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M Enrichment mechanism of trace elements in pyrite
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ey Authigenic pyrite is an important recorder for methane seepage. During methane
seepage, the sulfur and iron isotopic composition of pyrite will change, allowing it
to be used as an indicator to identify methane seepage. However, the dissimilar
behaviour of trace elements in authigenic pyrite during methane seepage remain
unclear. To provide insights, we used pyrite samples from the “‘Haima’ seep locality

eakest | todetermine differences in trace element contents in pyrite obtained from the sulfate-
---%ES ___ | methane transition zone (SMTZ) and that from normal (non-seepage) sedimentary
environments. In the SMTZ, the content of cadmium (Cd) related to the organoclastic
sulfate reduction in pyrite was low, while the molybdenum (Mo) content, which is
highly sensitive to redox environments, was high. This discrepancy can be explained

by the fact that sulfate ions (SO,%7) in the SMTZ were preferentially consumed by sulfate driven anaerobic oxidation of methane
(SD-AOM), which inhibited organoclastic sulfate reduction and decreased the trace metals derived from organic matter in pore
water. Simultaneously, intense SD-AOM produced more hydrogen sulfide (HsS), which was more conducive to Mo removal
from pore water, and then more Mo adsorption onto pyrite. Further analysis shows that the Mo/Cd ratio of pyrite in the
SMTZ (average value of 82.08) is significantly higher than that of the non-SMTZ (average value of 16.02). We believe that
the Mo/Cd ratio has great potential to indicate methane seepage, and thus provides a new indicator for methane seepage

research.
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¥ Introduction

Authigenic pyrite is considered to be the most important sulfide
mineral because it is more stable than other iron sulfides and is
the main sink of sulfur (Berner, 1984). Its formation is often
related to organoclastic sulfate reduction (OSR), using organic
matter and seawater sulfate as substrate and yielding hydrogen
sulfide (H,S) (Berner, 1984). However, OSR is different (e.g.,
reaction rates) in various sedimentary environments (Berner,
1978). This will eventually lead to corresponding changes in the
morphology and geochemical characteristics of pyrite (Berner,
1978, 1984; Huerta-Diaz and Morse, 1992; Wilkin et al., 1996).
In recent years, many indicators have been used to study sedi-
mentary environment evolution, such as the sulfur and iron iso-
topic compositions of pyrite (Lin et al., 2016), the grain size of
framboidal pyrite (Wilkin et al., 1996), and iron speciation
(Slotznick et al., 2018). Trace elements can also adsorb onto
pyrite, an important sink in many geochemical cycles that has
great potential for reconstructing palaeoenvironments (Morse
and Luther, 1999; Berner et al.,, 2013; Mukherjee and Large,
2020; Large et al., 2022). Initially, research on trace elements
in pyrite mainly focused on defining ore genetic types,
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determining the source of ore forming materials, and inverting
the evolution of ore forming fluids (Clark et al., 2004; Large et al.,
2009; Ulrich et al., 2011). As research has advanced, scientists
have found that the composition of trace elements in diagenetic
pyrite is greatly affected by the geochemical characteristics of
pore water in the sediments (Huerta-Diaz and Morse, 1992;
Berner et al., 2013; Large et al., 2014, 2022). When the concen-
tration of H,S in the environment increases, those of redox
sensitive elements (such as Mo) in pyrite will also increase
(Huerta-Diaz and Morse, 1992; Berner et al., 2013). Therefore,
trace elements in diagenetic pyrite within sediments can be used
to record the geochemical information of original sedimentary
environments and have great potential for palaeoenvironmental
reconstruction.

However, there are some unique sedimentary environ-
ments where additional sources of H,S play an important role
in pyrite formation, such as hydrothermal environments (Large
et al., 2014) and oil seepage areas (Steadman et al., 2021). Cold
seep environments are also important sedimentary environ-
ments for the dissociation of seabed natural gas hydrate. Both
methane released from cold seeps and the sulfate released from
seawater undergo sulfate driven anaerobic oxidation of methane
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(SD-AOM) in the sulfate-methane transition zone (SMTZ)
(Boetius et al., 2000). This releases a large amount of H,S and
provides the constituents necessary to form pyrite (Lin et al.,
2016). Thus, pyrite formation in normal marine sedimentary
environments and cold seep environments is controlled by dif-
ferent geochemical processes (OSR vs. SD-AOM). Based on pre-
vious studies of trace elements in authigenic carbonate and
sediments in methane seepage, we found a remarkable depend-
ency: when Mo is enriched, Cd, Ni, Cu, and Zn are not enriched
(Satoetal., 2012; Chen et al., 2016). We speculate that pyrite gen-
erated in methane seepage environments and in normal marine
sedimentary environments should have obvious differences in
their geochemical elemental composition.

To test this hypothesis, here we used pyrite samples from
the Haima seep sedimentary area to compare the trace element
contents in pyrite obtained from the SMTZ and in pyrite obtained
from normal (non-seepage) sedimentary environments. This
provides a new perspective for identifying methane seepage
and provides a new reference for discussing the relationship
between pyrite elements and sedimentary environments.

! Materials and Methods

The Q6 core was taken by the Guangzhou Marine Geological
Survey in 2019 using the R/V Haiyang-6 (Fig. 1a). Based on pre-
vious geochemical analysis results (Miao et al., 2021a,b), we
identified several palaco-methane seeps using TS/TOC, sulfur
isotopes, and iron speciation (Fig. 1b). To test their elemental
compositions, we selected pyrite from different Q6 layers and
then conducted laser ablation inductively coupled plasma mass
spectrometry (LA-ICP-MS) to analyse pyrite obtained from the
methane seepage environments and from normal sedimentary
environments. For more detailed information, please refer to
the Supplementary Information.

! Results

Trace element contents of the pyrites are shown in Figure 2.
In Q6, the Cd content of pyrite taken from the methane seep-

age was lower than that of pyrite from the normal sedimentary
environment. The corresponding average value (and its range)
was 1.02 ppm (0.03-7.54 ppm). In a normal sedimentary
environment, the average Cd contents were higher, with the
corresponding average value (and its range) being 8.5 ppm
(0.1-99.5 ppm). At the same time, the Mo content was signifi-
cantly higher in pyrite from the methane seepage, with the aver-
age value (and its range) equal to 61.9 ppm (3.9-350.5 ppm),
while, in a normal sedimentary environment, the Mo content
was significantly lower, with the average value (and its range)
equal to 28.1 ppm (0.1-84.5 ppm). It is shown that the Mo/Cd
ratios of pyrite in the methane seepage are mostly above the line
of Mo/Cd = 16.02, whereas they lie below this line for pyrites in
the non-methane seepage (Fig. S-5).

There is little difference in trace element contents of As,
Ni, Cu and Zn in pyrite between the methane seepages
(406.0 ppm, 29.2-3396.0 ppm; 36.3 ppm, 0.5-222.4 ppm;
18.9 ppm, 0.1-103.1 ppm; 57.4 ppm, 8.6-228.2 ppm, respec-
tively) and the normal sedimentary environment (243.8 ppm,
30.7-759.0 ppm; 37.8 ppm, 1.7-210.0 ppm; 21. 9 ppm,
2.8-78.3 ppm; 67.7 ppm, 1.0-205.1 ppm, respectively).

I Discussion

Geochemical composition of trace elements in pyrite: methane vs.
non-methane seepage. During early diagenesis, trace elements
are captured by metastable substances in the sediment (such
as labile organic matter and metastable precursors of Fe and
Mn oxides). Thus, the remineralisation of labile organic matter
and reductive dissolution of Fe and Mn oxides were the primary
sources of trace elements in pore water in the marine sediment
(Smrzka et al., 2019, 2020). The Cd is mainly derived from the
remineralisation of labile organic matter. The Mo is mainly
derived from reductive dissolution of Fe and Mn oxides, and will
be fixed into the sediment when H,S exists (Smrzka et al., 2019,
2020). In analysing the trace elements in the diagenetic pyrite, it
was found that the content of Cd in pyrite generated during
methane seepage was low, while the content of Mo was high
(Fig. 2). This may be controlled by different biogeochemical
processes for pyrite formation. In non-seepage, the formation
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Figure 1 (a) Map showing the study region; the Q6 core located in the Qiongdongnan Basin of the SCS (modified from Miao et al., 2021a,b).
(b) Down core variations of TS/TOC, CRS, §3*Scrs, and Fep,/Feyr in sediments (based on Miao et al., 2021b). The blue horizontal bars indicate
methane seepage (based on Miao et al., 2021a,b). TS/TOC = total sulfur/total organic carbon; CRS = chromium reducible sulfur; 83*Scgs = sul-
fur isotope of chromium reducible sulfur; Fe,, = pyrite Fe; Feyg = highly reactive Fe.
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Figure2 (a) Down core variations of the trace element contents (Cd, Ni, Cu, Zn, As, and Mo) in pyrite samples. The grey shaded bars indicate
methane seeps; each green circle represents a single pyrite analysis; each red circle represents the average pyrite analysis. (b) Box plots of the

average values of Ni, Cu, Zn, Cd, As, and Mo contents in pyrites.

of pyrite is mainly controlled by OSR (Berner, 1984), while SD-
AOM plays a leading role in methane seepage (Lin et al., 2016).

SD-AOM and OSR have significantly different influences
on the distribution and behaviour of trace elements: (1) methane
itself does not carry trace elements, while the organic matter
contains trace elements such as Cd (Smrzka et al., 2019, 2020);
(2) the concentration of dissolved sulfide produced by SD-AOM
is higher than that produced by OSR, which changes the behav-
iour of some trace elements, such as Mo (Smrzka et al., 2019,

@

2020). These processes may eventually change the correspond-
ing elements in pyrite. In non-seepage sedimentary environ-
ments, the OSR re-released the absorbed trace elements into
the pore water during early diagenesis (Berner et al, 2013;
Smrzka et al., 2019, 2020), which increased the content of Cd
related to organics and affected their contents in pyrite. On
the contrary, in the methane seepage, large amounts of methane
gas generated by hydrate dissociation led to sulfate reduction
(Lin et al., 2016). It has been previously shown that the sulfate
reduction rate in methane seeps can be several orders of
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magnitude higher than that in normal marine sedimentary envi-
ronments (Aharon and Fu, 2000). In addition, SD-AOM con-
sumes less energy and is more likely to react with sulfate
(Dickens, 2001). Therefore, we believe that SD-AOM first con-
sumes a large amount of sulfate, which inhibits OSR. This proc-
ess also delays the release of the absorbed trace elements from
organics, which results in the lower Cd contents in the pore
water. Moreover, methane itself does not carry trace elements
(Smrzka et al., 2020). SD-AOM should not participate directly
in trace element cycling because none of the compounds
involved in the reaction are trace element carriers (Smrzka et al.,
2019, 2020). Thus, their dissociation does not affect trace element
contents in the pore water. Meanwhile, under methane seepage,
the source of the trace metals in pore water is the reductive dis-
solution of Fe and Mn oxides. These reactions are typically unre-
lated to the organic matter present in the same system (Smrzka
et al., 2019, 2020). Thus, organic matter Cd contents were lower
in the pyrite produced under methane seepage than in that pro-
duced under a normal sedimentary environment.

In the normal marine sedimentary environment, H,S pro-
duction is limited (Lin et al., 2016) due to OSR being relatively
slow. However, SD-AOM can accelerate sulfate reduction, yield-
ing more dissolved sulfide, which leads to sulfide reduction in
that local micro-environment (Chen et al., 2016; Lin et al., 2016).
On the one hand, this sulfidic environment will accelerate
the dissolution of Fe and Mn oxides and release more Mo into
the pore water (Eroglu et al., 2020). On the other hand, due to the
high H,S content, Mo will be removed from the pore water onto
pyrite more efficiently (Smrzka et al., 2020). Our previous work
showed that the iron (oxy) hydroxides contents were very low in
the SMTZ of Q6, which indicates their substantial dissolution
(Miao et al., 2021b). In addition, enrichment factors of Mo are
positively correlated with Fe/Al (R?=0.24), and R? can even
exceed 0.9 at 90-98 cm (R?>=0.97) and 118-124 cm (R*>=0.97)
depths, indicating that the reductive dissolution of Fe and
Mn oxides plays an important role in the enrichment of Mo
(Fig. S-6; Miao et al., 2021a). All these results proved that the
Mo enrichment in the pyrite under the methane seepage was
mainly affected by SD-AOM. However, OSR does not disappear
in the SMTZ. We found that the correlations between Fep, and
TOC in the SMTZ are poor (R?>=0.12; Fig. S-7). This indicates
that the distribution and importance of OSR-derived pyrite in
methane-rich, but organic poor, sediments is limited.

In addition, the Ni, Cu, and Zn contents of pyrite in the
two environments were not significantly different (Fig. 2). This

may be because, of these and similar elements, Cd is the most
sensitive to organic matter, and its content in sediment pore
water is strongly affected by the presence of organic matter
(Smrzka et al., 2019, 2020). However, Ni, Cu, Zn, and other ele-
ments may combine with H,S to different degrees to transform
the corresponding sulfides into pyrite (Morse and Luther, 1999).
In contrast, Huerta-Diaz and Morse (1992) found that cadmium
was largely unaffected by the presence of sulfides in the pore
water. Therefore, we believe that Mo/Cd ratios in diagenetic pyrite
can indicate the presence of methane seeps. In Figure S-4,
this conclusion is confirmed. The Mo/Cd ratio of pyrite in methane
seepage is significantly higher than that in non-methane seepage
(Mo/Cd > 16.02). However, no similar phenomenon was found
for other elements (Fig. S-5).

Trace elements of pyrite indicate methane seepage. To fur-
ther verify the effectiveness of this indicator, the Mo/Cd ratios
were compared and analysed alongside the indicators used
to represent methane seepage. It was found that the Mo/Cd
ratios of pyrite increased with increasing TS/TOC, §*#Scgs, and
Fepy/Fer (Fig. 3). In non-methane seepage, Mo/Cd, TS/TOC,
8%Scgs, and Fepy/Fer are located in the low value region. On
the contrary, these proxies are in the high value area in methane
seepage. This indicates that SD-AOM does have a great influ-
ence on the Mo/Cd ratio of pyrite. It is indicated that, compared
with normal marine environment, intense methane activity can
not only accelerate pyrite formation and reduce sulfur isotope
fractionation, but also change the surrounding pore water envi-
ronment (inhibiting OSR and changing the redox environment).
Moreover, we found that the Mo/Cd ratio of pyrite at 90-124 cm
depth is higher than those at 144-162 cm and 254-282 cm
depths, and corresponds to a higher TS/TOC ratio and other
indicators (Fig. 3). This is inferred to be related to the intensity
of methane seepage. At 90-124 cm depth, the TS/TOC ratios
and 8§**Scgs values are higher (Figs. 1 and 3), indicating a higher
pyrite content and faster sulfate reduction rate (Miao et al.,
2021b), respectively. Meanwhile, iron composition data show
that the pore water environment in this formation is more
inclined to euxinic environments (Fig. S-8, Slotznick et al,
2018). This phenomena indicates that the methane seepage is
most intensive in this layer, which further inhibits OSR. This
is followed by a further reduction in Cd content in the pore water.
The Cd content of pyrite in the 90-124 cm layer is the lowest,
with most measurements lower than the detection limit of the
instrument (Table S-2), which eventually leads to the largest dif-
ference in Mo and Cd content in pyrite. Therefore, we believe
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Figure 3 Scatter diagram of Mo/Cd vs. TS/TOC, 834Scrs and Fep /Fer (based on Miao et al., 2021a,b). TS/TOC = total sulfur/total organic car-
bon; CRS = chromium-reducible sulfur; §34Sczs = sulfur isotope of chromium-reducible sulfur; Fepy = pyrite Fe; Fer =total Fe.
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that the chemical composition of diagenetic pyrite has great
potential to identify methane seepage.
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