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Abstract

Several Late Devonian sedimentary successions host pyrite with highly positive sulfur isotope values (d34Spyrite). These
anomalous values have been linked to marine anoxia, low sulfate concentrations in seawater, or aerobic re-oxidation of dis-
solved sulfide within well-oxygenated bottom waters in a local depositional environment. Implicit to these previous models is
the assumption of a biogenic genesis from microbial sulfate reduction (MSR) of these pyrites, which, in turn, can be used to
understand the biogeochemical sulfur cycle and reconstruct paleoenvironmental conditions. In South China, the Late-
Devonian bulk-rock sulfur isotope excursion occurs in the lower Fammenian Wuzhishan Formation of the Youjiang Basin,
in both the sedimentary limestone that corresponds to the Late triangularis conodont zone at the Fuhe section and the
sediment-hosted Xialei Mn deposit that lies between the Late triangularis and crepida conodont zones. To further constrain
the significance of these 34S-enriched pyrites, we carried out detailed textural and in-situ sulfur isotope examinations of pyrites
in the Xialei Mn deposit. We found one type of pyrite in siliceous limestone referred to as the host rocks and three distinct
pyrite types in Mn ores: Type I – pyrites with Mn-carbonate inclusion-rich cores; Type II – pyrite overgrowths surrounding an
‘‘inclusion-rich” core; and Type III – relatively inclusion-poor and mainly subhedral disseminated pyrite grains. Type I pyrites
in Mn ores have negative d34Spyrite values from �7.8‰ to �2.0‰. Types II and III pyrites, and pyrites in the host rock are
characterized by highly positive d34Spyrite values (+4.2‰ to +37.6‰), with some values being higher than that of contempo-
raneous seawater sulfate. Type I pyrites with negative d34S values likely formed via MSR in a closed porewater system, driven
by increased sedimentation rates during a sea level lowstand. The other pyrites with highly positive d34S values appear to have
formed during secondary hydrothermal alteration, with their sulfur sourced through thermochemical sulfate reduction (TSR)
of sulfate from dissolved barites in the underlying Liujiang Formation. This implies that the positive d34S values of the Late
Devonian pyrites from the Wuzhishan Formation represent a later alteration event caused by post-depositional hydrothermal
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fluids, and may lack a direct biogeochemical connection to the surface sulfur cycle. These results provide an important per-
spective on the origin of variability in sulfur isotope records and suggest the need for careful petrographic screening and
micrometer-scale analysis of sedimentary units used to reconstruct paleoenvironmental conditions.
� 2020 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

The global biogeochemical sulfur cycle plays an impor-
tant role in regulating Earth’s surface redox state and cli-
mate via various microbial metabolic processes (e.g.,
microbial sulfate reduction – MSR, disproportionation,
and sulfide oxidation) (Berner, 1989; Berner and Raiswell,
1983; Canfield, 2001a; Fike et al., 2015; Garrels and
Lerman, 1981; Holland, 1973). Our understanding of the
temporal evolution of the sulfur cycle is primarily based
on inferences from the stable isotopic compositions of
sulfur-bearing phases preserved in sedimentary strata,
including sulfate (e.g., gypsum, barium) and sulfide (e.g.,
pyrite) minerals (Canfield and Teske, 1996; Fike et al.,
2006; Fike and Grotzinger, 2008; Fike et al., 2015; Gill
et al., 2007; Hurtgen et al., 2009, Jones and Fike, 2013).
In particular, pyrite is a common mineral in sedimentary
rocks through time, and thus serves as an ideal target for
the study of the sulfur cycle over Earth’s history (e.g., Cui
et al., 2018; Gomes et al., 2018; Pasquier et al., 2017;
Rose et al., 2019).

In marine strata, pyrite production is often attributed to
microbial sulfate reduction (MSR) based on the strong
34S depletion, i.e., very negative sulfur isotope values
(d34Spyrite) found in most sedimentary pyrites – a result of
the kinetic isotopic effect associated with MSR in which
32S is preferentially incorporated into the pyrite product
(e.g., Böttcher, 2011; Canfield, 2001a,b, 2004; Canfield
and Farquhar, 2012; Ohmoto and Goldhaber, 1997; Sim
et al., 2011a). Sulfur isotope fractionation between
dissolve sulfate and MSR-produced sulfide
(D34Ssulfate-sulfide = d34Ssulfate � d34Ssulfide; Jørgensen et al.,
1992) can be higher than +40‰, and even up to +66‰,
as previously observed in laboratory experiments
(Canfield, 2001b; Canfield et al., 2010; Eldridge et al.,
2016; Leavitt et al., 2013; Sim et al., 2011a). Larger D34S-

sulfate-pyrite values of up to +72‰ are related to bacterial sul-
fur disproportionation (Canfield, 2001a; Canfield and
Teske, 1996; Fike et al., 2006; Johnston et al., 2005).

In addition to the common occurrence of negative
d34Spyrite values, positive d34Spyrite excursions resulted from
a decrease in D34Ssulfate-sulfide can also be observed in the
geologic record (e.g., Fike et al., 2015; Richardson et al.,
2019a; Rose et al., 2019). The magnitude of
D34Ssulfate-sulfide during MSR is modulated by strain-
specific factors (Bradley et al., 2016; Fike et al., 2015), intra-
cellular metabolite levels (Wing and Halevy, 2014), the cell-
specific sulfate reduction rates related with organic carbon
loading (Gomes and Hurtgen, 2015; Leavitt et al., 2013;
Sim et al., 2011b), and, most significantly, the dissolved sul-
fate concentration (e.g., Algeo et al., 2015; Crowe et al.,
2014; Habicht et al., 2002). Traditionally, these positive
d34Spyrite excursions have been explained by perturbations
to the global sulfur cycle, e.g., increased pyrite burial flux
associated with reducing marine conditions (Canfield,
2004, Fike and Grotzinger, 2008) or decreased ocean sulfate
concentrations (Li et al., 2012; Newton et al., 2011).
However, substantial spatial and stratigraphic variability
in d34Spyrite excursions suggests that these could also be
explained simply by local changes in the depositional envi-
ronment, i.e., not a global phenomenon (e.g., Fike et al.,
2015). A number of recent studies have shown that the
enhanced sedimentation rates could decrease the openness
of the diagenetic system where pyrite commonly precipi-
tates: in closed porewater systems (e.g., Pasquier et al.,
2017; Richardson et al., 2019a). During this process, sulfate
diffusion rates from the overlying water column to the pore-
water are too low to keep up with sulfate consumption by
MSR and, as sulfate is depleted, the d34S of porewater sul-
fate increase, resulting in a parallel increase in d34Spyrite and
decrease in D34Ssulfate-sulfide results (Kohn et al., 1998;
McLoughlin et al., 2012; Wacey et al., 2015). Such may
have occurred during sea level lowstands in local strati-
graphic sections (Bryant et al., 2019; Pasquier et al., 2017;
Richardson et al., 2019a; Rose et al., 2019), potentially as
well as resulting in increased pyrite oxidation rates during
early sediment diagenesis (Fry et al., 1988).

Nevertheless, all of the models above assume a biogeo-
chemical origin related to MSR, but abiotic processes
may also induce positive d34Spyrite signals. One such process
is thermochemical sulfate reduction (TSR) – the reduction
of sulfate by organic matter during hydrothermal heating
(>110 �C) in late- or post-burial diagenesis (e.g.,
Goldstein and Aizenshtat, 1994; Jiang et al., 2015, 2018;
Kiyosu and Krouse, 1990; Machel, 2001; Machel et al.,
1995; Worden et al., 1995). The D34Ssulfate-pyrite induced
by TSR has a fist-order dependence on temperature
(Kiyosu, 1980; Kiyosu and Krouse, 1990): at >200 �C,
D34Ssulfate-pyrite is �25‰ (Ohmoto and Goldhaber, 1997)
while at <200 �C, D34Ssulfate-pyrite has been reported between
�40‰ (Friedman and O’Neil, 1977; Oduro et al., 2011) to
�30‰ (Ohmoto and Lasaga, 1982; Ohmoto and
Goldhaber, 1997; Seal, 2006). However, sulfate concentra-
tion also controls D34Ssulfate-pyrite during TSR (Meshoulam
et al., 2016): low sulfate leads to quantitative sulfur isotope
fractionation during TSR, resulting in 34S-enriched pyrite
with d34S values close to that of the sulfate source
(Machel, 2001; Machel et al., 1995; Powell and
Macqueen, 1984). TSR has been proposed as an alternative
explanation for some Neoproterozoic ‘‘superheavy pyrites”
(i.e., d34Spyrite > d34Ssulfate, Ries et al., 2009) from the
Datangpo Formation, South China (Cui et al., 2018), and
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is also widely reported from hydrocarbon reservoirs, ore
deposits and geological records of the early Earth (e.g.,
Brueckner et al., 2014; Jiang et al., 2018; Johnson et al.,
2013; King et al., 2014; Qiu et al., 2018). In light of these
recent developments, some positive d34Spyrite records might
indeed lack a direct biogeochemical connection to the sur-
face sulfur cycle and, as such, may not be as valuable a
proxy for reconstructing paleoenvironmental conditions
as previously thought. A further complication is that differ-
ent abiotic and microbial processes can result in remarkable
pyrite zonation or heterogeneity on single-grain scales.
Therefore, careful petrographic and high-resolution geo-
chemical examinations (e.g., in-situ isotopic analysis) are
needed to investigate positive d34Spyrite signals in geological
records.

The Late Devonian marks a critical period characterized
by the Frasnian (382.7–372.2 Ma) – Famennian
Fig. 1. (a) Estimates of Phanerozoic seawater sulfate concentrations bas
Fike et al., 2015). (b) The sulfur isotope record of Phanerozoic sedimenta
et al., 2015). The shaded area indicates the envelope of observed sulf
(D34Ssulfate-pyrite). (c) The sulfur isotope record of pyrite and carbonate-
rocks from the Granite Mountains, USA (Sim et al., 2015); Jasper, Cana
et al., 1996); Fuhe, China (Chen et al., 2013); and Kowala, Poland (C
characterized by a strikingly positive excursion in pyrite sulfur isotope r
Some pyrites from that time display extremely positive d34S values, even h
d34Spyrite > d34Ssulfate; d

34Ssulfate = �+23‰; gray dashed line), as reconst
2004).
(372.2–358.9 Ma) biotic crisis; from herein referred to as
the F-F biotic crisis (Huang et al., 2018; Ma et al., 2016),
a transformation in ocean redox conditions (Geldsetzer
et al., 1987; Joachimski et al., 2001; Wang et al., 1996)
and relatively low seawater sulfate concentrations (based
on the gypsum evaporite record; Fig. 1a; Horita et al.,
2002; Lowenstein et al., 2003). A remarkable feature of
the Late Devonian chemostratigraphy is a striking positive
d34Spyrite excursion (Fig. 1b). This excursion, obtained from
bulk-rock analyses, has been reported from multiple sec-
tions around the world even though the timing, duration,
and magnitude are slightly variable between locations
(Fig. 1c). These positive d34Spyrite signals have been com-
monly interpreted to record the signature of syndeposi-
tional MSR and have thus been used for local and/or
global paleoenvironmental reconstructions (e.g., Chen
et al., 2013; Sim et al., 2015; Wang et al., 1996). However,
ed on fluid inclusion data from marine evaporates (modified from
ry pyrite (blue circles) and sulfates (red circles; modified from Fike
ur isotope fractionations between sedimentary sulfate and pyrite
associated sulfate (CAS) in Late Devonian sedimentary carbonate
da (Geldsetzer et al., 1987; Goodfellow and Jonasson, 1984; Wang
hen et al., 2013; Joachimski et al., 2001). The Late Devonian is
atios, which are variable in their timing, duration, and magnitude.
igher than that of the inferred Late Devonian seawater sulfate (i.e.,
ructed from CAS in the calcite lattice (Kampschulte and Strauss,



Fig. 2. (a) Geodynamic models of Late Devonian Mn mineralization in the southwestern South China Block (SCB) in the context of Paleo-
Tethys evolution. Red rectangle indicates the location of the studied region (modified from Chen et al., 2018). (b) Simplified geological map
showing the distribution of Late Devonian sedimentary Mn deposits in the southwestern SCB (Chen et al., 2018). Gray area indicates the
Youjiang Basin; purple circle indicates the location of the studied Xialei mine in Daxin County, Guangxi Province; and red polygon indicates
the lower Famennian Fuhe section that was found to contain 34S-enriched pyrite (Chen et al., 2013). (c) Late Devonian palaeogeography of
the southwestern SCB. The lithological associations in the depositional facies are explained as follows. Open platform: limestone, marlstone
and packstone; restricted platform: marlstone-dolomite, dolomite and limestone; isolated platform: biogenic-bioherm limestone and dolomite;
bathyal-deep sea facies: chert, deep-sea chert and mudstone; and basin facies (B): argillaceous limestone, chert, shale and limestone. Revised
from BGMRG (Bureau of Geology and Mineral Resources of Guangxi Zhuang Autonomous Region) (1985); Chen et al. (2018). (d)
Geological sketch map of the Xialei Mn deposit (revised from Zeng and Liu, 1999), inset shows the immediate geographical location within
Guangxi province. (e) Stratigraphy of the Xialei Mn deposit among the Late Devonian strata, Youjiang Basin. Black dots on the stratigraphic
column indicate sample locations. Lithology and conodont zones adapted from Huang et al. (2018); Li (2007); Ma et al. (2016); Song et al.
(2018) and Zeng and Liu (1999). Bulk-rock sulfur isotope values of pyrite and carbonate-associated sulfate (CAS), and related D34SCAS-pyrite

data from the Fuhe section of the Youjiang Basin are from Chen et al. (2013), and bulk-rock sulfur isotope values of pyrite in the Xialei Mn
deposit, Youjiang Basin are from Qin et al. (2010). There are some anomalously positive d34Spyrite values, many of which are higher than the
contemporaneous seawater d34Ssulfate values (gray dashed line). (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)
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the previous studies have all relied on traditional bulk-rock
analysis so that values reported may average over pyrites
generated from a broad spectrum of processes from synde-
positional to postdepositional.

The Wuzhishan Formation in South China provides an
ideal location to revisit the genesis of these pyrites. The
Wuzhishan Formation is upper Frasnian to Famennian in
age and mainly contains banded lenticular limestone with
a sediment-hosted Mn deposit between the Late triangularis
and crepida conodont zones of the lower Famennian (e.g.,
the Xialei deposits; Fig. 2e; Huang et al., 2018; Li, 2007;
Ma et al., 2016; Song et al., 2018). Chen et al. (2013) doc-
umented a positive excursion in bulk-rock d34Spyrite coupled
with a negative effective isotope fractionation between pyr-
ite and coexisting carbonate-associated sulfate CAS
(D34SCAS-pyrite = d34SCAS – d34Spyrite) in the Late triangu-

laris conodont zone of the Fuhe Mn deposit (Fig. 2e),
whereas Qin et al. (2010) and Zeng and Liu (1999) found
d34Spyrite values approaching or exceeding that of coeval
seawater (d34Ssulfate = �+23‰; reconstructed from CAS
in the calcite lattice; Kampschulte and Strauss, 2004) in
the correlative Xialei Mn deposit, Daxin location. Aiming
to unravel the genetic mechanism of these Late-Devonian
positive d34Spyrite signals in South China, and to further
explore its relationship to both the local and global sulfur
cycles, here we carried out detailed petrographic observa-
tions using scanning electron microscopy (SEM) and in-
situ micrometer-scale d34Spyrite analysis via multi-collector
inductively coupled plasma mass spectrometry (MC-ICP-
MS) on the pyrite samples from the Xialei Mn deposit.

2. GEOLOGICAL SETTING

2.1. Regional geology and palaeogeography

The evolution of the Palaeo-Tethys Ocean played an
important role in Paleozoic tectono-metallogenesis in
Southeast Asia, where several crustal blocks were amalga-
mated during the closure of this paleo-ocean (Fig. 2a;
Deng and Wang, 2016; Metcalfe, 2006). The South China
Block (SCB) was separated by the Jinshajiang, Ailaoshan,
and Songma sutures from other Palaeo-Tethyan blocks,
including the Indochina, Eastern Qiangtang, and Western
Qiangtang blocks. The Youjiang Basin covers most of the
southwestern SCB and extends from southwestern China
to northeastern Vietnam (Fig. 2b; Yang et al., 2012). In
addition to a significant amount of endogenic metallogene-
sis, there are several economically significant Late Devo-
nian sedimentary Mn deposits in the Youjiang Basin,
including the Xialei Mn deposit. The formation of these
Mn deposits has been proposed to reflect an initial response
to the opening of the Palaeo-Tethys Ocean (Chen et al.,
2018).

The paleogeographic reconstruction and description of
sedimentary facies has been detailed in previous studies
(Chen et al., 1994; Chen et al., 2018; Chen and Shi, 2006;
Du et al., 2013; Ma et al., 2016). Deep water sediments,
such as a radiolarian chert, indicate that the Youjiang Basin
was a rift environment in the Early to Middle Devonian
(Chen et al., 2018; Chen and Shi, 2006), and that a
large-scale regression occurred in the Late Devonian (Du
et al., 2013; Ma et al., 2016; Zeng et al., 1993). Evidence
of Devonian volcanism recorded in the SCB is linked to
syndepositional intraplate rifting (Du et al., 2013). In the
Late Devonian, the Youjiang Basin was dominated by iso-
lated carbonate platforms scattered across a wide basin
(Fig. 2c; Huang et al., 2018; Ma et al., 2009; Song et al.,
2018). These isolated platforms consist of both limestone
and dolostone and contain abundant bioherms (Chen
et al., 2013; Ma et al., 2009). The remainder of the basin
was filled with argillaceous limestone, chert and shale.
The latter may represent a true deep sea (>1 km) deposi-
tional environment (Chen et al., 2018). Manganese ore
deposits occur along the margins of the basin and are
mainly located along the transitional zones between uplift
and local depressions in the Youjiang Basin.

2.2. Deposit description

The Late Devonian rocks of the Youjiang Basin,
exposed in southwestern Guangxi Province, are Mn-rich
on a regional scale (Fig. 2d). Rocks exposed in the Xialei
Mn deposit have been divided into the Liujiang and the
overlying Wuzhishan formations, which are Frasnian
(382.7–372.2 Ma) to Famennian (372.2–358.9 Ma) in age
(Fig. 2e; Huang et al., 2018; Ma et al., 2009; Qin et al.,
2010; Song et al., 2018; Zeng and Liu, 1999). The boundary
between the Wuzhishan Formation and the Liujiang For-
mation is located at the base of the Upper rhenana con-
odont zone, corresponding to the upper Frasnian (Fig. 2e;
Huang et al., 2018; Song et al., 2018). The underlying Liu-
jiang Formation varies between 47 and 234 m in thickness
and consists mainly of chert intercalated with micritic lime-
stone (Huang et al., 2018; Song et al., 2018; Zeng and Liu,
1999). The Wuzhishan Formation has been further divided
into four members by Cong et al. (2018), and is character-
ized by banded lenticular limestones intercalated with cal-
careous mudstone and argillaceous limestone (Chen et al.,
2018; Qin et al., 2010; Zeng and Liu, 1999).

The Xialei Mn deposits are hosted in the second member
of the Wuzhishan Formation. The anomalous Mn enrich-
ment in the Late Devonian strata of the Youjing Basin
(Ma et al., 2016) and the presence of the conodont
Palmatolepis min. minuta in the Xialei Mn deposit (Li,
2007) indicate that the Xialei Mn deposit is hosted in strata
that span the Late triangularis through crepida conodont
zones, indicating a lower Famennian age (Fig. 2e). This cor-
relates with the positive d34Spyrite excursion and negative
D34SCAS-pyrite constrained in the Late triangularis conodont
zone within the Fuhe region of the Late Devonian Youjiang
Basin (Fig. 2e; Chen et al., 2013). The ore-bearing section is
�20 m thick and composed of three distinct horizons sepa-
rated by layers of chert and siliceous limestone. The mineral
assemblage of the Mn ores is dominated by early diagenetic
Mn(II)-carbonates, with minor Mn(II)-silicates. Magnetite
and pyrite have also been documented within the ores.
The ores have a microcrystalline texture and occur as thin,
parallel or wavy beds and laminae, which are cross-cut by
later stage high-temperature rhodonite veins (e.g., Zeng
and Liu, 1999). Laminated textures reflect syndepositional
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processes, while the cross-cutting veins indicate the exis-
tence of secondary hydrothermal fluids which partially
altered the earlier Mn-carbonate to rhodonite.

3. SAMPLES AND METHODS

3.1. Sample description

A total of ten samples were collected from the Xialei Mn
ore mining district (22�5402900N, 106�4202400E), Daxin
County, Guangxi Province, South China. The Xialei mine
is the largest known Mn ore reserve in China. Two samples,
XL-12 and XL-15, are from the underlying siliceous lime-
stone at the foot of the Mn ores and are referred to as
the host rocks hereafter. Three samples (XL-24, XL-30,
and XL-32) are from the first ore horizon, three (XL-40,
XL-57, and XL-63) from the second horizon, and two
(XL-76 and XL-112) from the third horizon (Fig. 2e). Indi-
vidual pyrite grains were imaged by optical and scanning
electron microscopy (SEM) at the State Key Laboratory
of Geological Processes and Mineral Resources (GPMR),
China University of Geosciences (Wuhan). Backscattered
electron microscopy (BSE) images of carbon-coated sam-
ples were acquired with a field emission scanning electron
microscope (FESEM), JEOL JXA-8100, and a JSM-35CF
high definition backscatter electron detector (HDBSD),
respectively.

3.2. EPMA analysis

Mineral compositions were determined at the GPMR
lab, China University of Geosciences (Wuhan), on a JEOL
JXA-8100 Electron Probe Micro-Analyzer (EPMA)
equipped with four wavelength-dispersive spectrometers
(WDS). Samples were coated with a thin conductive carbon
film prior to analysis. The methods of Zhang and Yang
(2016) were used to minimize the difference in carbon film
thickness between samples and obtain a �20 nm uniform
coating. During the analysis, an accelerating voltage of
15 kV, a beam current of 20 nA, and a 1 mm spot size were
used. Data were corrected on-line using a modified ZAF
(atomic number, absorption, fluorescence) correction pro-
cedure. The peak counting time was 10 s for Na, Mg, Al,
Si, K, Ca, Fe and 20 s for Ti and Mn. The background
counting time was one-half of the peak counting time on
the high- and low-energy background positions. Standards
used included sanidine (for K), pyrope garnet (for Fe and
Al), diopsode (for Ca and Mg), jadeite (for Na), rhodonite
(for Mn), olivine (for Si), and rutile (for Ti). The EMPA
was also used to map specific elements within the complex
matrices of samples, complementing the sedimentological
relationships observed microscopically. During the analy-
sis, an accelerating voltage of 15 kV, a beam current of
50 nA, and a 1 mm spot size were used, along with a dwell
time of 60 ms.

3.3. In-situ sulfur isotope analysis

Sulfur isotope analysis was carried out on sulfides from
standard polished sections using a Nu Plasma II
multi-collector inductively coupled plasma mass spectrom-
eter (MC-ICP-MS) system, equipped with a
RESOlution S-155 193 nm ArF excimer laser ablation sys-
tem at the GPMR lab, China University of Geosciences
(Wuhan). During the experiment, the diameter of the laser
spot was 33 lm with a laser repetition rate of 10 Hz, and
the ablation process was set to last for 40 s. Standard-
sample bracketing (SSB) was used to determine the d34S
(d34S = (34S/32S)sample/(

34S/32S)VCDT � 1) values of the
samples throughout the MC-ICP-MS analytical sessions.
An international sphalerite standard NBS-123 (d34-
SVCDT = +17.1‰) and an in-house pyrite standard named
WS-1, a natural pyrite crystal from the Wenshan poly-
metallic skarn deposit in Yunnan Province in South China,
were used to calibrate the mass bias for sulfur isotopes. The
d34SVCDT values (+1.1‰ ± 0.2‰) of WS-1 were determined
by secondary ion mass spectrometry (SIMS) at the Chinese
Academy of Geochemistry, Guangzhou (Zhu et al., 2016).
The sulfur isotopic ratios of samples were corrected for
instrumental mass bias based on linear interpolation
between two neighboring standards. The 2r analytical
error is estimated to be ±0.3‰.

4. RESULTS

4.1. Petrographic characterization of pyrite and paragenetic

minerals

The host rocks of the Xialei Mn-containing ores
(e.g., samples XL-12 and XL-15) contain pyrites character-
ized by relatively poor inclusions and euhedral-subhedral
habits (Fig. 3a–d), with carbonate as the main mineral in
the matrix. Recrystallized carbonate occurs along the rims
of the subhedral pyrites in sample XL-12 (Fig. 3a and b).
Voluminous magnetite grains containing carbonate inclu-
sions surround the pyrites in sample XL-15 (Fig. 3d).

In the Xialei Mn-containing ores, the main matrix
components that contain Mn are Mn(II)-carbonate and
Mn(II)-silicate. Magnetite grains (Table 1) are found in
some samples, generally as two distinct textures, including
banded (Fig. 3e) and disseminated grains (Fig. 3f). Addi-
tionally, magnetite may have a lacy (Figs. 4c, j, l, 5e, 6g),
grainy (Fig. 4e, g, h) or residual (Fig. 4k) texture. Lacy
magnetite cements are observed to have surrounded the
pyrite grains, while a residual texture is characteristic of
pyrites that replace and inherit the crystal habit of a precur-
sor magnetite. Both types of magnetite contain Mn(II)-
carbonate inclusions (e.g., Fig. 4e, k). Based on the parage-
netic relationship between the Mn minerals and magnetite,
pyrite phases in the Xialei Mn ores can be broadly divided
into three types: (Type I) inclusion-rich pyrite, (Type II)
overgrowth pyrite, and (Type III) inclusion-poor, mainly
subhedral pyrite grains. All three types are described in
detail below for each sample.

In samples XL-24 and XL-30, all three types of pyrite
are present (Fig. 4). Type I pyrites show disseminated tex-
tures and are subhedral to anhedral in habit (Fig. 4g–i).
These pyrites also contain Mn(II)-carbonates as inclusions
(Fig. 4a–d, f) and are surrounded by Type II pyrites
(Fig. 4a–d, f–g). There also appears to be a mutually



Fig. 3. (a–d) Optical micrographs of the siliceous limestone (host rock) samples XL-12 (a, b) and XL-15 (c, d). The matrix is carbonate. Laser
ablation scars where in-situ d34Spyrite measurements were made are shown as white circles with numbers. d34Spyrite values are positive and
homogeneous within each sample. Euhedral pyrites are surrounded by recrystallized carbonate (a and b; yellow dashed lines). Subhedral
pyrites are surrounded by magnetite (d). (e–f) Backscattered electron (BSE) micrographs of magnetite in the Xialei Mn deposit. They include
banded magnetite (e) and disseminated magnetite grains locally containing Mn-carbonate inclusions (f). The matrix is mainly Mn-carbonate.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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replaceable relationship between Type I pyrite and grainy
magnetite (Fig. 4e, g–i). In contrast, Type II pyrites gener-
ally display an overgrowth habit and only rarely contain
Mn(II)-carbonate inclusions (Fig. 4a–d, f–g). Type III pyr-
ites are distinguished from Type I in having less amounts of
inclusions and from Type II in occurring in a disseminated
manner. In samples XL-24 and XL-30, they are largely
devoid of Mn(II)-carbonate inclusions, and appear to
inherit the crystal habit of a precursor magnetite (Fig. 4k)
or be surrounded by lacy magnetite (Fig. 4c, j, l). Notice-
ably, recrystallized Mn(II)-carbonates are observed along
the rims of both Type II (Fig. 4c, f) and Type III pyrite
(Fig. 4j–l), and also separate the Type III pyrites from the
lacy and residual magnetite (Fig. 4j–l). Furthermore, Elec-
tron probe micro-analysis (EPMA) maps of relative O, S,
and Fe content (Fig. 5b–d, f–h) further show the similarity
between Type III pyrites (inclusion-poor pyrite) and
magnetite.
In sample XL-32, only one type of pyrite is observed –
Type III (Fig. 6a–c). Although the grains contain relatively
abundant Mn(II)-carbonate inclusions, the total amount is
less than that seen in the Type I pyrites observed in samples
XL-24 and XL-30. The affinity of the grains to Type III is
further evident based on the following four characteristics.
First, the pyrite grains in sample XL-32 are subhedral to
euhedral in shape, and unlike Type I pyrite in samples
XL-24 and 30 (Fig. 4e, g–h), there is no indication of corro-
sion or dissolution along the edges. Second, no Type II pyr-
ite appears to have overgrown these grains. Third,
recrystallized Mn(II)-carbonate occurs along the rim of
these pyrites (Fig. 6b). Finally, some ZnS minerals occur
along the rims or as inclusions in these pyrite grains
(Fig. 6b and c), which is similar to Type III pyrite in several
other samples described below.

In samples XL-40, -57, -63, -76 and -112, no Type I pyr-
ite was observed. Type III pyrite occurs only as



Fig. 4. BSE (a–f, j–l) and optical (g–i) micrographs showing laser ablation scars of in-situ d34Spyrite measurements (white circles with numbers)
of Mn ore samples XL-24 (a, e, g-k) and XL-30 (b-d, f, l). The matrix is Mn-carbonate and Mn-silicate. Magnetite (Fe3O4) occurs with lacy (c,
j, l), grainy (e, g, h), and residual (k) textures; all contain Mn-carbonate inclusions. Inclusion (abbreviated as incl.)-rich pyrites and magnetite
grains appear in a mutually replaceable relationship (e, g–i). Inclusion-rich pyrite also contains Mn-carbonates as inclusions (a–d, f) and is
surrounded by overgrowth pyrites (a–d, f–g). The inclusion-poor pyrite grains are surrounded by lacy magnetite (c, j, l) and inherited the
crystal habit of magnetite grains (k). Noticeably, recrystallized Mn-carbonate rims (yellow dashed lines) separate the inclusion-poor pyrite
from the magnetite (j–l). Red dashed lines are the boundary between inclusion-rich and overgrowth pyrite (a–g). The overgrowth pyrites are
also surrounded by the recrystallized Mn-carbonate rims (yellow dashed lines) (c, f). d34Spyrite values of inclusion-rich pyrites are low, even
negative (a–g), and gradually increase from the core to the edges (black arrows, i), while overgrowth pyrites and inclusion-poor pyrites display
higher, positive, and more uniform values (a–d, f–g, j–l). Scale bars represent 100 lm. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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disseminated, subhedral to euhedral grains, and is generally
less inclusion-rich than in sample XL-32 (Fig. 6d–o).
Recrystallized Mn(II)-carbonate rims commonly surround
these pyrite grains (Fig. 6b, j), and ZnS minerals are present
as inclusions inside several pyrite grains in samples XL-57
and XL-112 (Fig. 6g–i, n). Lacy magnetite grains may also
be present around the pyrite grain (Fig. 6g). In addition,
‘‘flower-shaped” pyrite is noted to occur in sample XL-76
(Fig. 6l).

4.2. Sulfur isotope compositions

The sulfur isotope data for the pyrite standard WS-1
and each type of pyrite identified above are provided in



Fig. 5. BSE micrographs of Mn ore sample XL-24 (a) and XL-30 (e) showing the replaceable relationship between inclusion (abbreviated as
incl.)-poor pyrite and magnetite. Electron probe micro- analysis (EPMA) maps show relative O, S, and Fe content, respectively (b–d, f–h).
Scale bars represent 100 lm.
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Table 2 and Fig. 7. In host rock samples XL-12 and XL-15,
the d34S values are relatively homogeneous, from +18.1‰
to +20.0‰ and +26.5‰ to +28.1‰, respectively. In Sam-
ple XL-24 and XL-30, which contain all three types of pyr-
ites, a bimodal distribution of d34Spyrite values was
observed. Type I (inclusion-rich) pyrites are characterized
by a narrow range of negative d34Spyrite values from
�7.3‰ to �2.0‰. In contrast, both Type II and Type III
pyrites show positive d34S values that are relatively homo-
geneous within a sample but vary in a large extent between
samples. Across samples XL-32, -40, -76 and -112, Type III
pyrites have a d34S range from +4.2‰ to +37.6‰. Notably,
micrometer-scale d34Spyrite analysis reveals small in-grain
variations: in particular, a consistently decreasing trend
from the core to the edges of individual pyrite grains in
Sample XL-40 (Fig. 6d–f). The d34S values of Type III pyr-
ites increase to �+17‰ (Fig. 6h–i), similar to the values
(�+18‰) of the paragenetic ZnS mineral in sample XL-
57 (Fig. 6i), and even reach values as high as �+37.6‰ in
sample XL-63 (Fig. 6j).



Fig. 6. Backscattered electron (BSE) micrographs showing laser ablation scars of in-situ d34Spyrite measurements (white circles with numbers)
of Mn ore samples XL-32 (a–c), XL-40 (d–f), XL-57 (g–i), XL-63 (j), XL-76 (k–m), and XL-112 (n–o). The matrix is Mn-carbonate and Mn-
silicate. Subhedral- euhedral inclusion (abbreviated as incl.)-poor pyrite grains contain some few Mn-carbonate (a, c) and ZnS inclusions (c,
g–i, n), and are surrounded by recrystallized Mn-carbonate rims (yellow dashed lines, b, j) and ZnS (b). Lacy magnetite surrounds the
euhedral inclusion-poor pyrite (g). An example of a flower pyrite is shown in panel (l). In sample XL-40, d34Spyrite data displays a decreasing
trend from the core to the edges of individual pyrite grains (black arrows, d–f). Sample XL-63 hosts extremely positive d34S ratios compared to
other samples and contemporaneous seawater d34Ssulfate (j). Scale bars represent 100 lm. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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Fig. 7. Violin plots (with box plot insets) and scattered data of the in-situ MC-ICP-MS d34S measurements in this study. Different textures
show distinct ranges of d34Spyrite. Right dashed line represents the Late Devonian seawater d34Ssulfate value (Kampschulte and Strauss, 2004).
Note the relatively large range of d34S data measured from XL-24 and XL-30; homogeneous d34S values measured from XL-12, -15, -32, -40,
-57, -63, -76 and -112; and remarkably positive d34Spyrite values measured from XL-15 and -63 that exceed contemporaneous Late Devonian
seawater. See the main text for detailed discussion of these patterns and their interpreted origins.
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5. DISCUSSION

5.1. Previous models for the Late Devonian positive d34Spyrite

excursions in South China

The Wuzhishan Formation in the Youjiang basin, South
China, exemplifies the need to consider local controls on the
Late Devonian d34Spyrite excursion. In particular, the Fuhe
section is characterized by a markedly higher magnitude in
d34Spyrite, up to +27‰, compared with the average global
values for the excursion (<+20‰; Fig. 1c), suggesting that
local depositional environments played an important role in
modulating its expression (Chen et al., 2013). To explain
these values, previous studies have leveraged basinal influ-
ences on MSR.

Based on a comparison between d34Spyrite and contem-
poraneous seawater d34Ssulfate (d34Ssulfate = �+23‰;
Kampschulte and Strauss, 2004), pyrites with a
positive d34Spyrite excursion in the Fuhe section are
divided into two types: (1) D34Ssulfate-pyrite > 0 and (2)
D34Ssulfate-pyrite < 0. In the first case, the positive d34Spyrite

excursion coupled with diminished D34Ssulfate-pyrite has been
attributed to a basinal drop in sulfate availability – experi-
mental studies suggest that lower sulfate concentrations
could cause smaller D34Ssulfate-sulfide and more positive
d34Spyrite values during MSR (Habicht et al., 2002). The
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restricted hydrography of the Youjiang Basin could have
limited the lateral water circulation with the already
sulfate-depleted Late Devonian Ocean. This could have fur-
ther intensified the intrabasinal sulfate depletion, so that
d34Spyrite evolved to near seawater d34Ssulfate values (Chen
et al., 2013). However, the contemporary seawater sulfate
concentrations, estimated from fluid inclusions in evapo-
rate, could have approached about 7 mM (Lowenstein
et al., 2003), less than that of the modern ocean (28 mM),
but still at least an order of magnitude higher than the
experimentally-determined threshold (<200 lM) for
depressed sulfur isotope fractionation during MSR
(Habicht et al., 2002; Habicht and Canfield, 2001; Horita
et al., 2002). In addition, a more recent study on Lake
Matano (Indonesia) suggests that large fractionations
(>20‰) persist at sulfate levels below 20 lM (Crowe
et al., 2014). Therefore, sulfate limition in the Youjiang
basin appears to be an insufficient explanation for the high
d34S values of the Late Devonian pyrites in South China.

The second case, the occurrence of negative
D34Ssulfate-pyrite values, is even more puzzling: during
MSR, d34Spyrite can approach, but cannot exceed, the coex-
isting d34Ssulfate signal even as the seawater sulphate concen-
tration declines substantially (Böttcher, 2011; Canfield,
2001a; Kaplan and Rafter, 1958; Kaplan and Rittenberg,
1964). However, abiotic sulfide oxidation, in which hydro-
gen sulfide or sulfide minerals produced through MSR are
converted to oxidized sulfur species (e.g., sulfate), could
explain these values. Laboratory experiments have shown
that the abiotic oxidation of H2S by O2 has a kinetic frac-
tionation of 4‰-5‰, resulting in an increase in d34S of
the residual H2S pool (Fry et al., 1988). This mechanism
would allow for the generation of d34Spyrite values enriched
relative to seawater sulfate (e.g., Ries et al., 2009). There-
fore, Chen et al. (2013) proposed that the negative
D34Ssulfate-pyrite was caused by intense aerobic reoxidation
of dissolved sulfide in low sulfate waters, which might be
driven by a coeval, rapid oxygenation event on the basin
floor. This process may have occurred during the sea level
lowstand in the local depositional environment caused by
the Gondwana glaciation (Isaacson et al., 2008). The poten-
tial for sea level changes to affect D34Ssulfate-pyrite in local
stratigraphic sections is supported by d34Spyrite values in
excess of seawater sulfate in modern shallow water environ-
ments and elsewhere that are associated with oxidative sed-
imentary reworking during early diagenesis (e.g., Aller
et al., 2010; Gao et al., 2013; Hints et al., 2014; Ries
et al., 2009; Rose et al., 2019). This inference is strength-
ened in the Fuhe section by a positive d34SCAS excursion
to values heavier than those anticipated for seawater sulfate
(Kampschulte and Strauss, 2004), and a transient decrease
in d34SCAS by �10‰. These abrupt isotope changes in
CAS could have resulted from the enhanced closed-
system conditions, likely associated with increased sedimen-
tation rate during sea level as discussed in the recent studies
of Richardson et al. (2019a,b). However, these previous
models are based on bulk d34Spyrite analyses and assume
that MSR is the dominant mechanism. A reappraisal lever-
aging in-situ analysis on individual grains will enable us to
determine whether the Late Devonian d34Spyrite excursion
reflects only sedimentary environmental perturbation or
whether late-diagenetic hydrothermal overprinting also
had a role to play.

5.2. Pyrite formation in the Xialei Mn deposit

5.2.1. Timing of formation from petrographic and mineral

relationships

The process of sediment-hosted Mn enrichment provides
a first-order constraint on the timing of pyrite formation. It
begins with the sourcing of dissolved Mn(II) from low tem-
perature hydrothermal systems and the precipitation of Mn
(IV)-oxides from the water column at the redoxcline during
the sedimentary stage. Early diagenetic reactions in the sed-
iment pile subsequently couple the oxidation of organic
matter to the reduction of primary Mn(IV)-oxides and the
precipitation of authigenic Mn(II)-carbonates (e.g.,
Johnson et al., 2016; Maynard, 2010). Crucially, the large
volume of Mn in such sediments provides a more suitable
terminal electron acceptor than dissolved sulfate
(Konhauser et al., 2007) and keeps the Eh at values too
high for sulfate reduction (Liu et al., 2006; Maynard,
2010). Hence, in the Xialei Mn deposit, pyrite formation
should have postdated the conversion of all Mn(IV)-oxide
to Mn(II)-carbonate, which means that pyrite should have
formed during early diagenesis or at a later stage. Petro-
graphic investigations corroborate this model (Figs. 3a–d,
4–6): while there is one type of pyrite in the host rocks
(Fig. 3a–d) and three different types in the Mn ores
(Figs. 4–6), all are present as large-grained, subhedral-
euhedral grains, the typical products of diagenesis or later
stage processes.

Further detail can be gleaned from petrographic rela-
tionships between magnetite and the different pyrite types.
The mutually replaceable relationship between Type I pyr-
ite and grainy magnetite (Fig. 4e, g–i) indicates that the for-
mation of magnetite and Type I pyrite was
contemporaneous. In our samples, magnetite grains contain
abundant Mn(II)-carbonate as inclusions (e.g., Figs. 3f,
4k), which indicate that the magnetite postdates Mn(II)-
carbonate formation. The same can be inferred based on
magnetite textures and EMPA data showing low concentra-
tions of Ti, V, Ca, and Al, all of it similar to magnetite in
banded iron formations (Table 1; Dupuis and Beaudoin,
2011), which are generally considered to have formed
through the diagenetic transformation of ferric oxide/hy-
droxide (Konhauser et al., 2017). The mutually replaceable
petrography implies that Type I pyrite must have similarly
formed in the diagenetic environment.

A likely origin for Type II and III pyrites then follows
based on textural relationships. Type II formed later than
Type I as indicated by a consistent petrographic relation-
ship between the two phases, where Type II is present as
an overgrowth (Fig. 4a–d, f–g). Type III pyrite appears to
stem from the reduction of magnetite, as some pyrite grains
are present as magnetite pseudomorphs (Fig. 4k, 5a–d),
which have inherited the crystal habit of magnetite and
are surrounded by lacy magnetite (Fig. 4j, l, 5e–h). Accord-
ingly, Type III pyrite formed later than magnetite and, by
extension, Type I pyrite. Likewise, the subhedral Type III
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pyrites in XL-32 contain carbonate as inclusions (Fig. 6a–c)
and thus seem to represent the products of diagenesis or
late stage alteration. Unfortunately, no direct petrographic
comparison can be used to distinguish the relative ages
between Type II and Type III pyrites. However, based on
the observation that magnetite and recrystallized
Mn(II)-carbonate bands occur along the rims of both types
of pyrites (Fig. 4c, f, j–l, 6b, j), and more importantly, the
consistency in d34Spyrite between these two types within indi-
vidual samples (Fig. 7), we suggest that Type II and Type
III pyrites are contemporaneous. Further, pyrites in the
host rock samples XL-12 and -15 have similar d34S values
to Type II and III pyrites in the Mn ores (Fig. 7), and are
similarly surrounded by recrystallized carbonate bands
(Fig. 3a and b) or magnetite (Fig. 3d), suggesting that these
pyrites are the same generation.

5.2.2. Genesis of Type I pyrites

Our in-situ sulfur isotope analysis on pyrite in the Xialei
Mn deposit reveals positive d34Spyrite values in the host rock
and distinct isotopic signatures between the two pyrite
generations in the Mn ores (Fig. 7), i.e., negative d34Spyrite

values for the first generation pyrite (Type I, i.e.,
inclusion-rich) and highly variable and overall positive
d34Spyrite values for the second generation (Type II and
III, i.e., overgrowth and inclusion-poor). Critically, this is
a very different picture from the uniformly high positive
d34Spyrite values observed from previous bulk-rock analyses
(Qin et al., 2010; Zeng and Liu, 1999). Several factors could
affect the sulfur isotopic composition of sulfide minerals,
including pH and oxygen fugacity (fO2) of the fluid, as well
as the d34S value of the H2S that sulfide minerals precipitate
from (e.g., Ferrini et al., 2010; Jørgensen et al., 1992;
Ohmoto, 1972, 1992). Since, within the stability field of pyr-
ite, not even significant changes in pH and fO2 would pro-
duce the large range in d34Spyrite values observed in the
Xialei Mn deposit (Ohmoto, 1972), the variability in the
d34S values likely stems from changes in the d34S value of
the solution from which the sulfide minerals precipitated.
The three common H2S sources include: (1) seawater sulfate
either in the water column or sediment porewaters that is
microbially reduced (MSR), with d34SH2S � �50 to +20‰
(Canfield, 2001a,b, 2004; Goodfellow and Peter, 1996;
Ohmoto, 1972, 1992; Ohmoto and Goldhaber, 1997;
Ohmoto and Rye, 1979; Shanks et al., 1995); (2) H2S lea-
ched from igneous footwall rocks and/or direct contribu-
tions from magmatic fluids with d34SH2S � �5 to +5‰
(averaging 0‰; Marini et al., 2011); and (3) thermochemi-
cally reduced preexisting sulfate minerals or seawater sul-
fate with an initial d34Ssulfate � +4 to +33‰ (Claypool
et al., 1980; Kampschulte and Strauss, 2004; Paytan and
Gray, 2012).

Amongst these three possibilities, H2S leached directly
from igneous rocks or fluids are unlikely, as the d34S values
of all our studied pyrites are inconsistent with typical near-
zero d34Ssulfide values of magmatic sulfur reservoirs (Marini
et al., 2011). MSR, on the other hand, is consistent with the
negative d34S values in Type I pyrites, ranging from �7.8‰
to �2.0‰ (Fig. 7), even though these values are more pos-
itive than the typical MSR products in open-system pore-
waters (��25‰; Bradley et al., 2016; Canfield, 2004;
Ohmoto and Goldhaber, 1997). In addition, some of the
samples studied here display pyrite grains with gradually
increasing d34Spyrite values along growth from the core
towards the edge (e.g., Fig. 4i). Both the modestly negative
d34S values and the core-to-rim trend can be attributed to
progressively more closed porewater systems leading to
increased d34Ssulfate and decreased D34Ssulfate-sulfide. The
result is a continuous increase in the d34S of any newly
formed pyrite, as predicted by a Rayleigh-type distillation
model (Drake et al., 2017; Ferrini et al., 2010; Fischer
et al., 2014; Gomes et al., 2018; Marin-Carbonne et al.,
2018; Williford et al., 2011). Relatively closed porewater
systems may have been the result of increased sedimenta-
tion rates during the sea level lowstand driven by the onset
of the contemporaneous Gondwana glaciation (Isaacson
et al., 2008). Hence, MSR in evolving, closed-system pore-
waters is a parsimonious explanation for Type I pyrites.

5.2.3. Genesis of second-generation pyrites

5.2.3.1. Microbial sulfate reduction?. In contrast to Type I
pyrite, the second generation of pyrites (Types II and III)
in the Xialei Mn ores, as well as pyrites in the host rock,
are characterized by highly positive d34Spyrite values, some
higher than that of contemporaneous sulfate (Fig. 7). While
late-stage sulfate-limited MSR in highly closed-system
porewaters may explain the increasing d34Spyrite values of
the second-generation pyrites, several lines of evidence sug-
gest otherwise. Firstly, the relationship of mineral textures
(see Section 5.2.1) is more compatible with two separate
mineralizing events for Type I and Type II pyrites (e.g.,
Fig. 4a–d). Secondly, the large span of sulfur isotope data
between Type I and Type II pyrites, as well as the small
intra-crystalline variation of d34S values in some Type III
pyrites (Fig. 6a–b, o) and host-rock pyrites (Fig. 3a–b),
does not conform to the continuously increasing
micrometer-scale d34S pattern related to Rayleigh fraction-
ation during MSR in a closed system. Thirdly, the decreas-
ing d34S trend from the core to the edge in some other Type
III pyrite grains (Fig. 6d–f) is opposite to that expected of
MSR. Finally, although Type III and host-rock pyrites with
d34Spyrite values exceeding d34Ssulfate (Fig. 3c–d, 6j) can be
explained though oxidative reworking of ambient H2S
(see Section 5.1), the conservation of Mn(II)-carbonate
requires anoxic conditions, precluding such oxidative pro-
cesses in these sediments. All together, previous models
based on MSR and pyrite re-oxidation are a poor fit for
the positive-d34S pyrites in the Xialei Mn deposit.

5.2.3.2. Thermochemical sulfate reduction. Accordingly, we
propose that the positive d34S pyrites in the Xialei Mn
deposit formed instead by TSR in sulfate-bearing
hydrothermal fluids. This interpretation is supported by
multiple lines of sedimentological and geochemical evidence
as listed below:

(i) Temperature data: The Xialei manganese deposit
hosts Mn-silicate minerals, including tephroite and
spessartine, with rhodonites cross-cutting the earlier
Mn(II)-carbonate laminations (Zeng and Liu,
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1999). These minerals were formed through late-stage
alteration and silicification of early diagenetic Mn-
carbonate during deeper burial diagenesis or meta-
morphism (e.g., Johnson et al., 2016; Zeng and Liu,
1999). The formation of tephroite and spessartine
requires relatively high temperatures of �250–300 �
C, whereas the formation temperature of rhodonite
exceeds 250 �C (Brusnitsyn, 2006; Brusnitsyn et al.,
2017). The occurrence of these high-temperature
minerals clearly indicates that the Xialei Mn deposit
experienced a later hydrothermal event.

(ii) Tectonic activity: The Xialei Mn metallogenic epi-
sode was a response to the initial opening stage of
the Palaeo-Tethys Ocean along the Gondwana mar-
gin (Chen et al., 2018; Deng and Wang, 2016), which
could have enhanced the development of faults and
hydrothermal activity. This is exemplified by the late
stage, high temperature rhodonite veins (Zeng and
Liu, 1999) that vertically crosscut the thin, wavy
Mn-carbonate laminae, reflecting the upward migra-
tion of secondary hydrothermal fluids. Intrusion of
an external sulfate-rich hydrothermal fluid could
facilitate the mineralization of these positive d34S
pyrites via TSR.

(iii) Pyrite petrography: In contrast with MSR that dom-
inantly occurs in the water column or early-
diagenesis porewater (Bowles et al., 2014; Jørgensen
and Kasten, 2006), TSR usually takes place relatively
late during deep burial diagenesis. The positive-d34S
pyrites post-dated the MSR-derived Type I pyrite
(see discussion in Section 5.2.1), which is consistent
with this sequence. In addition, both Type III and
host-rock pyrites are dominantly euhedral in shape.
These features are similar to those of the Dajiangping
SEDEX-Type pyrites from the Youjiang Basin in
South China, deposited during the Late Devonian,
that have been demonstrated to be of hydrothermal
origin (Qiu et al., 2018). Similar clean overgrowth
textures as seen in our Type II pyrites have also been
reported from ancient volcanogenic massive sulfide
(VMS) deposits (e.g., Brueckner et al., 2014; Ulrich
et al., 2011; Wagner et al., 2004), which are consid-
ered to have formed through TSR. Finally, recrystal-
lized (Mn-)carbonate aligned along the edges of Type
II, Type III, and host rock pyrites (Figs. 3a–b, 4c, j-l,
6b, j) has also been proposed to form during deeper
burial processes together with Mn-silicates (Johnson
et al., 2016).

(iv) Sulfur isotopes: The sulfur isotope signatures of the
Type II, Type III, and host-rock pyrites (and that
of the paragenetic ZnS; Fig. 6i) are distinct from that
of Type I pyrites (Fig. 7). In the host rock, d34Spyrite is
homogeneous within grains, with some values higher
than those of contemporaneous seawater (e.g., sam-
ple XL-15; Fig. 3c–d). In the Mn ores, our high-
resolution analyses indicate that most Type II and
Type III pyrite grains have relatively homogeneous
intra-grain isotopic compositions around + 13‰
(e.g., Figs. 4c–d, 6a–b). Others show more positive
values up to +18‰ (Fig. 6h–i) or even exceed the
d34S value of contemporaneous seawater sulfate
(Fig. 6j). In addition, some Type III pyrite grains
show variable intra-grain isotopic compositions with
d34Spyrite values decreasing from core to edge
(Fig. 6d–f). Lab experiments on the kinetic isotopic
fractionation during TSR have demonstrated that
as temperature decreases, D34Ssulfate-sulfide increases,
leading to a decrease in d34Spyrite (e.g., Kiyosu,
1980; Kiyosu and Krouse, 1990; Ohmoto and
Goldhaber, 1997). Accordingly, a gradient of
decreasing d34Spyrite values would be expected for
individual pyrite grains developed during TSR as
hydrothermal fluids progressively cooled (Cui et al.,
2018; Kiyosu and Krouse, 1990) – the observed iso-
topic patterns of these positive-d34S pyrites can be
satisfactorily explained by TSR.

5.2.4. Influence of metamorphism on sulfur isotope

composition?

Considering the presence of Mn(II)-silicate minerals,
and their probable origin as the product of contact meta-
morphism (e.g., Zeng and Liu, 1999), it is necessary to test
whether closed-system (i.e., without involvement of exter-
nal sulfate) recrystallization of Type I pyrites could explain
the sulfur isotope features observed in Type II and III pyr-
ites from the Mn ores. The effects of metamorphic recrystal-
lization on sulfur isotope composition have been
extensively discussed, particularly regarding their fractiona-
tion in VMS sulfides (Seal, 2006). However, Brueckner
et al. (2014), Cook and Hoefs (1997), Seccombe et al.
(1985), Ulrich et al. (2011) and Wagner et al. (2004) all sug-
gested that sulfur isotope equilibration caused by metamor-
phism is locally restricted and most sulfur isotope data can
still represent original d34S compositions. Furthermore,
Wagner and Boyce (2006) studied two types of pyrites: syn-
depositional pyrite and pyrite overgrowths in the Devonian
Hunsruck Slate from Germany, and suggested that meta-
morphic recrystallization did not result in a significant
modification of the primary sulfur isotopic composition
of these phases. Based solely on the petrographic features
of the samples studied here, the Type II and III pyrites
may have been produced by the recrystallization of Type
I pyrites; however, given the likelihood of the original
d34S to be preserved, the very different sulfur isotope values
of these pyrite generations suggest against such a recrystal-
lization pathway.

5.3. Sulfur source for the high d34S pyrites in the Xialei Mn

deposits

The positive d34S values of the secondary pyrites require
sulfate-rich hydrothermal fluids which could be derived
from the dissolution of preexisting sulfate minerals.
Potential sulfate sources for the Xialei Mn deposit are the
well-known Devonian stratiform barites and vein-hosting
Pb-Zn barites in the Youjiang Basin. The former is hosted
in the Liujiang Formation chert beds of Late Devonian age
and the latter are concentrated in the underlying Early to
Middle Devonian sediments (Chen and Gao, 1988). The
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sulfur isotope ratios of most of the stratiform barites are
concentrated around +30‰, despite a few higher values
(34.7‰, 37.5‰, and 41.9‰) also occurring. The sulfur iso-
tope composition of the underlying vein-hosting Pb-Zn bar-
ite ranges from +20‰ to +31‰ (averaging +25‰), and
corresponds better to that of the Late Devonian seawater
(�23‰; Chen and Gao, 1988; Li, 2007). Based on the sim-
ilar chemical compositions and homogenization tempera-
tures obtained from fluid inclusions, Chen and Gao
(1988) and Li (2007) suggested that the sulfate in the
stratiform and vein-hosted Pb-Zn barites may have both
originated from Late Devonian seawater. The slight
34S-enrichment of the stratiform barites compared to sea-
water values could be due to the high and episodic sedimen-
tation rate in a local depositional setting, resulting in
closed-system isotope behavior. We propose that dissolu-
tion of this barite could have been the source of hydrother-
mal sulfate for the TSR in the Xialei Mn deposit, which
formed the Type II and III, and host-rock pyrites.

5.4. TSR model for isotopically positive pyrite formation

To generate pyrites with a d34S value up to +37.6‰, as
observed in sample XL-63, the d34S values of their parent
sulfate in the hydrothermal fluid needed to be at least
+38‰. To assess whether this is achievable, we modeled
the extent of TSR required to reach a d34Ssulfate value of
38% from an initial value of 30% (i.e., the average of the
barite beds) and at a temperature range of 250–300 �C
(based on the discussion in Section 5.3.2.2) in Fig. 8.

If the TSR occurred in an open system (the Rayleigh
model), where the sulfide product was immediately
removed and could not follow the hydrothermal fluid to
the site of sample XL-63, then according to Li et al.
(2016), the required extent of TSR can be calculated by
the equation below:

f ¼ e
1
eln

df þ1

d0þ1

� �
�ln

1þ d0þ1ð Þ�RVCDT
1þ df þ1ð Þ�RVCDT

� �
ð1Þ
Fig. 8. Models of d34Ssulfate evolution during the precipitation of pyrite u
batch equilibration (dashed line) conditions at 250 �C (light purple) and 3
used in the calculation are from Li et al. (2016). Black arrows indicate t
detailed discussion. (For interpretation of the references to colour in this fi
where f refers to the fraction of remaining sulfate relative to
the initial sulfate; e refers to a kinetic isotope enrichment
factor in ‰ between the product sulfide and substrate
sulfate,

e ¼ 4:19 � 3:32 � 106=T2 ð2Þ
(T refers to temperature in Celsius) which is �48.9‰ at
250 �C and �32.7‰ at 300 �C based on the experimental
constraints by Kiyosu and Krouse (1990); d0 and df refer
to the d34S values of the initial and remaining sulfate,
respectively; RVCDT is the 34S/32S of the Vienna Cañón Dia-
blo Troilite (VCDT) standard and equals to 0.04416 (Ding
et al., 2001). Inputting 30‰ for d0 and 38‰ for df to Eq. (1),
the yielded f value is 85% at 250 �C and 79% at 300 �C
(Fig. 8). This suggests at least 15–21% sulfate would have
been pre-reduced before the TSR formation of pyrite in
sample XL-63.

If TSR occurred as a closed system (the batch model),
the extent of TSR can be calculated by the equation below
(Li et al., 2016):

f ¼ d0 þ 1 � a � 1 þ df
� �

1 � að Þ � 1 þ df
� � e ð3Þ

where a refers to the equilibrium isotope fractionation fac-
tor between sulfide and sulfate, and the other symbols are
the same as those in Eq. (1). At an a value of 0.9751 at
250 �C (Shanks et al., 1981) and 0.9802 at 300 �C (Sakai
and Dickson, 1978), the f value is 0.69 for 250 �C and
0.61 for 300 �C, respectively (Fig. 8). This requires
31–39% sulfate to be pre-reduced before the TSR formation
of pyrite in sample XL-63. In summary, the conditions
required for the formation of high d34Ssulfate values
(>+38‰) in either an open or closed system during the
upward migration of hydrothermal fluids along faults are
not difficult to achieve.

Following the infiltration of these hydrothermal fluids
into the studied strata, pyrites with varying positive
d34S values may have formed via TSR at different
D34Ssulfate-sulfide values. The cooling of the hydrothermal flu-
nder open system Rayleigh distillation (solid line) and closed system
00 �C (dark purple). The initial d34Ssulfate was set at 30‰. Equations
he points at which d34Ssulfate reaches + 38‰. See the main text for
gure legend, the reader is referred to the web version of this article.)
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ids appears to be responsible for the negative d34Spyrite shifts
at microscopic scales, i.e., the negative shifts within individ-
ual Type III pyrite grains, as discussed in Section 5.2.3.2.

5.5. Predominantly 34S-enriched pyrites in Mn ores

It is interesting to note that, despite Mn mineralization
having supposedly little effect on the fundamentals of pyr-
ite precipitation, many sediment-hosted Mn ores display
characteristically positive d34Spytite values (Fig. 9). This
hints at a common mechanism affecting pyrite formation
in such deposits, but there is no consensus yet as to
whether this is tied to microbial or abiotic processes. Pyr-
ites with positive d34S values formed via MSR may show a
Fig. 9. Compilation of published d34Spyrite data in different Mn dep
corresponding interpretations (left-hand side). Y-axis represents d34Spyr

points. Purple diamonds represent contemporaneous seawater d34Ssulfate

2004). Some plotted data were generated by conventional bulk-rock d3

measurements exceed the contemporaneous d34Ssulfate value. Abbreviat
sulfate reduction. Data are from: Cui et al. (2018), Johnson et al. (2013), L
et al. (2010), and Zeng and Liu (1999). (For interpretation of the referen
version of this article.)
transient decrease in D34Ssulfate-sulfide, either because of low
sulfate concentrations in the regional water column (Li
et al., 2012; Liu et al., 2006) and/or enhanced closed-
system behavior in the porewater, which could be aided
by a decrease in porewater porosity through Mn(II)-
carbonate precipitation (Okita and Shanks, 1992) and
high sedimentation rates characteristic of Mn ores
(Polgári et al., 2016). However, other studies have pro-
posed that such pyrites may be attributed to TSR coinci-
dent to hydrothermal fluid alteration during late burial
diagenesis, instead of MSR (Cui et al., 2018; Johnson
et al., 2013). Our results of pyrites in Xialei Mn deposit
fall into the latter option. On the whole, models of the for-
mation of 34S-enriched pyrites in Mn ores are mostly
osits through time with measurements in this study and their

ite values. Black dots within violin plots represent individual data
values for the respective time period (Kampschulte and Strauss,

4S analysis, others by in-situ d34S analysis. Note: many d34Spyrite

ions: MSR = microbial sulfate reduction; TSR = thermochemical
iu et al. (2006), Okita and Shanks (1992), Polgári et al. (2016), Qin

ces to colour in this figure legend, the reader is referred to the web
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linked with common geological factors that affect pyrite
evolution in all marine sedimentary rocks.

6. IMPLICATIONS

Previous work on anomalously positive sulfur isotope
values in Late Devonian pyrites has relied on bulk-rock
analysis and has attributed the small isotope fractionations
to MSR in sulfate limited conditions, leading to speculation
regarding changes in the marine redox state and a decline in
sulfate concentrations in seawaters or porewaters. In addi-
tion, a difference in the magnitude of the sulfur isotope
excursion was found between the carbonates and
sediment-hosted Mn ores of the Youjiang Basin, South
China, and was previously considered to be mainly caused
by differences in local sedimentary conditions (Chen et al.,
2013; Qin et al., 2010; Zeng and Liu, 1999). However, our
new in-situ analyses of the Xialei Mn deposit clearly indi-
cate that at least some Late Devonian pyrites that were pre-
viously defined as syndepositional in origin actually consist
of at least two distinct generations. Based on our petro-
graphic and isotopic evidence, we argue that the positive
d34Spyrite and reversed D34Ssulfate-sulfide values recorded in
the Xialei Mn deposit represent the result of TSR during
late hydrothermal alteration, rather than primary sedimen-
tation. In addition, the formation of the Xialei Mn deposit
and neighboring sedimentary strata (limestone) appear to
be synchronous with the initial opening of the Palaeo-
Tethys Ocean along the Gondwana margin (Chen et al.,
2018; Deng and Wang, 2016), which played a key role in
facilitating active rifting and hydrothermal activity. Given
the stratigraphic relationship between the Xialei Mn
deposit and the Fuhe section in the same (Youjiang) basin
and the possible existence of a basin-wide hydrothermal
system of vertically upward fluid migration along a fault
system, we speculate that superheavy d34Spyrite values in
the Fuhe section (Chen et al., 2013) may also have been
generated via hydrothermal alteration, and require careful
reassessment by high-resolution in-situ analysis in the
future.

Recent studies hypothesize that local depositional
environments may impact rates of sedimentation and
sulfide oxidation. This consequently could lead to
D34Ssulfate-sulfide variations during MSR, which provides a
reasonable mechanism for explaining positive d34Spyite val-
ues through entirely local processes (e.g., Bryant et al.,
2019; Fike et al., 2015; Pasquier et al., 2017; Richardson
et al., 2019a; Rose et al., 2019). Our results, combined
with recent interpretations that some Neoproterozoic ‘‘su-
perheavy” pyrites from South China were also generated
by TSR (Cui et al., 2018), hint that TSR is a similarly
wide-spread process in generating positive d34Spyite

records, particularly in sections associated with extensive
tectonic activity. Previous hypotheses that tie positive
d34Spyite values with noteworthy global biogeochemical
events should be reassessed to account for both of these
mechanisms. If such processes are found to be significant,
these anomalous isotope values should, therefore, not be
used for local and/or global paleoenvironmental recon-
structions, since they only reflect local or post-
depositional phenomena. Our study shows how multiple
lines of sedimentological and geochemical evidence at both
basinal and micrometer scales are essential for accurate
de-convolution of the numerous geochemical processes
contributing to proxy data in the rock record.

7. CONCLUSIONS

Detailed petrographic and in-situ d34S analyses of pyrite
found in a Late Devonian Mn deposit in the Youjiang
Basin of South China have identified at least two genera-
tions of pyrites. The earliest generation is characterized
by negative d34Spyrite values that suggest a biogenic origin
through MSR. The later generations, characterized by pos-
itive d34Spyrite values up to 37.6‰, are tied to hydrothermal
processes and TSR, not to low water column sulfate con-
centrations and/or pyrite re-oxidation, as has been previ-
ously suggested for ‘‘superheavy” pyrites. Hydrothermal
fluids carrying 34S-enriched sulfur from the preexisting bar-
ite beds in the underlying Frasnian strata potentially also
altered the correlative strata of the Fuhe region in which
highly positive d34Spyrite values were previously linked to
the evolution of the local sulfur cycle. We propose that
post-depositional TSR, associated with hydrothermal activ-
ities induced by tectonic rifting during the opening of the
Palaeo-Tethyan Ocean, played an important role in gener-
ating positive d34Spyrite values, at least in South China.
Accordingly, leveraging advancements in in-situ microanal-
ysis, reassessments of previously reported transient
increases in d34Spyrite that have traditionally been associated
with noteworthy biogeochemical events in the Earth’s his-
tory are needed to fully assess the potential effect of TSR
in other strata, particularly those located in tectonically
active regions.
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Mojzsis S. J. (2016) Correlated chemostratigraphy of Mn-
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