In the central shelf regions,

δ

13

C

org

values exhibit minor variations between -30‰ and -31‰.

The δ

13

C

org

value of marine sediments can be influenced by various factors,

including biological and thermal degradation, isotopic fractionation during primary

production, terrestrial organic carbon input, and hydrocarbon contamination (Meyers,

1994; Popp et al., 1998; Jiang et al., 2012; Oehlert and Swart, 2014). Among these

factors, the thermal maturation of organic matter would cause the loss of isotopically

light

12

C and the enrichment of

13

C (Watanabe et al., 1997; Jiang et al., 2012).

However, the potential effects of thermal maturation typically result in a δ

13

C

org

shift of

2–3‰, which is insufficient to account for the observed maximum variability of ca.

4‰. Moreover, the thermal maturity of organic matter does not exhibit a clear

increasing offshore-to-nearshore trend that would result in elevated δ

13

C

org

values in

nearshore regions of the Yangtze Shelf (Wang et al., 2019; Luo et al., 2025). Thus, the

thermal degradation of organic matter is unlikely to be the primary driver for the

spatial variability in δ

13

C

org

on the shelf. This is also supported by the lack of

correlation between TOC and δ

13

C

org

in both Wanhe (R

2

= 0.18; Fig. S4A) and

Shuanghe (R

2

= 0.07; Fig. S4B) samples, except for pure limestones of the Pagoda and
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Linhsiang formations, which have extremely low TOC values.

In addition, while hydrocarbon contamination can locally alter δ

13

C

org

values

(Jiang et al., 2012), it is unlikely to account for the consistent, shelf-wide δ

13

C

org

variability observed in each time slice. Moreover, δ

13

C

org

values of bitumen (>-29‰) in

Phanerozoic reservoir rocks in the Sichuan Basin are generally higher than the δ

13

C

org

values (< -31‰) in the hydrocarbon-rich central shelf. Thus, hydrocarbon

contamination is also unlikely to be the primary control on the broad δ

13

C

org

spatial

patterns.

During the Ordovician–Silurian transition, the Yangtze Shelf Sea was situated in

the tropical zone (Fig. 2A), with very little lateral variation in sea surface temperature

(Bergmann et al., 2025). Therefore, seawater temperature differences are unlikely to

have caused the observed δ

13

C

org

patterns. Although the potential influence of

differences in isotopic fractionation among primary producers cannot be ruled out, it is

more likely that the systematic spatial variability in δ

13

C

org

reflects, at least in part, a

shelf-scale heterogeneity in seawater δ

13

C

DIC

values (LaPorte et al., 2009; Ahm et al.,

2017; Yang et al., 2024). This interpretation aligns with previous findings from Late

Ordovician epeiric seas in Laurentia, where lateral δ

13

C

org

variability has been

attributed to regional variability in seawater DIC (e.g., Panchuk et al., 2005; Melchin

and Holmden, 2006; LaPorte et al., 2009). To investigate the plausibility of seawater

δ

13

C

DIC

variability on the Yangtze Shelf, we further examine δ

13

C

carb

records from the

Wanhe and Shuanghe sections.
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5.2 δ

13

C

carb

records of seawater δ

13

C

DIC

variability

Our results show that δ

13

C

carb

values at Wanhe vary across a wide range of ca.

4.2‰, whereas those at Shuanghe show a narrower range of ca. 2.6‰ (Fig. 3).

Notably, the magnitude of δ

13

C

carb

variation at Wanhe is comparable to the ~4‰

nearshore-to-offshore δ

13

C

org

gradient across the Yangtze Shelf (Fig. 4). However,

mineralogical and diagenetic factors may potentially influence the fidelity of δ

13

C

carb

records as indicators of original seawater δ

13

C

DIC

(Ahm et al., 2018; Higgins et al.,

2018; Jones et al., 2020). In addition, changes in faunal community structure and

seawater temperature may also affect original δ

13

C

carb

and δ

44

Ca values in sediments

(Romanek et al., 1992; Gussone et al., 2020). However, these primary signals are often

overprinted by early marine diagenesis and are thus difficult to isolate with

confidence. In the following discussion, we assess the potential influence of

mineralogical and diagenetic processes on the preservation of primary δ

13

C

carb

signals using paired δ

13

C

carb

and δ

44

Ca measurements and numerical models. The

remaining δ

13

C

carb

variability that cannot be explained by mineralogical changes or

diagenetic overprints is considered to reflect changes in regional seawater δ

13

C

DIC

or

broader perturbations to the global carbon cycle.

Although the Ordovician-Silurian ocean is traditionally considered to have been a

“calcite sea” (Hardie, 1996), this does not preclude local or regional precipitation of

aragonite on the warm, low-latitude Yangtze Shelf Sea (Finnegan et al., 2011;
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Bergmann et al., 2025). Previous studies have also proposed the production of

aragonite in shallow marine environments during this time (Kimmig and Holmden,

2017; Jones et al., 2020; Adiatma et al., 2024). Our δ

44

Ca data from both the Wanhe

(-1.41‰ to -0.93‰) and Shuanghe (-1.57‰ to -0.87‰) sections consistently fall

between the isotopic ranges of primary aragonite (-1.1‰ to -1.7‰) and calcite (-0.8‰

to -1.3‰) end members (Holmden et al., 2024), suggesting that the observed

stratigraphic variability in δ

44

Ca may reflect depositional mixing of aragonite and

calcite in different proportions (Adiatma et al., 2024). This is also supported by a

broadly negative covariation between Sr/Ca and δ

44

Ca at Wanhe (R

2

= 0.17; Fig. S5),

as primary aragonite is characterized by higher Sr/Ca ratios and lower δ

44

Ca values

relative to primary calcite (Gussone et al., 2020). We use the simple two-end member

mixing model of Adiatma et al. (2024) to estimate the potential influence of primary

mineralogy on both δ

44

Ca and δ

13

C

carb

for our samples (Fig. 5). The model is defined

by the equation:

where and represent the isotopic ratios and mixing fractions of each carbonate

end member, respectively, and is the element concentration (e.g., Ca, C) within

carbonate minerals. The subscripts refer to bulk carbonate (carb), aragonite end

member (arag), and calcite end member (calc). For the δ

44

Ca model (Fig. 5A), we

apply isotopic offsets of -1.5‰ for aragonite and -0.9‰ for calcite relative to seawater

(Gussone et al., 2020). The seawater δ

44

Ca value is estimated to range from -0.7‰ to
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-0.25‰ during the Ordovician–Silurian transition (Holmden et al., 2024). For the δ

13

C

mixing model (Fig. 5B), isotopic offsets relative to seawater DIC are set to 2.7‰ for

aragonite and 1.0‰ for calcite (Romanek et al., 1992). To reproduce the lowest

δ

13

C

carb

value (-2.37‰) in the 100% calcite endmember and the highest δ

13

C

carb

value

(1.83‰) in the 100% aragonite endmember, two threshold seawater δ

13

C

DIC

values of

-3.37‰ and -0.87‰ are adopted.

The modeling results show that the range of measured δ

44

Ca and δ

13

C

carb

values

from the Wanhe and Shuanghe sections falls beyond the theoretical aragonite-calcite

mixing lines (Fig. 5). If we assume a constant Ca isotopic offset between carbonate

minerals and seawater, and no diagenetic alteration, the measured δ

44

Ca range

(-1.57‰ to -0.87‰) would require a seawater δ

44

Ca value of ~0‰. However, the δ

44

Ca

value of normal marine seawater during the Ordovician– Silurian transition is

estimated to have been ~-0.5‰ (Holmden et al., 2024), with elevated δ

44

Ca values (up

to -0.25‰) observed only in highly evaporated seawater (Holmden, 2009). Given that

the Yangtze Shelf Sea was open to the global ocean (as evidenced by the widespread

distribution of cosmopolitan graptolites; Chen et al., 2005), a seawater δ

44

Ca value as

high as ~0‰ was unlikely. Although tropical sea-surface temperature fluctuated by up

to ~10°C across the Hirnantian glaciation (Finnegan et al., 2011), Ca isotopes exhibit

low temperature sensitivity (generally < 0.03‰/°C; Gussone et al., 2020). Furthermore,

lower temperatures generally increase the isotopic offset between carbonate minerals

and seawater (Gussone et al., 2020). Consequently, glacial cooling would enhance this
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offset, causing the theoretical aragonite-calcite mixing lines to be even further from

the measured δ

44

Ca values. These observations suggest that changes in primary

mineralogy alone are insufficient to explain the δ

44

Ca trends in our sections. Similarly,

reproducing the measured δ

13

C

carb

range (-2.37‰ to 1.83‰) would require variable

seawater δ

13

C

DIC

from -3.37‰ to -0.87‰ (Fig. 5B), suggesting that mineralogical

changes also cannot account for the observed δ

13

C

carb

variability.

Early marine diagenesis is an alternative process that can alter original δ

13

C

carb

and δ

44

Ca signals in carbonate sediments (Ahm et al., 2018; Higgins et al., 2018;

Gussone et al., 2020; Jones et al., 2020). In shallow-water environments, carbonate

sediments commonly undergo fluid-buffered diagenetic alteration, characterized by

extensive exchange between porewater and seawater, resulting in isotopic equilibrium

between diagenetic carbonate minerals and seawater (Hoffman and Lamothe, 2019;

Holmden et al., 2024). In such systems, δ

44

Ca values of diagenetic minerals increase

toward contemporaneous seawater values, while Sr/Ca and U/Ca ratios typically

decrease relative to primary aragonite or calcite (Holmden, 2009; Busch et al., 2022;

Holmden et al., 2024). By contrast, in relative deep-water settings, primary δ

44

Ca

signatures are more likely to be preserved during early marine diagenesis (Holmden et

al., 2024). This preservation is attributed to sluggish porewater circulation under

sediment-buffered conditions, in which most of the re-precipitated Ca is sourced from

the primary carbonate minerals (Hoffman and Lamothe, 2019; Holmden et al., 2024).

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

374

375

376



19

Based on this interpretive framework, the geochemical signals from the Wanhe and

Shuanghe sections indicate different diagenetic conditions. Shallow-water limestones,

characterized by high δ

44

Ca and low Sr/Ca and U/Ca ratios (Fig. S6), likely experienced

fluid-buffered diagenesis. By contrast, calcareous shales deposited in relatively

deep-water settings, exhibiting low δ

44

Ca and high Sr/Ca and U/Ca ratios, appear to

have undergone sediment-buffered early marine diagenesis.

To further assess the influence of early marine diagenesis on our δ

44

Ca and δ

13

C

data, we apply a numerical model developed by Ahm et al. (2018). This model

includes a series of boxes (box 1 to box n), each representing a segment of porous

sediment, and simulates the recrystallization of aragonite to low-Mg calcite

(neomorphism) or aragonite/calcite to dolomite (dolomitization) as fluid flows along

the path from box 1 (fluid-buffered) to box n (sediment-buffered). Given that one-third

of our samples have higher carbonate Sr/Ca ratios than typical primary calcite (~1

mmol/mol), and considering that early marine diagenesis generally decreases

carbonate Sr/Ca ratios (Tang et al., 2008; Gussone et al., 2016; Ahm et al., 2018), we

assume a primary mineralogy of 100% aragonite in our model setup. Our measured

carbonate Mg/Ca ratios (<0.01 to 0.85 mol/mol; Table S1) range from values typical

of low-Mg calcite to those approaching stoichiometric dolomite, suggesting that both

calcite and dolomite likely formed during early marine diagenesis. To reproduce the

lightest δ

13

C

carb

value in our data (-2.37‰) in the 100% calcite endmember, we set the

δ

13

C value of initial diagenetic fluid (i.e., seawater) to -3.4‰. The δ

13

C value of primary
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sediment is set at 2‰ based on the highest δ

13

C

carb

value of 1.83‰ in our data. The

δ

44

Ca of the diagenetic fluid is set at -0.5‰, consistent with normal marine seawater

during the Ordovician–Silurian transition. All other parameters are set to their default

values as listed in Table 1.

Model results indicate that nearly all data points from the Wanhe and Shuanghe

sections fall within the predicted fields representing>80% diagenetic alteration in the

cross-plot of Sr/Ca ratios versus δ

44

Ca values (Fig. 6). This suggests that the

variability in carbonate Sr/Ca and δ

44

Ca data for our samples can be attributed to

neomorphism or dolomitization of aragonite during early marine diagenesis (Ahm et

al., 2018; Adiatma et al., 2024). By contrast, in the cross-plot of δ

13

C

carb

and δ

44

Ca

(Fig. 7A), only about one-third of data points (33 out of 80; Table S1) fall within the

predicted fields of modeling Scenario A, which represents our best estimate of the

δ

13

C value of the initial diagenetic fluid (-3.4‰). This observation suggests that early

marine diagenesis alone cannot fully account for the range of δ

13

C

carb

values.

Departures of data points from the modeled fields have been interpreted to reflect

spatio-temporal heterogeneity in the geochemistry of the diagenetic fluid or the

primary carbonate mineral (Crockford et al., 2020; Adiatma et al., 2024). To best

capture the range of the measured δ

13

C

carb

data, we also consider Scenario B (Fig. 7B),

which assumes a lighter δ

13

C value of ~-9‰ for the initial diagenetic fluid (i.e.,

seawater). Extremely light seawater δ

13

C

DIC

values have been reported in the modern

Florida Bay, where local seawater δ

13

C

DIC

can be as low as -7‰ due to respiration of
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13

C-depleted terrestrial organic carbon (δ

13

C ≈ -25‰) and restricted circulation

(Patterson and Walter, 1994). However, such a scenario is highly unlikely for the open

Yangtze Shelf Sea during the Ordovician–Silurian transition. This inference is

supported by higher δ

13

C

org

values observed in nearshore areas (Fig. 4), which imply a

negligible contribution of terrestrial organic matter to marine C cycling, even though

vascular plants may have colonized the land by this time (Lenton et al., 2012; Jones et

al., 2015). Moreover, previous studies on biomarkers and kerogen macerals show that

organic matter in the Late Ordovician and early Silurian successions on the Yangtze

Shelf was largely derived from marine organisms (e.g., algae, bacteria, graptolites),

with no apparent terrestrial signals (e.g., Qiu et al., 2022a; Liang et al., 2024; Luo et al.,

2025). In summary, although Scenario B improves the model fit to our measured data

(77 out of 80; Fig. 7B), it may be less representative of typical diagenetic conditions

during the Ordovician–Silurian transition.

5.3 Sea level controls on δ

13

C

DIC

variability in shelf seawater

As discussed above, the δ

13

C

carb

variability in the Wanhe and Shuanghe sections

can be partially attributed to changes in primary mineralogy and early marine

diagenesis. The remaining δ

13

C

carb

variability, unexplained by these two factors, most

likely records heterogeneity in primary δ

13

C

carb

values of shelf sediments, which in turn

indicates spatio-temporal variability in marine δ

13

C

DIC

(Crockford et al., 2020; Adiatma

et al., 2024). This interpretation is consistent with the significant δ

13

C

org

variability

observed across the Yangtze Shelf (Fig. 4), and also agrees with previous studies
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documenting spatial differences in seawater δ

13

C

DIC

values in Late Ordovician epeiric

seas (e.g., Panchuk et al., 2005; Melchin and Holmden, 2006; LaPorte et al., 2009; Ahm

et al., 2017). Elevated δ

13

C

carb

values in shallow-water carbonates, together with the

observed nearshore-to-offshore δ

13

C

org

gradient across the shelf (Fig. 4), suggest

higher seawater δ

13

C

DIC

values in nearshore regions. This marine δ

13

C

DIC

pattern

potentially results from (1) high rates of photosynthesis (preferentially utilizing light

12

C) driven by an abundant supply of terrestrial nutrients (e.g., LaPorte et al., 2009; Qiu

et al., 2022b), and (2) restricted DIC exchange with the open ocean (e.g., Fanton and

Holmden, 2007).

The pronounced differences in δ

13

C

org

patterns before (Fig. 4C), during (Fig. 4D)

and after (Fig. 4E) the glacial maximum imply a potential link between marine δ

13

C

DIC

changes and sea-level fluctuations. To further illustrate this, we have reconstructed

the relative sea-level history of the Wanhe and Shuanghe sections (Fig. 3). Overall,

shale facies with low Ti/Al, Zr/Al, Al+K+Ti, bulk Ca (Ca

bulk

) and carbonate Ca (Ca

carb

)

concentrations are interpreted to reflect rising sea-level and associated

carbonate-platform drowning (Fanton and Holmden, 2007; Li et al., 2021). In the

Daduhe Formation of the Wanhe section, sea-level fluctuations correlate well with the

405-thousand-year Milankovitch cycles (Zhong et al., 2020), and are comparable to

long-term transgression– regression cycles in the coeval Wufeng Formation of the

Shuanghe section (Fig. S7).

The Daduhe Formation in the Wanhe section exhibits a series of short-term
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δ

13

C

org

shifts that are broadly consistent with relative sea-level changes (Fig. 3A).

Specifically, negative δ

13

C

org

shifts occur during intervals of rising sea level, while

positive δ

13

C

org

shifts occur during falling sea level. Given that higher δ

13

C

org

values

(>-30‰) occur in shallow-water carbonates, and lower δ

13

C

org

values (<-30‰) are

found in deeper-water shales, these short-term δ

13

C

org

shifts likely reflect local marine

DIC changes driven by relative sea level, rather than global C-cycle perturbations. This

notion is supported by consistently low δ

13

C

org

values in the contemporaneous,

persistently deep-water Wufeng Formation at Shuanghe (Fig. 3B). By contrast, the

Daduhe Formation records fluctuations between a shallower carbonate platform and a

deeper siliceous shelf, each with a distinct δ

13

C

DIC

value. As a result, regional

transgressions and regressions resulted in alternating negative and positive δ

13

C

org

shifts in the Daduhe Formation.

5.4 Implications for the HICE

Our compilation of 7 deep marine and 38 shelf sites shows that the onset of the

HICE coincides with a notable increase in TOC concentrations (especially in the

Yangtze Shelf; Fig. 1D) in the latest Katian, supporting the hypothesis that substantial

organic carbon burial triggered the HICE (Brenchley et al., 1994; Zhang et al., 2024).

Notably, the signal of increased organic carbon burial is not captured in estimates of

organic carbon accumulation rate (OCAR) averaged across individual graptolite zones

(Yang and Fan, 2025). Because the duration of a graptolite zone can exceed 2 Ma

(e.g., Zone; Cooper et al., 2012), high OCAR values from
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shorter, organic-rich intervals are likely diluted by longer, organic-poor intervals within

the same graptolite zone, thereby obscuring short-term signals of increased organic

carbon burial.

The increased organic carbon burial in the latest Katian oceans could be attributed

to a combination of two key factors: (i) enhanced primary productivity driven by

increased nutrient supply from extensive volcanism and intense sedimentary

phosphorus recycling (Longman et al., 2021; Qiu et al., 2022b), and (ii) widespread

ocean anoxia that facilitated the preservation of organic matter in sediments

(Hammarlund et al., 2012; Zou et al., 2018; Dahl et al., 2021). Additionally, glacial

deposits on high-latitude continents suggest that the Hirnantian glaciation likely

began in the latest Katian (Ghienne et al., 2014), broadly coinciding with elevated TOC

values and the onset of the HICE in global records (Fig. 1). In addition, ocean cooling

associated with glaciation may have reduced organic carbon remineralization rates by

lowering aerobic respiration rates in the water column, thereby enhancing the

preservation efficiency of organic matter in sediments (Jones and Fike, 2013). This

cooling-driven mechanism provides an alternative or complementary pathway for

increased organic carbon burial that triggered the HICE.

It is worth noting that TOC and δ

13

C are out of step during the HICE, since TOC

decreases as δ

13

C rises to its maximum across multiple sections from different

continents (Fig. 1A-D). This decoupling likely reflects a decline in organic carbon

burial, potentially driven by progressive ocean oxygenation associated with the
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Hirnantian glaciation. Enhanced ocean circulation during the glacial period may have

introduced polar-derived, oxygen-rich waters into previously anoxic environments (Yan

et al., 2012; Zou et al., 2018), thereby increasing organic carbon remineralization rates

in the water column. The sustained positive shift in both δ

13

C

carb

and δ

13

C

org

records,

despite reduced organic carbon burial, suggests that additional drivers played an

important role in modulating marine δ

13

C

DIC

values across the Hirnantian glaciation.

Given the significant spatial variability in marine δ

13

C

DIC

across the Yangtze Shelf,

as indicated by our δ

13

C

org

time slices, we infer that regional factors may have also

contributed to the HICE. To test this hypothesis, we mapped the HICE amplitudes

( 13

C

org

) extracted from 10% LOWESS fitted δ

13

C

org

curves. The resulting  13

C

org

map

shows that the HICE amplitudes are higher on the northeast edge of the shelf sea, with

lower values in central shelf regions (Fig. 8A), highlighting considerable spatial

heterogeneity in marine δ

13

C

DIC

changes across the Hirnantian glaciation. The spatial

heterogeneity observed in the  13

C

org

map cannot be readily explained by organic

carbon burial alone, further supporting the inference that regional drivers played an

important role in the sustained positive shift in marine δ

13

C

DIC

values.

The apparent retreat of δ

13

C

org

contours towards offshore regions during

glacioeustatic sea-level fall (Fig. 4D) supports the hypothesis that sea-level change

drove the progressive δ

13

C

DIC

excursion in the Hirnantian ocean (Panchuk et al., 2005;

LaPorte et al., 2009; Ahm et al., 2017; Jones et al., 2020). In this hypothesis, the

regression caused δ

13

C

DIC

signals in more offshore areas to develop to higher values
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typical of shallower settings. Given the distinct timing and magnitude of responses to

regression in different regions of the shelf, as indicated by the spatially variable

thickness of the Hirnantian Kuanyinchiao Bed (Text S2 and Fig. S8), changes in the

marine δ

13

C

DIC

signals exhibit temporal and spatial variability.

We also note anomalously large  13

C

org

values around the Central Guizhou Uplift

and on the shelf edge north of the Yichang Uplift (Fig. 8A), where Late Ordovician

carbonate rocks were exposed and eroded during the glacial maximum (Fig. 8B; Chen

et al., 2001, 2018). Similar weathering of exposed carbonates also occurred on other

low-latitude continents during the Hirnantian glaciation (e.g., Finney et al., 1999; Kiipli

and Kiipli, 2020). The weathering of emergent marine carbonates would increase input

fluxes of dissolved Ca, even during the glacial interval when weathering rates were

low. Previous studies suggest that, during the Hirnantian glaciation, the water column

above slope and deep marine sediments was near to saturation or oversaturated with

respect to CaCO

3

, likely due to (i) glacioeustatic sea-level fall forcing carbonate

deposition offshore, and/or (ii) increased alkalinity from the weathering of exposed

marine carbonates (Koehler et al., 2019). This is consistent with the significant

increases in carbonate content and Ca/Al ratios in global outer shelf and deep-marine

sections during the HICE interval (Fig. 1E). Furthermore, the weathering of emergent

marine carbonates would have enhanced the flux of isotopically heavier

13

C into the

ocean, as platform carbonates have higher δ

13

C values relative to contemporaneous

seawater DIC (Romanek et al., 1992). This can explain the elevated δ

13

C

org

and  13

C

org
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values around the Central Guizhou and Yichang uplifts (Fig. 4D and Fig. 8A), where

marine carbonate rocks were weathered during the Hirnantian glacial, as indicated by

the erosional surface and sedimentary hiatus above the Pagoda– Linhsiang

limestones (Fig. 8B; Chen et al., 2001).

While weathered-C input likely intensified the spatial heterogeneity of marine

δ

13

C

DIC

values locally, its impact on offshore marine DIC reservoirs, more distal to

emergent marine carbonates, may have been relatively limited. This inference is

supported by the moderate δ

13

C

org

excursions (<+2‰) in the central deep-water shelf

(Fig. 8A), and is consistent with an estimated ~1.5‰ δ

13

C perturbation on average in

the global ocean (Ahm et al., 2017). Therefore, we conclude that global carbon cycle

perturbations associated with the Hirnantian glaciation were of smaller amplitude

than the δ

13

C changes observed in some local records, highlighting the need for

caution when reconstructing global carbon cycle perturbations from regional datasets

during other carbon isotope excursion events through Earth’s history.

6. Conclusions

This study documents a nearshore-to-offshore δ

13

C

org

gradient of up to 4‰ across

the Yangtze Shelf during the Ordovician–Silurian transition. To evaluate whether this

gradient reflects spatial variability in contemporaneous seawater δ

13

C

DIC

values, we

report δ

13

C

carb

, δ

44

Ca and Sr/Ca data from the shallow-water Wanhe and deep-water

Shuanghe sections. Model results suggest that part of the observed δ

13

C

carb

variability

in our data can be attributed to changes in primary mineralogy and early marine
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diagenesis. However, the remaining δ

13

C

carb

variability most likely reflects shelf-scale

heterogeneity in marine δ

13

C

DIC

values, which closely parallels the spatial patterns

observed in δ

13

C

org

records. Although enhanced organic carbon burial likely triggered

the HICE, the magnitude of this excursion is strongly controlled by regional sea-level

fall, which drove asynchronous and spatially heterogeneous changes inmarine δ

13

C

DIC

signals. Carbonate weathering further contributed to the observed spatial

heterogeneity in marine δ

13

C

DIC

, especially in near-shore areas. Our study highlights

the importance of regional and local controls onmarine δ

13

C

DIC

changes and indicates

that global C-cycle perturbations during the Hirnantian glaciation were much smaller

than a simple reading of the carbon isotope record implies.
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Table 1 Parameters in the early marine diagenesis model.

Parameter Description Value Reference

Ca isotopic fractionation

factor for diagenesis

1.000

Ahm et al., 2018

C isotopic fractionation factor

for diagenesis

1.001

Porosity 0.5

Density of sediment (g/cm

3

) 1.8

Density of fluid (g/cm

3

) 1.0125

Reaction rate (%/myr) 10

Advection rate (m/yr) 0.1

Mass of element in primary

sediment (%)

C = 12

Ca = 39

Mass of element in fluid

(mol/kg)

C = 0.01028

Ca = 0.002

δ

Isotopic composition of

primary sediments (‰)

δ

13

C = 2

This studyδ

44

Ca = -2

δ

Isotopic composition of initial

fluid (‰)

δ

13

C = -3.4

δ

44

Ca = -0.5 Holmden et al., 2024
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Figure captions

Fig. 1. Compilation of geochemical data, environmental context and biological

extinction. (A) Compilation of global δ

13

C

carb

records. (B) Global δ

13

C

org

records. (C)

Total organic carbon (TOC) records for deep marine settings. (D) TOC records for the

Yangtze Shelf. (E) Ca enrichment in deep marine settings. (F) Tropical sea-surface

temperature (SST) reconstruction (Finnegan et al., 2011). (G) Sea-level history in the

high-paleolatitude North Gondwana (Ghienne et al., 2014) and the low-paleolatitude

South China. (H) Marine redox reconstruction based on iron speciation and

redox-sensitive element proxies. Inner to mid-shelf conditions are inferred from the

Yangtze Shelf, South China (Zou et al., 2018), whereas outer shelf to basin conditions

from the deep-marine Dob’s Linn section, UK (Dahl et al., 2021; Sánchez-Roda et al.,
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2024). (I) Black-grey zoned boxes represent three intervals of the Late Ordovician

mass extinction (LOME) (Deng et al., 2021). See Supplementary Materials for data

sources, section locations and full references. ;

.

Fig. 2. Paleogeographic characteristics. (A) Location of South China relative to the

Gondwana supercontinent in the latest Ordovician (~445 Ma) (Torsvik and Cocks,

2013). (B) Locations of sampled sections on the Yangtze Shelf (Qiu and Zou, 2020).

The extent of the Central Guizhou and Yichang uplifts is redrawn from Chen et al.

(2001) and (2018). Red lines indicate boundary faults separating tectonic plates.
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Fig. 3. Integrated geochemical records for the Wanhe and Shuanghe sections. The

light-brown shaded band denotes the HICE interval, and the brown shaded region

represents the peak HICE interval. The graptolite zones of the Wanhe section are from

Li (2021), and those of the Shuanghe section are from Zou et al. (2018). δ

13

C

org

data

for the Shuanghe section are from Zou et al. (2018). Error bars on δ

44

Ca data

represent 2σ uncertainty. LS, Linhsiang; KB, Kuanyinchiao Bed. Full names of graptolite

zones are provided in Fig. 1.
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Fig. 4. Individual maps showing spatial variability in δ

13

C

org

values on the Yangtze

Shelf across the Hirnantian glaciation. No sedimentary records in the white areas. The

white dotted line indicates the extent of the submarine highs. Red dots illustrate the

distribution of all sections and cores (see Fig. S2 and Table S3 for present-day

locations and data sources). Green arrows indicate directions toward the deep slope

and open ocean.
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Fig. 5. Two-endmember mixing model of aragonite and calcite (Adiatma et al., 2024),

and the range of measured δ

44

Ca and δ

13

C

carb

data points from the Wanhe and

Shuanghe sections. The positions of the δ

44

Ca and δ

13

C

carb

data points on the -axis

are determined by the estimated fraction of aragonite ( ), based on the mean

δ

44

Ca values. In the δ

44

Ca model (A), four aragonite-calcite mixing lines represent

variable seawater δ

44

Ca values, ranging from -0.7‰ to -0.25‰ for the

Ordovician-Silurian ocean (~-0.5‰ for normal marine seawater), and ~0‰ for the

modern ocean (Gussone et al., 2020; Holmden et al., 2024). In the δ

13

C

carb

model (B),

two aragonite-calcite mixing lines illustrate that reproducing measured δ

13

C

carb

values

requires a ~2.5‰ variability in seawater δ

13

C

DIC

(i.e., Δδ

13

C

DIC

). No single theoretical

mixing line can account for all measured data points, suggesting that changes in

carbonate mineralogy alone cannot fully explain the observed δ

44

Ca and δ

13

C

carb

trends in our sections.
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Fig. 6.Modeled trajectories showing the correlation between Sr/Ca ratios and δ

44

Ca in

the bulk sediment during neomorphism (light cyan field) and dolomitization (light

purple field), compared with measured data from the Shuanghe and Wanhe sections.

The fill color of the symbols indicates δ

13

C

carb

values. Dashed lines within the

diagenetic envelopes indicate the degree of diagenesis from 0% to 100%. Thick lines

represent the fully diagenetic minerals, calcite and dolomite.

Fig. 7. Modeling results of the diagenetic transformation from aragonite to calcite

(neomorphism, light cyan field) or dolomite (dolomitization, light purple field),
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compared with measured data from the Shuanghe and Wanhe sections. In modeling

Scenario A, the δ

13

C value of the initial diagenetic fluid is set to -3.4‰, representing

our best estimate of diagenetic conditions based on the lightest δ

13

C

carb

value of

-2.37‰ in our data. In Scenario B, the δ

13

C value is set to -9‰ to broaden the model fit

to the measured data, although this value may be less realistic for Ordovician–Silurian

diagenetic environments. The fill color of the symbols indicates carbonate Sr/Ca

ratios.

Fig. 8. Spatial variability in HICE amplitude ( 13

C

org

) across the Yangtze Shelf (A), and

the Late Ordovician–early Silurian stratigraphic succession from Central Guizhou to

Yichang show a sedimentary hiatus between Late Ordovician limestones and early

Silurian shales (B) (Chen et al., 2001). Full names of graptolite zones are provided in

Fig. 1. Hir., Hirnantian; Aer., Aeronian.
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