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The end-Ordovician (Hirnantian) glaciation, causally linked with the first of five
Phanerozoic mass extinction events, is the first major Phanerozoic-glaciation with
short duration and paradoxically happened under a relative greenhouse-condition.
Here, we present the first zinc isotope study on both carbonate and shale successions
that span the Ordovician–Silurian boundary interval in South China. Two positive
shifts in Zn isotope composition are observed during two main periods of glacial
maxima, indicative of two pulses of extensive carbon burial. The enhanced organic
carbon burial during glacial maxima intervals might be causatively linked to cool-
ing-induced elevation in organic carbon burial efficiency. This implies that a large

oceanic organic carbon reservoir played a vital role in regulating the atmospheric pCO2, causing the Hirnantian glaciation
and producing the pattern of glacial-to-deglacial change, sensitive to the temperature effect.
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Introduction

The end-Ordovician (Hirnantian) glaciation (∼445 Ma) was the
culmination of long-term climate cooling that had begun in the
Early or Middle Ordovician, and was coeval and causally linked
with the LateOrdovicianmass extinction (LOME), the first of the
‘Big Five’ Phanerozoic catastrophic events (Finnegan et al., 2011;
Melchin et al., 2013). This glaciation happened abruptly within a
short duration of ∼1 Myr at greenhouse conditions with a high
atmospheric partial pressure of greenhouse gas (pCO2), up to
3–16 times higher than present levels (Finnegan et al., 2011;
Pohl et al., 2016). The causal mechanism has been connected
to the drawdown of atmospheric pCO2 caused by an increasing
rate of silicate weathering, a mounting sink of organic matter
burial, or a combination of both (Melchin et al., 2013 and refer-
ences therein). A global positive carbon isotopic excursion
(Hirnantian Isotopic Curve Excursion, HICE; Fig. S-1) has been
interpreted to indicate an enhanced burial of organic carbon and
consequent drawdown of atmospheric pCO2, even though it is at
odds with stratigraphical observations of the disappearance of
the black shales during the Hirnantian (Fig. S-2; Melchin et al.,
2013). The HICE may be alternatively explained by enhanced
carbonate weathering during glacial regression, which would
not draw down the atmospheric pCO2, and the magnitude of
HICE can also be influenced by local carbon cycling (e.g.,
Kump et al., 1999). These uncertainties call for additional geo-
chemical tools to confirm the “missing” sink of carbon during
the Hirnantian glaciation.

Zinc is a micronutrient in phytoplankton biomass (Morel
and Price, 2003) and shows strong nutrient-like behaviour in the
surface ocean (Bruland, 1980). Organic Zn dominates on shelves
(92 %; Weber et al., 2018) where about 80 % of global marine
organic matter (Burdige, 2007) is accumulated and is character-
ised by lighter Zn isotopic compositions (δ66Zn) around −0.1‰
in comparison with the average seawater (0.5‰) and other oxic
output flux, including Fe-Mn crusts and nodules (0.9 ‰; Little
et al., 2016). Therefore, Zn isotope record could be a promising
tracer for change in organic carbon fluxes in past oceans (e.g.,
Isson et al., 2018; Sweere et al., 2018), with increasing δ66Zn val-
ues as more organic-rich sediments with isotopically light Zn are
buried. Further, the shorter residence time (∼11 kyr) of Zn than
dissolved inorganic carbon (∼83 kyr; De La Rocha, 2006) in the
oceans makes Zn isotopes an appropriate proxy to identifying
multiple pulses of enhanced organic carbon burial. Here, we
decipher the δ66Zn record and quantify organic carbon burial
during the Hirnantian glaciation, relying on reproducible strati-
graphic trends in δ66Zn of two carbonate and shale successions at
the Ordovician–Silurian transition.

Geological Settings and Samples

The Yangtze Block was attached to the margin of Gondwana
located in a subtropical to tropical area during the Late Ordovi-
cian to Early Silurian (Chen et al., 2010; see Supplementary
Information). The Yangtze Platform was primarily covered by
the broad epeiric sea connected to the open ocean in the Late
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Ordovician and then uplifted in the earliest Silurian (Fig. 1). Two
well-preserved successions spanning the Ordovician–Silurian
boundary were investigated in this study, including the
Wanhe (WH) carbonate section and the Yihuang-1 (YH-1) shale
drill core (Fig. 2; Zhang et al., 2016; Tang et al., 2017). Two glacial
cycles of the Hirnantian glaciation in the YH-1 section have been
identified by weathering intensities reflected by the chemical
index of alteration (Li et al., 2020). TheHirnantian glacial interval
in the WH section was determined by the results of magnetic
susceptibility (Zhong et al., 2020), whereas within the
Hirnantian ice age the multiple, shorter term periods of glacia-
tion have not yet been identified in detail.

Results

In the shaly succession, two pulses of δ66Zn (bulk rock digestion)
increase were identified, ranging from 0.47 ‰ to 0.91 ‰ at the
first glacial cycle and from 0.65‰ to 0.81‰ at the Kuanyinchiao
(KYQ). The authigenic Zn component here is defined as the
excess Zn in shales above the clastic level, a combination of
the bio-authigenic fraction associated with particulate organic
matter and authigenic sulfides. The normalisation of metal to
aluminium was used to estimate and subtract the lithogenic
component in order to calculate the fraction of authigenic Zn
(Xauth). Only strongly Zn-enriched shales (Xauth> 70 %) were
used to calculate the δ66Zn of authigenic fractions (δ66Znauth)
in order to reduce calculation error. For euxinic shales with
FeHR/FeT> 0.38 and FePy/FeHR > 0.7–0.8, the calculated
δ66Znauth values mostly agree well within ±0.1‰with the value
obtained by the leaching extraction (a partial 2 M HNO3 diges-
tion) of sulfide and partial Zn bound to organic matter (see
Supplementary Information for methods; Table S-2). The high
δ66Znauth value coincides with two intervals of glacial maximum
(Fig. 2). In the carbonate succession, authigenic Zn in the car-
bonate phase was obtained by a weak (0.1 M) acetic acid leach-
ing, and its δ66Znwas relatively steady before the glaciation (0.80
‰), followed by a positive excursion of∼0.2‰ reaching 0.99‰,
and then drawing back to∼0.8‰. The second increase of δ66Zn,
up to 1.11‰, occurs at the KYQ Bed supposed to be the peak of
the Hirnantian glaciation.

Heavy Zinc Isotope Signature of the
Glacial Maximum

Zinc isotopic ratios of the authigenic fractions (sulfides and
organic matter) in euxinic sediments can record the coeval sea-
water δ66Zn value due to the near quantitative removal of water
column Zn to sediments (Little et al., 2016; Vance et al., 2016;
Isson et al., 2018). Thus, the Zn isotope data of euxinic shales that
have been identified by Fe speciation data (Li et al., 2020) could
reflect the δ66Zn variation of seawater during theHirnantian gla-
ciation (Fig. S-3). The δ66Zn values do not vary with local
changes in depositional setting, mineralogy, redox condition
and primary productivity (Supplementary Information). Two
positive δ66Zn shifts also are observed in the carbonate WH sec-
tion after inspecting possible diagenetic effects (Supplementary
Information). Volcanic activities were identified in the Katian
strata in South China (Melchin et al., 2013), which may have
resulted in a decline of seawater pH value. However, Zn isotope
fractionation between carbonate and seawater (Δ66Zncarb–SW)
becomes larger as seawater pH decreases (Mavromatis et al.,
2019), which should result in elevated δ66Zn in carbonates.
This contrasts to the relatively low δ66Znauth values during the
Katian (Fig. 2). Thus, the high δ66Zn values of two glacial maxi-
mum intervals most likely reflect global changes instead of local
changes.

Flux Estimate of Increasing Organic
Burial

Organic-rich shelf sediment is the major sink of isotopically light
Zn in modern oceans (Weber et al., 2018), although the mecha-
nism is not well understood yet (probably ascribed to bio-
uptake/scavenging of light Zn isotopes or the early diagenetic
processes; Weber et al., 2018; Köbberich and Vance, 2019;
Horner et al., 2021). The high δ66Zn value of the Hirnantian
ocean suggests an increasing removal flux of Zn into continental
margin sediments compared to burial flux of Zn into oxic sedi-
ments. Burial of organic carbon in margin sediments is the major
sink of the global organic carbon cycle (Burdige, 2007). Thus, the
positive δ66Znauth shifts might reflect two pulses of massive

Figure 1 Palaeogeographic map for (a) South China and (b) the Yangtze Shelf Sea at ∼445Ma (Zhang et al., 2016; Zou et al., 2018). Orange
circle and text represents theYihuang-1 (YH-1) section located at outer shelf in theUpper Yangtze platformof SouthChina and connected to
open sea (Li et al., 2020). Black circle and pink text represents the Wanhe (WH) carbonate section deposited on platform (Tang et al., 2017).
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organic carbon burial during two main glacial cycles. More
speculatively, the organic burial fluxes are quantitatively esti-
mated from Zn isotopic mass balance and evaluated by means
of Monte Carlo, using zinc isotopic data of the YH-1 shales
deposited in euxinic environments (see the Supplementary
Information formethods). Themajor Zn output fluxes inmodern
oceans include organic-rich sediments (FOrg, mainly continental
margin sediments in mildly reducing (suboxic-anoxic) condi-
tions), oxic sediments (FOx, mainly of Fe-Mn oxides), and euxinic

sinks (FEux) (Little et al., 2016). When solving for FOrg, the influx
and other outfluxes, and their Zn isotopic ratios are forced by a
uniformly distributed random number within their given ranges,
considering their uncertainties in the oceanic zinc cycle (e.g., Li
et al., 2021; Table S-5). The results show that to produce the
largest observed increase in seawater δ66Zn from 0.47 ± 0.03
‰ to 0.88 ± 0.06 ‰, a nearly double increase in organic Zn
burial from ∼3.5 × 108 to 5.5 × 108 mol/yr is required, regardless
of whether the euxinia expanded or shrank (Fig. 3). Considering

Figure 2 Zinc isotopic (a) mass balance and (b) major fluxes in modern oceans, modified from Little et al. (2016) and Isson et al. (2018),
respectively. (c) Stratigraphy, δ66Zn and δ13C records from the YH-1 drill core and the WH section. The Late Ordovician mass extinction
(LOME) includes two pulses. The durations (in kyr) of positive Zn isotope excursions during the glaciation were determined by astronomical
time scale (Zhong et al., 2020). Ocean redox condition in Yihuang-1 section was reported in Li et al. (2020) based on Fe-speciation and Mo
concentration data. Low δ13Ccarb value at the KYQ Bed in the WH section is considered a result of diagenetic alteration. ‘Glacial maxima’ in
the carbonate section is defined based on the positive δ13Ccarb excursions.

Geochemical Perspectives Letters Letter

Geochem. Persp. Let. (2022) 21, 13–17 | https://doi.org/10.7185/geochemlet.2210 15

https://www.geochemicalperspectivesletters.org/article2210/#Supplementary-Information
https://www.geochemicalperspectivesletters.org/article2210/#Supplementary-Information
https://www.geochemicalperspectivesletters.org/article2210/#Supplementary-Information
https://doi.org/10.7185/geochemlet.2210


a mean Zn/C ratio of 0.036 (mmol/mol) of plankton (Little et al.,
2015), our estimate suggests that the flux of organic carbon dep-
osition has increased from 9.7 × 1012 mol/yr to 15.2 × 1012 mol/yr
before and during the glaciation. LaPorte et al. (2009) reported a
positive δ13Ccarb shift of 2.7 ‰ from the Nevada section during
the Hirnantian glaciation and suggested a doubling organic car-
bon burial flux. The estimated flux of organic carbon burial based
on carbon isotopic data is of the same order of magnitude as the
independent estimate from zinc isotopes, supporting an
enhanced organic carbon burial during the Hirnantian glaciation.

Temperature-Controlled Organic Carbon
Burial

The sudden global climate cooling during the Hirnantian has
been attributed to the enhanced silicate weathering and organic
carbon burial (Melchin et al., 2013 and references therein). In this
study, we emphasise the important role of enhanced organic car-
bon burial on CO2 sequestration during glacial intervals. The
accumulation of organic matter in sediments is generally related
to improved organic carbon preservation and enhanced primary
production. In terms of organic carbon preservation, no more
expanded dysoxia-anoxia that can increase the burial efficiency

of organic carbon has been globally observed within the
Hirnantian glaciation, in comparison with the subsequent early
Rhuddanian oceanic anoxic event (Stockey et al., 2020).
Furthermore, the glacial pulse is supposed to promote a more
oxygenated ocean, at least a surface ocean, with a better venti-
lation (Pohl et al., 2021). The input of additional nutrients from
increased continental weathering is observed before the glacia-
tion (Finlay et al., 2010) which can promote primary productivity
and organic carbon burial, although it is not significant during
the glaciation in a recent study of osmium and lithium isotope
record (Sproson et al., 2022). Here, we speculate about a temper-
ature-dependent control on the massive organic carbon burial
since it significantly postdates the glacial onset, that is cooling-
induced elevation in the burial efficiency of organic carbon.
However, other factors of organic carbon burial, such as astro-
nomical forcing, are not ruled out here (Sproson et al., 2022).
In the early PhanerozoicOceanwith relatively lowdissolved oxy-
gen, cooling,which could have been underestimated before, con-
stitutes the dominant control on enhanced organic carbon burial
through an elevation in organic carbon burial efficiencywith rates
of organic carbon degradation (Fakhraee et al., 2020), compared
with high eukaryotic export before the glacial maximum (Shen
et al., 2018). This scenario can also shed light on the several glacial
cycles with short duration during the Hirnantian. The tempera-
ture-dependent, biological CO2 fixation can be more fluctuant
than other ways to consume atmosphere CO2, such as changes
in chemical weathering of silicate rocks. Compared with two
other major Phanerozoic glaciations (the Karoo and the
Cenozoic glaciations) with high atmospheric O2 condition, the
biological carbon pumping efficiency in the Hirnantian glaciation
is sensitive to a cooling climate, serving as positive feedback to
encourage the organic carbon fixation after glacial onset and,
consequently, the extreme icehouse climate.
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Figure 3 (a)Modelling results of organic Zn burial fluxes based on
Zn isotopic mass balance. (b) The estimated organic carbon burial
flux in this study and Δ47 temperatures of seawater recorded in
brachiopods (Finnegan et al., 2011). Modelling details are listed
in Supplementary Information for methods.
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1. Geologic Background and Sample Description 

During the Late Ordovician to Early Silurian, the Yangtze Block was located in a subtropical to tropical area of peri-

Gondwana with palaeolatitude of 19.5° S indicated by palaeomagnetic data (Fig. 1a; Cocks and Torsvik, 2021). Two 

well-preserved successions from the Late Ordovician through Early Silurian are studied here. The Yihuang-1 (YH-1) 

and Wanhe (WH) sections are located on the platform and deep outer shelf on the Upper Yangtze platform, representing 

the shallow- and deep-water depositional environments respectively. The YH-1 section is from the Yihuang-1 borehole 

in the Yichang city, Hubei province of the South China. As the stratigraphies are shown in the Figure 2, the Ordo-

Silurian boundary successions consist of the Wufeng Formation (Fm), Guanyinqiao bed and Longmaxi Fm from the 

base to the up, which are the late Katian to early Hirnantian, middle Hirnantian and late Hirnantian to early Rhuddanian 

in age. The Wufeng and Longmaxi Formations are mainly composed of black shales. The Guanyinqiao bed consists of 

argillaceous limestones, which are not included in this study. The changes of litho-facies are due to the eustatic 

fluctuations caused by expanding glacial ice sheet over the South Pole during the Hirnantian glaciation. During the 

Hirnantian stage, the glacial ice sheet expanding over the South Pole and the resultant regression interrupted the 

continuous sedimentary record of sea-level highstand. The YH-1 section deposited in the Northern Hubei Depression 

formed by the Kwangsian Orogeny and the Central Guizhou and Yichang Uplifts (e.g., Chen et al., 2014; Qiu and Zou, 

2020), where depth was deep enough to reconstruct a continuous sedimentary record during most interval of glaciation. 

The Wanhe section (27° 45′ 18.85″ N, 103° 45′ 18.85″ E) is a well-preserved carbonate section across the 

Ordovician/Silurian boundary, located 5.5 km west of Heping village, in Yongshan County of Yunnan Province. The 

WH section includes the Daduhe Fm, GYQ Bed, Longmaxi Fm in ascending order (Fig. 2). The Daduhe Fm is 

stratigraphically comparable to the Wufeng Fm in the YH section (Tang et al., 2017). The upper part of Daduhe Fm 
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consists of calcareous mudstone intercalated with argillaceous limestone and bioclastic limestones, and we focus on the 

argillaceous limestone for Zn isotope analysis. The GYQ Bed, characterised by the occurrence of cold-water shelly 

fauna (Hirnantia Fauna), consists of argillaceous limestone. The lower Longmaxi Fm is composed of black shale and 

dark-grey calcareous mudstone intercalated with limestone lenses, and samples with high carbonate contents were 

studied here. The biostratigraphy of the WH section has been well-established in Tang et al. (2017) as illustrated in the 

Figure 2. 

 
2. Methods 
 
2.1 Sample Preparation 
 

Total 93 samples of shales and carbonates were analysed after careful check to avoid visible veins, pyrite laminas and 

fractures. Samples were first cleaned ultrasonically with Milli-Q water (18.2 MΩ), grounded to less than 200 mesh in 

an agate mortar and well homogenised. All chemical procedures were performed in a clean room under a laminar flow 

hood (class 100) and all containers were pre-cleaned. Teflon perfluoro alkoxy (PFA) beakers were soaked with 1:1 (v/v) 

nitric acid and hydrochloric acid, and polypropylene filters and centrifuge tubes were soaked in 10 % nitric acid. About 

50 mg powder of shale was digested with a mixture of HF, HNO3 and HCl acids in a Teflon vessel using a high-pressure 

Parr reactor bomb. Different splits of the same sample were also leached to separate sulfidic Zn from lithogenic Zn. 

After being pre-cleaned with Milli-Q water, the samples were treated with 2 M HNO3 and heated at 130 °C for ~12 h to 

dissolve Zn that is bound mainly in sulfides and part of organic matter (Nielsen et al., 2011). The supernatants were 

obtained after centrifugation and filtration. For carbonates, leaching was performed with diluted super-pure acetic acid 

(0.1 M) after pre-cleaning by Milli-Q water and 1 M ammonium acetate (NH4AC) to remove hydrosoluble salts and 

exchangeable fractions (Lv et al., 2018). The leached supernatants were collected after centrifugation and filtration and 

the possible contamination from silicates induced by acid leaching is monitored by Ca/Al ratios. 

	
2.2 Zinc Isotopic Analysis 
 
Digested sample solutions were prepared in 8 M HCl media and purified by passing through the column loaded with 

anion exchange resin (AG MP-1M, Bio-Rad Inc.) twice for Zn separation as described in Lv et al. (2016). The total 

procedural blank is 8 ng and the recovery is >99 %. Purified Zn was dissolved in concentrated nitric acid twice to remove 

organic materials, evaporated to dryness and then dissolved in 3 % HNO3 for isotope analysis. Zinc isotopic ratios were 

determined with a Thermo-Finnigan Neptune plus multi-collector inductively coupled plasma mass-spectrometry (MC-

ICP-MS) in a low-resolution model at the China University of Geoscience, Beijing (CUGB). The sample–standard 

bracketing method was used for mass bias correction. The Zn isotope data are reported in the d-notation as per mil 

against standard reference material of JMC 3-0749L: d66Zn = [(
66

Zn/
64

Zn)sample/(
66

Zn/
64

Zn)JMC 3-0749L − 1] × 1000. Two 

USGS standards BHVO-2 (basalt) and COQ-1 (carbonatite) were analysed for every fifteen samples to monitor the 

accuracy of Zn isotope ratio measurements. The measured d66Zn values of BHVO-2 (0.32 ± 0.05 ‰, 2 s.d., n = 5) and 

COQ-1 (0.26 ± 0.04 ‰, n = 5) are in agreement with the recommended values (Moynier et al., 2017; Druce et al., 2020). 

The long-term reproducibility based on Zn isotopic analyses of BHVO-2 is ±0.04 ‰ (2 s.d.). 

 

2.3 Major and Trace Elemental Analysis 
 
Major and trace elements of the shales and carbonates are analysed in order to evaluate the potential influence of local 

depositional conditions and diagenesis after deposition on Zn isotopic systematics. Major elemental analysis was 

processed by Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES). The uncertainty was better than 

±1 % (1s). Loss on ignition (LOI) was determined by gravimetric methods. For trace elemental analysis, samples were 

prepared in 5 % (m/m) HNO3 after complete digestion using a mixture of HF + HNO3 + HCl acids. Trace elements were 
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determined by an inductively coupled plasma-mass spectrometry (ICP-MS), using external calibration against in-house 

standards and internal correction for mass drift. The uncertainty was better than ±5 % (r.s.d.) for most trace elements. 

The total organic carbon (TOC) contents of the YH-1 shales were measured on Eltra 2000 C-S analyser at 

CUGB. Samples were decalcified with 2 M HCl for 6 h at 50 °C and then buffered back to about neutral pH with 

deionised water. The supernatant was discarded after centrifugation. Then, the residual was prepared after dryness at 

50 °C for the analysis of TOC. The organic carbon isotope analysis was carried out on Thermo Fisher MAT-253 at 

Nanjing University. The organic carbon isotope ratios are expressed relative to the Vienna Pee Dee Belemnite standard 

(V-PDB) using the δ
13

C notation in parts-per-thousand (‰). The instrumental standard deviation was better than 0.05 ‰ 

for δ
13

Corg, yielded by repeat measurement of USGS (United States Geological Survey) SDO-1 standard (9.68 % C). 

Iron speciation analysis in the YH-1 shales was performed following the methods outlined in Poulton and 

Canfield (2005) and Canfield et al. (1986) at the State Key Laboratory of Biogeology and Environmental Geology at 

CUG (China University of Geosciences). The highly reactive iron (FeHR) was extracted and determined, including FeCarb 

(siderite or ankerite), FeOx (ferrihydrite, lepidocrocite, goethite, hematite), FeMag (magnetite or similar), and FePy 

(sulfidised iron, mainly pyrite). The concentrations of the iron species (FeCarb, FeOx and FeMag) were quantified by atomic 

absorption spectroscopy (AAS), with a standard deviation of <5 %. The FePy was calculated stoichiometrically based on 

the sulfur concentration of pyrite, which is extracted by using the chromium reduction method. 

 

2.4 Evaluation of Zn Isotopes as Tracers of Marine Organic Burial 
 
2.4.1 Zn Mass Balance Model 
 
The oceanic mass balance of Zn has been outlined in Little et al. (2014) and described here by Equations S-1 and S-2. 

The method to solve Zn mass balance model are references to the method in Stockey et al. (2020). Considering that 

the organic-Zn and carbon flux to the seafloor is as a function of depth, the oceanic metal mass balance use calculation 

approach described in Reinhard et al. (2013). The FOrg variables are solved for by the Monte Carlo simulation with 

these initial conditions and the ~10,000 times of simulation. 

 
!"!"
!# = "$% − "&'( − "&) − "*+)  (at steady state)       (Eq. S-1) 

!"!",##-%!"
!# = "$%δ..Zn$% − "&'('δ..Zn/0 + ∆..Zn&'(1/0* − "&)(δ..Zn/0 + ∆..Zn&)1/0) −

"*+)(δ..Zn/0 + ∆..Zn*+)1/0)         (Eq. S-2) 

The parameters included in Zn mass balance model and their definition are list in Table S-5. Considering the 

uncertainties of Zn-isotope mass balance, some parameters are not fixed numbers: (i) Variations in Fin and δ
66

Znin. The 

riverine and dust inputs have a well-constrained d66
Znin close to the lithogenic value (about +0.33 ‰). Recent studies 

suggest that the isotopically light Zn inputs from hydrothermal or sediment sources might have been underestimated 

(Roshan et al., 2016; Lemaitre et al., 2020; Sweere et al., 2020). The d66
Zn of hydrothermal fluid can be down to −0.5 ‰ 

by estimation in Lemaitre et al. (2020), but the average is supposed to be higher during the precipitation of Zn-sulfides 

which preferentially incorporates light Zn isotopes (e.g., John et al., 2008). Here, we take the Zn isotope composition 

of hydrothermal endmember as −0.01 ‰ which is the value of seawater from the area close to the Reykjanes Ridge 

where the input of hydrothermally sourced Zn is observed (Lemaitre et al., 2020). If the global hydrothermal Zn influx 
is set as 1.75 × 109 mol yr

−1 (Roshan et al., 2016) and the riverine source is 8.3 × 108 mol yr
−1 (Little et al., 2016), the 

seawater d66
Zn will be +0.1 ‰. Thus, we assume a d66

Znin range of 0.1 ‰ to 0.3 ‰ instead of a relatively constant value. 
However, the flux and average d66

Zn of hydrothermally and sediment-sourced inputs is hard to evaluate in the modern 
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ocean considering that those inputs might be transient and local (Weber et al., 2018). Despite these uncertainties, these 
influxes with light Zn signatures cannot be responsible for the high d66

Zn values during the Hirnantian. If there are more 

influxes of light Zn to the Hirnantian ocean, the flux of organic Zn burial would be larger than our estimation and here, 

our estimation of organic-Zn burial is a minimum. In addition, Fin also ranged from 3.5 × 108 to 9.0 × 108 mol yr
−1

 as 

listed in Little et al. (2014). (ii) The burial rate of organic-Zn (bZn Org) on shelf is about at the order of 10
−5

 mol m
−2

 yr
−1

 

(Little et al., 2014, 2016; Weber et al., 2018), and here is at the range from 4.5 × 10
−5

 to 8.1 × 10
−5

 mol m
−2

 yr
−1

 based 

on the estimation of organic Zn flux in Little et al. (2014) and (2016), respectively. 

 
2.4.2 Evaluation of Zn Isotope Ratios of Shales as Archive for Seawater d66Zn 
 
The d66

Znauth is obtained by the calculation and leaching methods. (i) Calculation. The calculation method has been 

explained in the Little et al. (2016) and briefly described as follows. The detrital Zn fraction in shales (Xlith) is calculated 

based on the Al contents in samples (Alsample) as Xlith = [(Zn/Al)lith × Alsample]/Znsample. In the calculation, the (Zn/Al)lith is 

assuming to be homogenous and averages 11 × 10
−4

 in black shales. The authigenic Zn (Xauth) is the nonlithogenic 

fraction in samples, calculated as Xauth = 1 − Xlith. Then the isotopic composition of authigenic Zn could be obtained, 

d66
Znauth (calculated) = (d66

Znsample − d66
Znlith × Xlith)/Xauth. The uncertainty during calculation is significant in Zn-depleted 

shale samples, thus only sample is with high authigenic Zn (Xauth > 0.7 ) is used to estimate its Zn isotope composition. 

The d66
Znlith is set as 0.36 ‰ which is the average value of the relatively oxic samples in our study with no Zn enrichment 

compared with average shales. The d66
Znlith value is in the range of clastic sediments in the modern sea like marine 

shales and sapropel dominated by silicate detritus (0.18 ± 0.17 ‰, 2 s.d.; Pons et al., 2011) but slightly higher than the 

average lithogenic value (0.27 ± 0.07 ‰, s.d.) as listed in Little et al. (2016). Even if the largest range of the possible 

d66
Znlith values from 0.1 ‰ to 0.4 ‰ is considered, it yields insignificant influence on the calculated d66

Znauth with 

<0.1 ‰ offset in the same sample (Table S-2). (ii) Leaching. To verify the calculated d66
Znauth value, the Zn isotope 

ratios in authigenic phase obtained by the leaching extraction is also determined which is expressed as d66
Znauth (leaching). 

The leaching method refer to the Nielsen et al. (2011) and has been described in the method section. As shown in Table 

S-2, the d66
Znauth (leaching) are identical within analytical uncertainty to d66

Znauth (calculated), further validate the method to 

obtain the d66
Znauth. Zinc isotopic ratios of the authigenic fractions (sulfides and organic matter) in euxinic sediments 

can record the coeval seawater d66
Zn value due to the near quantitative removal of water-column Zn to sediments (Little 

et al., 2016; Vance et al., 2016; Isson et al., 2018). Thus, the isotope fractionation during Zn precipitation into sulfide 

and organic matter in our euxinic shales is so insignificant as barely to require discussion. The influences of changes in 

mineralogy, local depositional setting, redox condition and primary productivity are evaluated below, to confirm the 

d66
Zn-enriched isotopic signature during the glaciation maximum. 

(i) Local redox condition. In the euxinic sediments in Black Sea, behaviour of Zn isotope when Zn is near 

quantitatively removed into euxinic sediments is similar to the Mo isotopes whose authigenic fraction of euxinic 

sediments in sulfidic basin could record the isotopic composition of seawater (Vance et al., 2016). On the other hand, 

nonquantitative sequestration of seawater Zn prefers to precipitate isotopically lighter Zn isotopes as observed in weakly 

reducing sediments on the continental margin (Little et al., 2016; Vance et al., 2016). The local depositional environment 

was euxinic for the most studied samples in the YH section, confirmed by the Fe speciation data with FeHR/FeT > 0.38 

and FePy/FeHR > 0.7 (Fig. S-3). Another important issue is whether the post-depositional oxygenation affects the 

authigenic Zn record in shales during the early Hirnantian. The redissolution of biogenic Zn or sulfide Zn with 

isotopically light signature tends to elevate the Zn isotope ratios in the modified shales. Nevertheless, the similar 

enrichment factors EFZn = (Zn/Al)sample/(Zn/Al)lith) of intervals indicate that the high d66
Zn values are not resulted from 

the increasing authigenic Zn enrichments or the loss of light Zn during the glaciation (Table S-2). 

(ii) Mineralogy. No sedimentological evidence for aerial-exposure is observed in our samples and thus, the 

modification by oxidative weathering is minimal. In addition, the post-depositional processes such as mild oxidative 

weathering and thermal maturation do not have a significant effect on the shaly d66
Zn (Lv et al., 2016; Dickson et al., 

2019). Marine carbonates and Fe-Mn oxides usually have high d66
Zn values compared to silicate phases and seawater. 
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With no correlation observed between Mn/Al and Fe/Al ratios and Zn isotope ratios or concentration in the YH-1 shales, 

we infer that Fe-Mn oxides were not mainly hosting Zn (Fig. S-4). Zn concentration in carbonates is much lower 

compared to the silicate-, organic- and sulfide- phases in organic-rich samples (e.g., Little et al., 2015). The contents of 

carbonate minerals in shales are monitored by Ca/Al ratios, which show no correlation with d66
Znauth (Fig. S-4). XRD 

identified no carbonate minerals in the sample YH27 which has d66
Zn up to 0.73 ‰ far higher than lithogenic Zn (Table 

S-2). Samples with relatively high Ca/Al ratios are also Zn-depleted and have not been used to evaluate the d66
Znauth. 

Given these observations and considerations, the carbonate and oxide phases have insignificant influence on the 

observed increase of d66
Znauth. 

(iii) Local changes in depositional setting. In this part, we will discuss the possible influences on d66
Znauth of 

shale samples, including particulate shuttle, basin restriction, sedimentary rate and the province of terrigenous materials. 

First, the operation of a particulate Fe-Mn oxyhydroxide shuttle could remove more Mo from the water column to 

sediments compared to U, and thus the high Mo/U ratios in the organic-rich sediments (Algeo and Tribovillard, 2009). 

The UEF–MoEF plot for our samples suggests U-Mo accumulation in seawater of normal marine chemistry instead of an 

operation of a particulate shuttle (Fig. S-5). During the Hirnantian glaciation, the basin water has chance to be more 

restricted as a result of sea level fall with the expanding glacial ice sheet. Fortunately, our YH section was located in the 

relatively open, deep and outer part of the Yangtze Sea with limited influence of basin restriction. The Mo/TOC ratios 

in euxinic sediments have been used to interpret the degree of watermass restriction (Algeo and Lyons, 2006). The more 

restricted basin is supposed to have low d66
Zn close to the fluvial value and high Mo/TOC ratios, which is not observed 

during the glacial interval (Fig. S-5). Thus, the basin restriction could not response for the elevated d66
Znauth during 

glaciation. However, the basin restriction could During the early Hirnantian, the TiO2/Al2O3 ratios are lower, indicating 

the shift to a more felsic provenance and/or grain coarsening in terrestrial materials (Girty et al., 1996), whereas the 

chemical composition or grainsize changes in silicate phases would not influence d66
Zn in authigenic fractions. The 

sedimentary rate is roughly calculated by the thick of bed and the duration based on cyclostratigraphy results in Zhong 

et al. (2020). The sedimentary rate shows relatively high values in lowstand systems during the Hirnantian stage. The 

high sedimentary rate might dilute and lower down the authigenic fraction, however, it could not increase the d66
Znauth. 

(iv) Local primary productivity. The local primary productivity is evaluated by the biogenic barium (Babio) 

(Dehairs et al., 1987; Anderson and Delaney, 2005; Paytan and Griffith, 2007). Babio was calculated by subtracting the 

lithogenic Ba fraction (Balith) from the total Ba and the lithogenic Ba fraction is estimated based on the Al contents with 

(Ba/Al)lith ratio of ~55, [Ba]bio = [Ba]sample − [Al]sample × (Ba/Al)lith (Zhou et al., 2015). No significant correlation is 

observed between [Ba]bio and d66
Znauth in YH shales (Fig. S-6). In addition, the positive correlation of d66

Znauth and TOC 

contents displaying in the modern margin sediment is not showing in YH shales (Fig. S-6). Thus, the local primary 

productivity is supposed to have little influence on d66
Znauth. 

 
2.4.3 Evaluation of Carbonate Diagenesis on d66Zn 
 

The absolute d66
Zn values of the WH carbonates are systematically higher than those of the shaly section (Fig. 2), which 

coincides with the observations in modern sediments that marine carbonates have higher d66
Zn relative to seawater and 

euxinic sediments because of the positive Zn isotope fractionation between carbonate and seawater (D66
ZnCarb–SW) in the 

precipitating and adsorption experiments (Dong and Wasylenki, 2016; Mavromatis et al., 2019). Considering isotope 

fractionation between solution and carbonate mineral, the d66
Znauth of marine carbonate reflects relative changes in 

seawater value rather than the precise quantification (Liu et al., 2017; Lv et al., 2018; Sweere et al., 2018). In our study, 

we also focus on the relative changes recorded in the carbonate WH section and prefer to obtain the precise d66
Zn value 

of seawater from euxinic shales. Two positive d66
Zn excursions in the WH section are well compared with the similar 

d66
Znauth trend in euxinic shales. Carbonate δ

66
Zn can be complex when discussing how marine carbonates record 

seawater Zn isotope composition. The D66
ZnCarb–SW is limited in low-Mg coral skeletal and microbial aragonite (e.g., 

Little et al., 2021; Zhao et al., 2021). The bioclastic limestones are not analysed. The poor-correlation of δ
66

Zn and 

Mg/Ca ratio in the WH carbonates indicates that the proportion of low-Mg calcite might not control the δ
66

Zn in 
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carbonates. Moreover, calcification of coral is not the same as the sedimentation of marine carbonates. The former 

involved more biological effects such as biomineralisation (Cohen and McConnaughey, 2003). The poor-correlation 

with Zn/Ca ratios shows the limited potential Zn contamination from the silicate fraction during sample digestion (Fig. 

S-7). The analysed WH carbonates are well-preserved with low weight Mn/Sr ratios (mostly <0.2) that is an indicator 

for the degree of post-depositional alteration (Fig. S-7; Jacobsen and Kaufman, 1999). Thus, after inspecting the 

influence of lithological variation and diagenesis on d66
Znauth, the elevated d66

Znauth obtained from the WH carbonates 

could reflect the increase in Zn isotope ratios of seawater. 
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Supplementary Tables 
 

Table S-1 Zinc isotope data for the YH-1 shaly succession. 
 

Sample Depth [m] d66
Zn [‰] 2 s.d. d68

Zn [‰] 2 s.d. 
68

Zn/
66

Zn 

YH1 5.13 0.61 0.03 1.24 0.06 2.03 

YH2 4.68 0.68 0.03 1.34 0.06 2.00 

YH3 4.50 0.67 0.02 1.32 0.01 1.97 

YH4 4.49 0.62 0.03 1.26 0.03 2.03 

YH5 4.13 0.70 0.03 1.41 0.01 2.00 

YH6 4.07 0.58 0.05 1.16 0.02 2.00 

YH7 3.33 0.62 0.02 1.22 0.03 1.98 

YH8 3.30 0.63 0.07 1.27 0.34 2.01 

YH9 3.27 0.68 0.02 1.36 0.06 2.01 

YH10 3.23 0.67 0.00 1.32 0.02 1.99 

YH11 3.15 0.65 0.05 1.29 0.46 2.00 

YH12 2.99 0.75 0.03 1.48 0.07 1.97 

YH13 2.92 0.66 0.01 1.33 0.04 2.00 

YH14 2.91 0.64 0.05 1.28 0.03 2.00 

YH15 2.83 0.63 0.02 1.25 0.02 1.98 

YH16 2.77 0.62 0.04 1.23 0.02 1.98 

YH17 2.70 0.59 0.02 1.19 0.04 2.01 

YH18 2.64 0.53 0.01 1.05 0.02 1.98 

YH19 2.57 0.67 0.05 1.35 0.08 2.02 

YH20 2.56 0.69 0.03 1.38 0.02 2.02 

YH21 2.51 0.81 0.04 1.60 0.04 1.98 

YH22 2.46 0.81 0.04 1.61 0.02 1.98 

YH23 2.40 0.72 0.02 1.45 0.11 1.99 

YH24 2.33 0.75 0.02 1.50 0.01 1.99 

YH25 2.32 0.71 0.05 1.43 0.04 2.03 

YH26 2.31 0.72 0.02 1.44 0.05 2.00 

YH27 2.27 0.73 0.02 1.48 0.02 2.03 

YH28 2.24 0.76 0.03 1.50 0.02 1.99 

YH29 2.20 0.72 0.03 1.43 0.03 1.98 

YH30 2.19 0.66 0.01 1.32 0.01 1.99 

YH31 2.18 0.72 0.01 1.43 0.01 2.00 

YH32 2.17 0.63 0.04 1.27 0.09 2.00 

YH33 2.14 0.68 0.06 1.34 0.08 1.97 

YH34 2.13 0.67 0.04 1.33 0.04 2.00 

YH35 2.10 0.69 0.03 1.39 0.08 2.02 

YH36 2.04 0.65 0.00 1.32 0.07 2.04 

YH37 2.02 0.45 0.01 0.90 0.04 2.00 

YH38 1.79 0.47 0.03 0.94 0.10 2.01 

YH39 1.78 0.39 0.04 0.79 0.03 1.99 

YH40 1.77 0.27 0.05 0.54 0.01 2.00 

YH41 1.76 0.32 0.05 0.66 0.05 2.06 

YH42 1.75 0.37 0.02 0.75 0.01 2.01 
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Table S-1 continued. 
 

Sample Depth [m] d66
Zn [‰] 2 s.d. d68

Zn [‰] 2 s.d. 
68

Zn/
66

Zn 

YH43 1.72 0.36 0.01 0.71 0.04 1.98 

YH44 1.68 0.43 0.00 0.86 0.03 1.98 

YH45 1.66 0.38 0.03 0.75 0.07 1.99 

YH46 1.46 0.46 0.02 0.91 0.07 2.00 

YH47 1.33 0.45 0.04 0.89 0.06 1.98 

YH48 1.15 0.45 0.00 0.89 0.05 1.98 

YH49 0.96 0.46 0.01 0.92 0.01 1.99 

YH50 0.64 0.46 0.04 0.91 0.01 1.98 

YH51 0.43 0.46 0.06 0.90 0.03 1.96 

YH52 0.23 0.45 0.01 0.89 0.02 1.96 

YH53 0.10 0.39 0.02 0.78 0.03 2.03 

YH54 0.00 0.38 0.01 0.75 0.02 2.00 

YH55 −0.81 0.26 0.01 0.52 0.03 2.00 
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Table S-2 Zinc isotope data and selected major and trace element ratios for the YH-1 shaly succession. 
	

Sample Depth 
[m] 

Mn/Al 
(×10−3) 

Ca/
Al 

TS 
[%] 

TOC 
[%] 

d13Corg 
[‰] 

[Ba]bio 
[ppm]a 

Mo/
TOC EFMo

b EFZn
b Xauth

c Zn 
[ppm] 

d66Zn 
[‰]d 2 s.d. d66Zn 

[‰]e 2 s.d. d66Zn 
[‰]f 2 s.d. d66Zn 

[‰]g 

YH1 5.13    2.5 −29.6              
YH3 4.50 2 0.1 3.9 4.1 −29.8 542 5.7 59 2.7 0.73 123 0.80 0.07 0.95 0.09 0.75 0.07  
YH4 4.49 3 0.2 1.5 4.7 −30.0              
YH5 4.13 6 0.5 1.6 3.4  537 7.9 95 4 0.80 218 0.66 0.06 0.74 0.06 0.64 0.06  
YH9 3.27   2.6 4.5 −30.5 622 19.7 101 6.3 0.86 427 0.74 0.05 0.78 0.05 0.73 0.05 0.71 
YH11 3.15 2 0.1 2.2 4.2 −30.7 974 20.7 69 3 0.75 273 0.81 0.05 0.93 0.08 0.77 0.07 0.70 
YH14 2.91 2 0.1 2.7 6.3 −30.1 913 19.6 134 6.3 0.86 427 0.70 0.05 0.74 0.05 0.69 0.05  
YH16 2.77   2.1 6.5 −28.9 538 17.4 126 6.5 0.87 433 0.68 0.05 0.72 0.05 0.66 0.05 0.60 
YH17 2.70 5 1.0    789  23 5.6 0.85 268 0.65 0.05 0.70 0.05 0.64 0.05  
YH18 2.64 7 1.0    1094   1.7 0.63 51        
YH21 2.51 6 0.9 1.8 2.4 −28.5 1227 23.4 53 5.8 0.85 444 0.91 0.05 0.95 0.05 0.89 0.05 0.76 
YH23 2.40 3 0.4 1.6 2.1 −28.7 2039 19.5 33 6.4 0.86 599 0.79 0.05 0.84 0.05 0.78 0.05 0.80 
YH27 2.27   0.8 2.1 −28.8 5258 13.5 16 3.2 0.76 252 0.91 0.07 1.02 0.07 0.88 0.06 0.81 
YH34 2.13 4 0.4 0.7 2.0 −28.5 1121 8.1 14 2.5 0.71 213 0.89 0.08 1.06 0.09 0.86 0.08  
YH38 1.79 10 2.7 0.8 5.1               
YH39 1.78 24 9.0 1.0 7.7 −29.1              
YH40 1.77   0.8 9.6  402   0.8 0.44 20.1        
YH42 1.75   0.9 10.1 −29.3 446   1.3 0.57 22.8        
YH45 1.66 46 2.4 1.2 4.0 −29.6 1357 14.3 150 5.9 0.86 164 0.38 0.05 0.44 0.05 0.37 0.05 0.43 
YH46 1.46 3 0.3 1.3 6.1 −30.2 652 12.1 129 5.8 0.85 242 0.48 0.05 0.53 0.05 0.47 0.05 0.48 
YH48 1.15 2 0.1 1.5 4.9 −29.7 507 16.2 96 4.6 0.82 278 0.47 0.05 0.54 0.05 0.46 0.05 0.46 

a[Ba]bio = [Ba]sample − [Al]sample × (Ba/Al)lith; (Ba/Al)lith ≈ 55. 
bEnrichment factor. 
cThe fraction of authigenic Zn. 
d,e,fd66Znauth calculated for d66Znlith = 0.33, 0.10 and 0.40 ‰, respectively. Computed d66Znauth errors were evaluated by the Monte Carlo approach. 
gd66Znauth obtained by the leaching method.	



 
 
	

Geochem.	Persp.	Let.	(2022)	21,	13–17	|	https://doi.org/10.7185/geochemlet.2210		 	 SI-10	
	

Table S-2 continued. 
 

Sample Depth 
[m] 

Mn/Al 
(×10−3) 

Ca/
Al 

TS 
[%] 

TOC 
[%] 

d13Corg 
[‰] 

[Ba]bio 
[ppm]a 

Mo/
TOC EFMo

b EFZn
b Xauth

c Zn 
[ppm] 

d66Zn 
[‰]d 2 s.d. d66Zn 

[‰]e 2 s.d. d66Zn 
[‰]f 2 s.d. d66Zn 

[‰]g 

YH49 0.96 4 0.2 1.0 4.7 −29.6 776 9.9 112 6.4 0.86 195 0.48 0.05 0.53 0.05 0.47 0.05 0.43 
YH50 0.64 7 0.5 0.7 3.6 −30.3 834 13.6 134 9 0.90 240 0.47 0.05 0.5 0.05 0.47 0.05  
YH51 0.43 5 0.3 0.7 3.7 −30.2 1852 11.6 129 7 0.88 170 0.48 0.05 0.52 0.05 0.47 0.05  
YH52 0.23 9 0.8 0.7 2.7  827   7 0.88 180 0.47 0.05 0.51 0.05 0.46 0.05  
YH54 0.00 3 0.1 0.8 3.4 −30.3 768   7 0.88 256 0.38 0.05 0.42 0.05 0.37 0.05  

a[Ba]bio = [Ba]sample − [Al]sample × (Ba/Al)lith; (Ba/Al)lith ≈ 55. 
bEnrichment factor. 
cThe fraction of authigenic Zn. 
d,e,fd66Znauth calculated for d66Znlith = 0.33, 0.10 and 0.40 ‰, respectively. Computed d66Znauth errors were evaluated by the Monte Carlo approach. 
gd66Znauth obtained by the leaching method.	
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Table S-3 Major and trace element ratios, zinc isotope data and selected major and trace element ratios for the WH 
carbonate succession. 
 

Sample ID Depth [m] d66Znauth [‰] d13Corg [‰] Mg/Ca Mn/Sr Zn/Ca 
WH-1 10.46 0.74 −30.42    
WH-2 10.36 0.84 −30.35 0.08 0.48 2.6E−03 
WH-3 10.08 0.60 −30.51 0.13 0.15 5.6E−04 
WH-4 9.88 0.74 −30.72 0.20 0.20 2.6E−03 
WH-5 9.60 0.61 −30.27 0.01 0.05 2.4E−03 
WH-6 9.24 0.54 −30.07 0.08 0.03 1.7E−02 
WH-7 8.58 0.69 −30.48 0.04 0.13 1.4E−04 
WH-8 8.52 0.79 −29.26 0.03 0.07 7.3E−04 
repeat  0.80     
repeat  0.83     
WH-9 8.46 0.97 −28.41 0.03 0.08 3.3E−04 
WH-10 8.38 1.04  0.05 0.06 7.3E−05 
WH-11 8.36 0.86 −29.18 0.08 0.08 2.2E−04 
WH-12 8.30 1.11 −28.99 0.03 0.07 1.5E−04 
WH-13 8.20 0.95 −28.95 0.11 0.11 6.9E−04 
WH-14 8.16 1.10 −28.49 0.07 0.10 5.0E−04 
WH-15 7.84 0.75 −28.64    
WH-16 7.57 0.82 −29.12 0.15 0.09 7.3E−05 
WH-17 7.41 0.84 −30.21 0.22 0.12 3.0E−05 
WH-18 7.11 0.39 −29.33 0.24 0.13 2.0E−04 
WH-19 7.03 0.78 −29.13 0.08 0.08 9.2E−05 
WH-20 7.01 0.72 −29.15 0.11 0.09 5.5E−05 
WH-21 6.91 0.57 −29.19 0.17 0.10 1.5E−04 
WH-22 6.87 0.77 −28.95 0.10 0.07 2.2E−04 
WH-23 6.73 0.92     
WH-24 6.69 0.99  0.06 0.08 6.8E−06 
WH-25 6.59 0.87 −29.22 0.09 0.08 3.5E−05 
WH-26 6.53 0.86  0.14 0.08 4.2E−05 
WH-27 6.13 0.66 −28.62 0.04 0.07 5.3E−05 
WH-28 5.75 0.88 −29.07 0.03 0.05 3.8E−05 
WH-29 5.57 0.82 −29.73 0.09 0.04 7.5E−05 
WH-30 5.25 0.80  0.02 0.02 7.3E−05 
WH-31 4.77 0.75 −29.84 0.06 0.03 3.7E−05 
WH-32 3.60 0.79 −29.12 0.13 0.10 4.9E−04 
WH-33 3.38 0.86 −29.81 0.02 0.12 1.4E−05 
WH-34 1.59 0.85 −30.23 0.17 0.08 4.9E−05 
WH-35 0.93 0.78  0.19 0.09 4.0E−05 
WH-36 0.65 0.70 −30.01 0.25 0.10 4.2E−05 
WH-37 0.32 0.82  0.13 0.06 4.9E−05 
WH-38 0.00 0.83  0.13 0.11 1.8E−06 
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Table S-4 Modal mineralogy of the YH-1 shaly succession obtained by XRD analysis. ‘-’, not detected. 
 

Sample Depth 
[m] 

Calcite 
[%] 

Chlorite 
[%] 

Dolomite 
[%] 

Feldspar 
[%] 

Gypsum 
[%] 

Illite 
[%] 

Pyrite 
[%] 

Quartz 
[%] 

YH5 4.13 - 4 - 21 1 17 2 55 
YH6 4.07 3 - 2 29 - 26 1 39 
YH23 2.40 - 4 - 20 - 15 2 59 
YH37 2.02 1 4 1 9 - 9 1 75 
YH39 1.78 1 7 1 10 - 14 2 65 

 
 
 
 
 
 
 
Table S-5 Range and mean values of variables used in the Zn mass balance. 
 

Variable Description Range References 
δ66Znin Zn isotope composition of inputs +0.1 to +0.3 ‰ 

Little et al. (2014, 
2016); Weber et 

al. (2018) 

δ66ZnSW 
Zn isotope composition of the modern 
seawater 0.5 ‰ 

δ66ZnOx-SW Zn isotopic fractionation between oxic 
sediments and seawater +0.03 to +0.73 ‰ 

δ66ZnOrg-SW Zn isotopic fractionation between 
organic-rich sediments and seawater −0.90 to −0.41 ‰ 

δ66ZnEux-SW Zn isotopic fractionation between euxinic 
sediments and seawater ~0 ‰ 

Fin Input flux 3.5 × 108 to 9.0 × 108 mol yr−1 
bZn.Org Burial rates in organic settings 4.5 × 10−5 to 8.1 × 10−5 mol m−2 yr−1 
bZn.Ox Burial rates in oxic settings 1.1 × 10−6 mol m−2 yr−1 
bZn.Eux Burial rates in euxinic settings 7.8 × 10−6 mol m−2 yr−1 

AOx Seafloor area of the oxic sink 3.02 × 108 km2 

Reinhard et al. 
(2013) 

ARed Seafloor area of the reducing sink 6.90 × 106 km2 
AEux Seafloor area of the euxinic sink 3.87 × 105 km2 

A Global seafloor area 3.6 × 1014 m2 

MSW Zn mass in the modern seawater 7.3 × 1012 mol Chester and 
Jickells (2012) 
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Supplementary Figures 

Figure S-1 Consistent d13C pattern of the Yihuang-1 sections obtained in this study in comparison with the Wangjiawan section (GSSP for the base of the Hirnantian Stage) 
and other sections (modified from Gorjan et al., 2012). 
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Figure S-2 Total organic carbon (TOC) contents in the Ordovician-Silurian strata. Data sources: Wangjiawan (Yan 
et al., 2012); Monitor Range, Vinini Creek and Blackstone Range (LaPorte et al., 2009); Truro Island and Elanor Lake 
(Melchin et al., 2013); Billegrav (Hammarlund et al., 2012); Dob’s Linn (Bond and Grasby, 2020); Cape Manning 
(Gorjan et al., 2012); Copenhagen Canyon (Kump et al., 1999). 
 
 

 
Figure S-3 Ocean redox condition in South China reconstructed by the Fe speciation data. The redox chemistry is 
also reported in Li et al. (2020). Results of Fe speciation for samples from which d66Znauth values are obtained. Fe 
speciation data (FeHR/FeT > 0.38 and FePy/FeHR > 0.7–0.8) show that most samples were deposited under a euxinic water 
column. 
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Figure S-4 Cross plots of d66Znauth against (a) Mn/Al, (b) Ca/Al and (c) Fe/Al ratios for the YH-1 shaly succession. 
 
 

Figure S-5 (a) Samples from the YH-1 shaly succession are plotted within the open-marine trend with normal-
marine condition (base figure from Algeo and Tribovillard, 2009). (b) Cross plot of d66Znauth against Mo/TOC ratios for 
the YH-1 shaly succession, indicating the lack of correlation between d66Znauth and Mo/TOC ratios (Algeo and Lyons, 
2006). 
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Figure S-6 Cross plots of d66Znauth against (a) TOC and (b) [Ba]bio for the YH-1 shaly succession. 
 
 

Figure S-7 Cross plots of d66Zn against (a) Mn/Sr and Mg/Ca and (b) Zn/Ca ratios for the Wanhe carbonate 
succession. The lack of correlation of d66Zn with these ratios indicates negligible influence of contamination during 
sample leaching or diagenetic conditions on the observed d66Zn trends. 
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