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during methane-release events
(Baiyun Sag, South China Sea)
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Liyuan Xu1, Can Chen5, Zhou Wang1,2, Cong Cheng5,
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China University of Geosciences, Wuhan, China, 2State Key Laboratory of Geomicrobiology and
Environmental Changes, China University of Geosciences, Wuhan, China, 3Department of
Geosciences, University of Cincinnati, Cincinnati, OH, United States, 4State Key Laboratory of Oil and
Gas Reservoir Geology and Exploitation, Chengdu University of Technology, Chengdu, China, 5School
of Geosciences, Yangtze University, Wuhan, China, 6Qingdao Institute of Marine Geology, Qingdao,
Shandong, China
Framboidal pyrite, a common form of authigenic pyrite in marine sediments,
forms through the co-precipitation of equant, equidimensional microcrystals
that can effectively sequester trace elements. Nevertheless, the relationships
among key attributes of framboids (i.e., framboid size, microcrystal dimensions,
and number of microcrystals) and the detailed mechanisms of trace� element
enrichment within framboids are not yet well understood. To address this gap,
we present a dataset encompassing framboid key attributes, sulfur isotopes, and
trace� element (Ni, Mo) concentrations from two gas� hydrate� bearing drillsites
(GMGS4� SC� W02B and GMGS4� SC� W03B) in the Shenhu area, Pearl River
Mouth Basin, South China Sea. In this methane� seep� in�uenced setting,
framboid size is primarily controlled by microcrystal diameter and secondarily
by microcrystal abundance. Nickel enrichment in framboidal pyrite follows a two
� stage mechanism. Initially, Ni is taken up into FeS precursors before being
incorporated into pyrite via isomorphous substitution on {111} microcrystal
surfaces during framboid growth. This results in a strong positive correlation
with microcrystal size (R� = 0.73, p < 0.001) rather than with their number (R2 =
0.18, p = 0.02). In contrast, Mo content shows positive correlations with both
framboid size and microcrystal abundance (R� = 0.66, p < 0.01 and R� = 0.42, p =
0.01, respectively), consistent with its incorporation as nano� inclusions or
nanoparticles within the pyrite lattice. The enrichment of both elements
initiates from the strong adsorption capacity of iron monosul�de precursors. In
methane release environments, enhanced anaerobic oxidation of methane
facilitates the conversion of molybdate to particle-reactive thiomolybdates,
which are effectively captured by growing pyrite framboids. Nickel, on the
other hand, bene�ts from the increase in microcrystalline surface area during
growth, where it replaces exposed Fe2+ through isomorphic substitution, leading
to enrichment on microcrystal surfaces. This study advances the mechanistic
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understanding of trace� element incorporation in framboidal pyrite, and these
�ndings strengthen the reliability of nickel and molybdenum as robust proxies for
reconstructing paleoenvironmental conditions and paleo-methane
release activity.
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1 Introduction

Authigenic pyrite is the most abundant and stable sul� de
mineral in marine sedimentary environments (Lin et al., 2022). In
contrast to carbonate minerals, which are highly susceptib
alteration by early and burial diagenesis, pyrite exhibits gre
resistance to post� depositional modi� cation (Large et al., 2014;
Smrzka et al., 2019; Wang et al., 2022). As a result, pyrite serves as
robust archive for trace elements, preserving geochemical sign
characteristic of both seawater and porewater chemistry (Large
et al., 2007; Gregory et al., 2015; Gong et al., 2025). Moreover, the
advancement of laser ablation-inductively coupled plasma
spectrometer (LA� ICP� MS) technology has enabled hig
� resolution in situ analysis of trace� element concentrations i
pyrite. This capability has made pyrite� hosted trace� element data
a widely applied tool for reconstructing sea� oor redox conditions
(e.g., high Mo/Co ratios indicate oxic conditions;Mukherjee and
Large, 2016; Yang et al., 2022), early diagenetic environments (e.
Co/Ni � 2 indicates authigenic pyrite;Large et al., 2014), and the
long� term co� evolution of the deep ocean and atmosphere (
high Se/Co ratio indicates oxic environment;Large et al., 2014;
Gregory et al., 2022a, Gregory et al., 2022b). Trace elements in
framboidal pyrite can also be used as indicators of methane-re
events, e.g., Ni enrichment and Mo/Cd >16 indicate pyrite form
by sulfate� driven anaerobic oxidation of methane (SD-AOM
(Miao et al., 2022; Chen et al., 2024, Chen et al., 2025). This is
because methane release not only enhances the formati
framboidal pyrite but also drives anomalous enrichments of
essential and redox� sensitive trace metals such as nickel a
molybdenum within the pyrite structure (Lin et al., 2016b; Miao
et al., 2022).

Pyrite provides several key advantages for geochemical res
Its composition is simpler compared to bulk sediment sample
directly archives trace-element signatures from both seawate
porewater. It also serves as an ideal discrete phase for ta
analysis (Large et al., 2014; Wang et al., 2022). Despite these
strengths, the precise mechanisms by which trace elemen
incorporated into pyrite are still not fully resolved. A more deta
mechanistic knowledge would signi� cantly strengthen the reliabilit
of pyrite-based trace� element proxies in paleoenvironmen
reconstruction and improveour understanding of pyrite
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formation processes (Chappaz et al., 2014). Methane-releas
events offer a distinct advantage for study of trace� element
incorporation in pyrite. Methane release enhances py
precipitation, promotes framboid growth (Lin et al., 2016a, Lin
et al., 2016b), and drives the reductive release of trace elements
Fe/Mn-(oxy)hydroxides (e.g., Fe/Mn-AOM;He et al., 2018),
thereby amplifying elemental enrichment within pyrite. Th
conditions effectively create a natural laboratory for deciphe
speci� c pathways of trace� element incorporat ion in
framboidal pyrite.

Trace elements in pyrite are incorporated primarily throu
three pathways: (1) isomorphous substitution, (2) microm
� scale mineral inclusions, and (3) nanoscale particles (Leng,
2017). Siderophile and chalcophile elements such as Co, Ni
and Se tend to substitute for Fe and S, respectively, in the p
lattice (Algeo and Maynard, 2004; Large et al., 2014; Gregory et al.
2015). In contrast, elements including Ag, Cu, Pb, Zn, V, Mn, a
Mo commonly occur as discrete micrometer� to nanometer� scale
particles or inclusions within pyrite (Belousov et al., 201;
Dubosq et al., 2018). Gregory et al. (2022a)observed through
transmission electron microscopy (TEM) of framboidal py
that trace� element zonation re� ects a multi� stage diageneti
growth pattern, with Ni being predominantly enriched betwe
the microcrystals within a single framboid. Building on t
observation, we propose a hypothesis: trace elements ads
onto microcrystal surfaces exhibit concentrations positiv
correlated with microcrystal size, as increased surface
provides more adsorption sites; whereas lattice� incorporated
trace elements show positive correlations with both the size
abundance of microcrystals, owing to the greater total la
volume available for incorporation.

To test these hypotheses, we selected framboidal pyrite sa
from GMGS4-SC-W02B and GMGS4-SC-W03B (herea
shortened to“Sites SC-W02B and SC-W03B”; Figure 1), both of
which are gas hydrate drilling sites located in the Shenhu area
Pearl River Mouth Basin, South China Sea, within known
� hydrate provinces that have experienced repeated episod
methane release (Cheng et al., 2020; Chen et al., 2024). Both sets o
samples were used to characterize the key attributes (e.g., micro
size and internal microcrystalline structure) and geochem
properties of framboidal pyrite (Saw�owicz, 2000; Rickard, 2021),
frontiersin.org
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FIGURE 1

Geological map of the study area. (A) Location of the South China Sea (SCS, from Google Earth). (B) Location of Sites SC-W02B and SC-W03B
(red dot) in the Pearl River Mouth Basin (PRMB). C1–17 is a canyon region. The black rectangle corresponds to panel (C) Modi�ed from Chen et al.
(2024). (C) Locations of GMGS4 coring sites. Modi�ed from Li et al. (2022). (D-E) Seismic pro�le around Sites SC-W02B and SC-W03B. The bottom-
simulating re�ector and inferred gas hydrate zone are from Zhang et al. (2020). The gas chimney (blue dashed line) and seismic horizons (dashed
lines T0-T32) are from Cheng et al. (2020). TWT = two-way travel time.
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