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ABSTRACT

Mesozoic oceanic anoxic events were characterized by relatively low seawa-
ter sulphate concentrations ([SO,*"]), which likely regulated the develop-
ment and evolution of these major palaeoceanographic phenomena.
However, there is little reliable sedimentary evidence for low [SO,%7] in
ancient marine waters and understanding of how such a seawater chemistry
potentially impacted oceanic anoxic events is limited. This study presents
an integrated sedimentological, mineralogical and geochemical investigation
of the mineral siderite hosted in dark grey shale and sideritic concretions of
Early Aptian (coeval with Oceanic Anoxic Event 1a) from the Tibetan Hima-
laya. Siderite is present throughout the section and possesses similar mor-
phological characteristics whether in dark grey shale or concretions. Siderite
can be present as disseminated and rhombic crystals formed during early
diagenesis, or minor spherical crystals formed during late diagenesis. The
evidence from redox elements, middle rare-earth element bulge patterns and
extremely low carbon-isotope values of the sideritic concretions indicates
that the iron carbonate was formed in the Fe-reduction zones by the process
of dissimilatory iron reduction. This process would have required conditions
of low [SO.%7], reducing environment, abundant iron and high alkalinity.
Additionally, the coexistence of siderite and pyrite may indicate that dissim-
ilatory iron reduction occurred close to the microbial sulphate reduction
zone, with seawater [SO,*"] hovering around the tipping point at which
pyrite could form once seawater sulphate increased. Such an increase during
Oceanic Anoxic Event 1a could have resulted from basalt-seawater interac-
tion and associated enhanced continental weathering, and/or hydrothermal
activity. This study’s observations support the previous hypothesis that low
[SO,*] for Oceanic Anoxic Event 1a was probably caused by massive gyp-
sum burial in the proto-South Atlantic. Subsequently, enhanced sulphate
input could have promoted microbial sulphate reduction and accompanying
oxidation of organic matter, which likely further enhanced nutrient recy-
cling, increased primary productivity and organic-carbon burial, leading to
more oxygen consumption and expansion of oxygen minimum zones, as
reconstructed for many oceanic anoxic events.

© 2024 International Association of Sedimentologists.
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INTRODUCTION

There were several oceanic anoxic events
(OAEs) and/or hyperthermals before and during
the Mesozoic Era, including the Permian-Trias-
sic Boundary Event (PTB; ca 252Ma), the
Triassic-Jurassic Boundary Event (TJB; ca
200 Ma), the Early Jurassic Toarcian OAE (T-
OAE; ca 183Ma), the Early Cretaceous Aptian
OAE (OAE 1a; ca 120 Ma) and the Cenomanian—
Turonian Boundary Event (OAE 2; ca 94 Ma)
(e.g. Jenkyns, 2003, 2010; Hu et al., 2020). These
OAEs were generally associated with basalt-sea-
water interaction, rapid global warming,
enhanced continental and marine weathering,
ocean acidification, biological crises, accelerated
hydrological cycles and expanded oceanic
anoxia (Jenkyns, 2010; Foster et al., 2018; Clap-
ham & Renne, 2019; Hu et al.,, 2020). These
OAEs and related phenomena are generally
linked in time to massive release, into the
ocean—atmosphere system, of isotopically light
carbon from greenhouse gases due to emplace-
ment of large igneous provinces (LIPs), the dis-
sociation of methane hydrate and/or the massive
decomposition of terrestrial organic matter.
There are, however, differences in the character-
istics of the carbon-isotope perturbation in terms
of duration and sign as well as magnitude of
associated temperature increase (Jenkyns, 2010;
Foster et al., 2018; Hu et al., 2020), likely to
have been even more pronounced during Palaeo-
zoic OAEs (Reershemius & Planavsky, 2021).
Studies have shown that low seawater sulphate
concentrations ([SO,%7]) are also a common fea-
ture of Mesozoic OAEs (Ohkouchi et al., 1999;
Wortmann & Chernyavsky, 2007; Owens et al.,
2013; Algeo et al., 2015; Gomes et al., 2016; He
et al., 2020; Han et al., 2022; Bauer et al., 2022a).
The pervasive low seawater [SO,*~] has been sug-
gested to have played an important role in the for-
mation and evolution of OAEs by regulating the
limiting nutrient supply of phosphorus (Adams
et al., 2010; Gomes et al., 2016) and furthering
anaerobic oxidation of methane (AOM; Luo et al.,
2010; He et al., 2020). However, the case for low
[SO4*"] during OAEs is primarily based on
modelling (Gomes et al., 2016; Mills et al., 2017;
He et al., 2020; Han et al., 2022), with little direct

sedimentological evidence. To date, the sedi-
ments of the T-OAE interval from the Mochras
borehole of the Cardigan Bay Basin in Wales (Xu
et al., 2018) and of the OAE 1a interval from the
Cismon (north Italy) drill core of the western
Tethys and Deep Sea Drilling Project (DSDP) Site
463 in the Pacific (Bauer et al., 2022a) have been
reported as containing siderite (FeCO3;) as the sed-
imentary expression of low seawater [SO,27].
Importantly, the formation of this mineral
requires low seawater [SO,* ] and appropriate
conditions of relatively low oxygen, significant
carbonate ion activity and iron-rich sediment and
porewaters (e.g. Curtis & Spears, 1968; Ohmoto
et al., 2004). Although siderite is an effective
proxy for redox conditions and biogeochemical
cycles with respect to carbon, sulphate and iron
(Berner, 1981; Ohmoto et al., 2004; Romanek
et al., 2009), its changes in morphology and gene-
sis as the OAE evolved potentially has implica-
tions for the global carbon cycle.

Among the well-studied OAEs mentioned
above, OAE 1a is linked to the volcanic activity
of Ontong Java Plateau (Kump & Arthur, 1999;
Tejada et al., 2009; Keller et al., 2011; Erba
et al., 2015; Socorro et al., 2017). OAE 1a started
with a brief and pronounced §'°C negative
excursion taken to define its onset and believed
to reflect a major carbon-cycle perturbation that
was caused by a massive release of '*C-depleted
carbon into the ocean-atmosphere reservoir (e.g.
Jenkyns, 2003, 2018; Erba et al, 2010; Chen
et al., 2017). A subsequent 8'°C positive excur-
sion was taken as evidence of a direct link with
episodes of increased organic-carbon burial with
deposition of dark grey shales followed by a sta-
ble plateau of persistent positive §'°C values
before returning to pre-event levels (Menegatti
et al., 1998; Bodin et al., 2013).

In the Tibetan Himalaya, ammonite biostrati-
graphy as well as the characteristic carbon-
isotope signature of OAE 1a has allowed identi-
fication of the sedimentary interval recording
this event in the Gucuo II section (Chen et al.,
2017). Recent work found that abundant and
stratigraphically continuous siderite was present
in the dark grey shales and their associated con-
cretions in this section. This study presents sed-
imentological, mineralogical and geochemical
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Fig. 1. (A) Digital elevation map showing the major blocks and sutures in the Tibetan Plateau. AKMS: Ayimaqin-
Kunlun Suture Zone; JSSZ: Jinsha Suture Zone; BNSZ: Bangong-Nujiang Suture Zone; YZSZ: Yarlung Zangbo
Suture Zone. (B) Geological sketch map of the Himalayas (modified from Gansser, 1964) and location of studied
area. The red star marks the location of the Gucuo II section. (C) Early Aptian palaeogeographical map (ca 120 Ma;

Scotese & Golanka, 1997), showing the location of the study area in the Tethys Himalaya.

data from the Lower Aptian dark grey shales
and associated siderite to explore their signifi-
cance for the formation and nature of OAEs.

GEOLOGICAL SETTING

The Himalayas are a nearly east-west-trending
tectonic belt located in southern Tibet (Fig. 1A).
This terrane is divided into the Sub-Himalaya,
Lesser Himalaya, Greater Himalaya and Tethys
Himalaya from south to north (Fig. 1B). The
Tethys Himalaya is now located between
the Greater Himalaya to the south and Yarlung
Zangbo Suture Zone to the north. This belt com-
prises a complete Mesozoic succession, origi-
nally representing the deposits of the northern
margins of the Indian continent (Fig. 1C), which
can be divided into northern and southern

subzones by the Gyirong-Kangmar Thrust; the
northern zone is characterized by deep-water
deposits, whereas the southern zone is domi-
nated by shallow-water sediments (Liu & Ein-
sele, 1994; Jadoul et al., 1998; Han et al., 2016).
The studied Gucuo II section (GPS:
28°44'46.44" N, 86°18'46.68" E) is located in the
southern zone of the Tethys Himalaya (Fig. 1B).
The lithostratigraphic unit of the Gucuo II sec-
tion is the Lower Cretaceous Gucuo Formation,
which is dominated by dark grey shale alternat-
ing with lighter coloured silty mudstone and
shale intercalated with volcaniclastics and
locally cut by clastic dykes. Ammonite and fora-
miniferal biostratigraphy and detrital =zircon
U-Pb ages, indicate that the age of the Gucuo
Formation is Aptian and Albian (Hu et al., 2008;
Chen et al., 2017). On the basis of age con-
straints, Chen et al. (2017) used organic-carbon
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isotopes to confirm the presence of the OAE 1a
interval of the Early Aptian in this section. The
profile of the carbon isotopes was divided into
six intervals (Fig. 2). In particular, the character-
istic intervals 4 (ca 55 to 60m) and 5 (ca 60 to
70 m) were thought to record the large negative
and ensuing positive carbon-isotope excursion
at the onset and recovery phase of OAE 1a
(Chen et al., 2017). This chemostratigraphic sig-
nature was thought to be the response to
increased isotopically light carbon release and
subsequent globally enhanced organic-matter
burial, which was linked to the impact of
Ontong Java volcanic activity (Keller et al,
2011; Erba et al., 2015).

MATERIALS AND METHODS

Scanning electron microscopy (SEM) and
energy dispersive spectroscopy (EDS)
analysis

Fifty-seven samples collected in the Gucuo II sec-
tion were analysed microscopically, and 21 sam-
ples were investigated by SEM and electron
detector. Samples were coated with ca 4 nm thick
platinum for electric conduction before analysis.
The microanalysis of the samples was performed
at Chengdu University of Technology (Chengdu,
China), using a field emission environment scan-
ning electron microscope (FEI Quanta 250 FEG-
SEM; Thermo Fisher Scientific, Waltham, MA,
USA) with a working distance of 10 mm, and an
accelerating voltage scanning of 20kV; the SE2
probe and AsB detector were used for topography
imaging and back-scattered component imaging,
respectively. Quantitative analysis of components
was carried out using an Oxford X-act energy
spectrometer (Oxford Instruments, Abingdon,
UK) connected to an electron microscope. The
acceleration voltage was 20 kV, the working dis-
tance was 15 mm, and the diameter of the signal
acquisition area was about 2 pm. Electron back-
scatter diffraction (EBSD) analysis was used for
mineral phase identification, performed by an
Oxford EBSD coupled to the field emission scan-
ning electron microscope.

Carbon isotopes

Two concretions whose margins were enriched in
siderite were selected to be powdered using a
microdrill while taking care to avoid cement-
filled veins and pores. Powders were dissolved in
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purified phosphoric acid (H;PO,) and the pro-
duced CO, was measured for isotope ratios by a
Finnigan MAT Delta Plus XP mass spectrometer
coupled to an in-line GasBench II auto sampler
(Thermo Fisher Scientific) at Nanjing University
(Nanjing, China). Results are reported in the stan-
dard delta notation in per mil deviation from the
Vienna Pee Dee Belemnite (VPDB) standard. The
analytical precision was better than 0.1%o.

Major and trace elements

Major and trace element analyses were per-
formed at Nanjing University. Fused glass sheet
was prepared by thoroughly mixing 1g pow-
dered samples with 11g of a co-solvent
(Li,B4O,/LiBO,/LiBr: 49.75%/49.75%/0.50%)
before melting in platinum crucibles using a
fully automatic electric melting furnace
(THEOX; Malvern Panalytical, UK) operating at
40kV and 75mA. The sample analyses were
determined using wavelength-dispersive X-ray
fluorescence spectrometry techniques (ARL9900
XRF, Thermo Fisher Scientific) with two geolog-
ical standards (BHVO-2 and BCR-2) being used
to monitor data quality. The analytical accuracy
{[((measured value—-true value)/true value]x
100%} was verified by analysing these two stan-
dards and was better than 1.0% for oxide con-
tents >1.0%, but better than 10% for oxide
contents <1.0%. The analytical precision
(reported as 1 sigma RSD) of the analyses was
better than 5%.

Trace elements were analysed using a brief
experimental process that can be described as
follows.

1 50 mg powders of each sample were weighed
and placed into PTFE (poly-tetra fluoroethylene)
inner cans, dissolved with 1.5mL of concen-
trated HF, and then evaporated to a nearly dry
condition on a hotplate (130°C).

2 1.5mL of concentrated HF and 1 mL of con-
centrated HNOj; were added into the cans,
which were then re-sealed in steel jackets and
heated at 190°C in an oven for 72 h.

3 After cooling, the jackets were opened and
evaporated at 130°C to a nearly dry condition on
a hotplate. This evaporation process was
repeated twice while adding 1mL of concen-
trated HNOs.

4 The resultant residues were re-dissolved
with 1 mL of concentrated HNO; and 2mL of
H,0, then sealed and heated in the steel jacket
at 190°C for 12 h in the oven.
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5 After it cooled down, the solution from step
4 was transferred to a polyethylene bottle to
which was added 1 mL of a 500 ng/mL Rh inter-
nal standard solution to be diluted to 50 mL for
ICP-MS analysis. The analytical precision was
typically better than 5% (1 RSD), determined by
analysis of two international rock standards and
two duplicate samples (n = 15).

RESULTS

Siderite characteristics in the field and under
the microscope

The lithology of the Gucuo II section is domi-
nated by dark grey shale (Fig. 3A to C). Most of
the concretions observed in the field are ca 3 to
7cm in length, generally with a layered ring
structure which can be roughly divided into two
parts. The inside of the concretion is composed
of a clay-rich mineral manifested as a weathered
brown core in field observation (Fig. 3D and E)
but fresh dark grey in polished slabs (Fig. 3F
and G). These concretions are enclosed in dark
grey shale layers (Fig. 3D and E). The sedimen-
tological evidence from microscopic studies and
inspection of polished slabs shows that siderite
is concentrated in the outer ring of the concre-
tions (Fig. 3F to H). Carbonate minerals, mainly
siderite with minor calcite, are present outside
the concretion in the dark grey shales.

A total of 16 samples of dark grey shale and
five concretions hosted in dark grey shales were
used to analyse the main composition of the sid-
erite particles using SEM and EDS, and the
results are shown in Table S1. All of these sam-
ples contain pure siderite with a content of 90.7
to 100 mol% FeCOj; (99.16 + 1.28 mol%, n=21)
and contain negligible CaCO;, MgCO; and
MnCOg. Siderite is widely distributed both in
the dark grey shales and concretions throughout
the Gucuo II section. According to their morpho-
logical characteristics observed under the micro-
scope, the siderite can be divided into three
categories.

1 Spherical siderite. It is composed of an aggre-
gation of siderite microspheres with a ring struc-
ture (mostly 0.1 to 1.0 pm in size; Fig. 4A), and
the shape of aggregated spherulites ranges from
irregular to spherical (Fig. 4B and C), similar to
framboidal pyrite.

2 Rhombic siderite. Most of the rhombs are ca
5 to 20 pm in length, and some show traces of
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dissolution (or incomplete particle formation;
Fig. 4D).

3 Disseminated siderite. It is dominated by sid-
erite cements, which are distributed in shale
pores and edges of clay minerals or is present in
shale fissures (Fig. 4E and F). These different
types of siderite can be observed in the same
sample (Fig. 4G) and some of them occur with
organic matter (Fig. 4H and I).

Pyrite characteristics under the microscope

The samples from two intervals (ca 10 to 12m
and ca 50 to 70 m) contain pyrite, with the min-
eral grains being less than 1pm in diameter
(Figs 2 and 4] to L). The pyrites all coexist with
siderite. Rare pyrite grains in the lower interval
(ca 10 to 12m) are observed in siderite cores
under the high magnification of the SEM. The
upper interval (ca 50 to 70m) contains more
abundant pyrite than the lower interval; the
mineral has either grown individually (Fig. 4])
or coexists with siderite (Fig. 4K and L).

Carbon-isotope values of concretions

Carbon-isotope measurements were carried out
on two concretions. The carbon-isotope value of
two samples at 65.9m and 67.4m are —23.7%o
and —27.9%., respectively.

Major and trace elements

Twenty-one dark grey shale samples and two
concretions were analysed for major and trace
elements, and the results are shown in
Tables S2 and S3 and described (average =+ std)
below. Rare-earth elements (REE) are normalized
to Post Archean Australian Shale (PAAS;
McLennan, 1989) and the REE pattern of concre-
tions and dark grey shales is shown in Fig. 5.
The total REE concentrations range from 136.07
to 625.15 ppm (351.23 +140.93 ppm) of the dark
grey shales, 55.66 ppm and 71.78 ppm of the
two concretions. The REE pattern shows light
REE (LREE) depletion, middle REE (MREE)
enrichment and heavy REE (HREE) depletion.
Dark grey shales have an Fe,O3; content of 3.04
to 21.34 wt.% (6.56 +4.08 wt.%), which is lower
than PAAS (7.23 wt.%; McLennan, 1989). The
Al,O; concentrations are 4.67 to 19.11wt.%
(14.76 £ 3.30 wt.%), which is also lower than
PAAS (18.90 wt.%; McLennan, 1989). Conse-
quently, samples have Fe/Al ratios of 0.24 to
6.04 (0.79+£1.23), higher than PAAS (0.51;
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McLennan, 1989). The value of Ce anomalies is
0.87 to 1.13 (1.05 £ 0.07) and of Ni/Co is 0.84 to
46.86 (6.82+11.01). To eliminate the effects of
dilution by detrital flux when reconstructing
redox conditions, enrichment factors (EF: EF .
ment X:X/Alsample/X/Alaverage shale) are used to
describe the degree of element enrichment in
sediments. Generally, an abundance of Mo
above the crustal average (2ppm) and below
25 ppm indicates a non-euxinic setting where
H,S was restricted to the porewaters; values
between 25ppm and 100ppm represent an
intermittently euxinic setting or permanently
Mo-depleted euxinic setting, and greater than
100 ppm  records  permanently  euxinic,
Mo-replete settings (Scott & Lyons, 2012). The
key redox elements for the ten dark grey shale
samples are as follows: values of Mo concentra-
tion are 0.86 to 66.33 ppm (6.78 &+ 15.82 ppm); of
EF-Mo is 1.10 to 65.57 (7.43 +£15.70); of U is
0.61 to 6.43 ppm (2.76 +1.45 ppm); of EF-U is
0.70 to 2.20 (1.10 £ 0.40). These data and thresh-
old values for redox proxies mentioned above
are plotted in Fig. 2.

DISCUSSION

Redox conditions

According to the oxygen content of bottom
water, the redox conditions can be divided into
oxic, suboxic and anoxic (Fig. 6A; Tyson & Pear-
son, 1991; Canfield & Thamdrup, 2009; Petrash
et al., 2017). Some redox-sensitive elements are
more soluble under oxidizing conditions than
reducing conditions, such as Mo, U and Co, and
they tend to be more enriched in anoxic envi-
ronments (Tribovillard et al., 2006, 2012).
Molybdenum exists in the form of molybdate
(M00,427) in oxidizing seawater and has high
concentrations, which can only be adsorbed by
Mn-Fe (oxyhydr)oxides (Barling & Anbar, 2004).

By contrast, Mo can be reduced to MoS,2~
under anoxic to euxinic conditions and then
enriched in sediments by absorption into
organic matter or Fe sulphide minerals (Helz
et al., 2011). Uranium exists as a dissolved
phase in the conservative form of hexavalent
uranyl ions (UO,(CO,);*7) in oxic seawater
where the dissolved U cannot be scavenged by
particulates (Tribovillard et al., 2006). The
reduction of U can occur under reducing condi-
tions in a similar way to Fe (Morford et al.,
2001; Poulson et al., 2006) and, unlike Mo, the
resultant reduced products (UO,, U0, and
U;05) can be absorbed and enriched in sedi-
ments, rather than ferromanganese oxides (Tri-
bovillard et al., 2006). Therefore, changes in U
(EF-U) and Mo (EF-Mo) in sediments can reflect
redox conditions in seawater.

Iron from deep-sea sediment porewaters,
hydrothermal fluids (Poulton & Canfield, 2011)
and/or oxic shelves (Anderson & Raiswell, 2004)
can be enriched in anoxic marine conditions,
and thus Fe/Al ratios can enable anoxic and
oxic depositional environments to be distin-
guished (Lyons & Severmann, 2006; Raiswell &
Canfield, 2012). The Ni/Co ratio is also com-
monly used as a redox indicator. When the
value of Ni/Co is less than 5, between 5 and 7,
and greater than 7, it suggests oxygenated,
weakly oxygenated and anoxic conditions,
respectively (Jones & Manning, 1994). Addition-
ally, under suboxic conditions, Fe-Mn oxide/-
hydroxide will dissolve, resulting in insoluble
Ce*" being reduced to soluble Ce®*, leading to
Ce enrichment in seawater and corresponding
Ce depletion in sediments (cf. Tostevin, 2021).
The value of Ce anomalies is derived from the
formula (Ce/Ce*)y = Cen/(Prn*Prn/Ndy)  pro-
posed by Lawrence et al. (2006). The thresholds
of each redox proxy mentioned above have been
illustrated in Fig. 2.

In the Gucuo II section, the Fe/Al, Mo (EF-
Mo) and U (EF-U) data show relatively stable

Fig. 3. Field photographs, microphotographs of dark grey shales and concretions from the Gucuo II section. (A)
Field photographs showing the lithological unit 1 and unit 2 of the Gucuo II section (cf. Chen et al., 2017). (B)
Close-up photographs of dark grey shales from unit 2. (C) Typical dark grey shale under cross-polarized light
(35.5m). (D) Siderite concretions having ring structure (red dashed circles) within dark grey shales. (E) Siderite
concretions growing along the dark grey shale layers. (F) Polished slab of sideritic concretion (67.4 m). The red
circle represents the location where FeCOj; is concentrated, and powders extracted to analyse the carbon isotopes.
The inner and outer ring are dominated by clay minerals (Cm) and carbonate (Cb). (G) Polished slab of sideritic
concretion (65.9m), showing typical concentric growth model with siderite grains concentrated on the outside
layer of the concretion. (H) Microphotograph showing details of the transitional part from middle to the layer

marked on (G) (65.9 m; crossed polars).
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Siderite and a low sulphate ocean, OAE 1a 2367

Fig.4. Scanning electron microscopy (SEM) images and energy dispersive spectroscopy (EDS) spectrum (point
‘+’) of typical siderite and pyrite from the dark grey shales. (A) Spherical siderite (Ss; 10.08 m). Each microsphere
has edge (bright) and core (dark). (B) Spherical siderite aggregate, similar to the pyrite (Py) framboid (10.08 m). (C)
Irregular aggregate of spherical siderite microspheres (10.08 m). (D) Aggregate of rhombic siderite (Rs) (37.68 m).
(E) Disseminated crystals or cementation by siderite (white) in the pores (5.28 m). (F) Disseminated crystals (Ds)
and/or cementation by siderite (the white) in the fissure (5.61 m). (G) Aggregate of rhombic and spherical siderite
in the same field of view (10.08 m). (H) and (I) Siderite aggregates surrounded by black organic matter (Om)
(5.61m). (J) Clustered spherical pyrite grains occurring without siderite (67.4 m). (K) Spherical pyrite occurring in
the core of siderite (13.05m). (L) Clustered spherical pyrite grains (resembling pyrite framboids) located in the

inner part of a siderite mass (69.5 m).
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Fig.5. Post Archean Australian Shale (PAAS)-
normalized REE distributions of the shales and sideri-
tic concretions in this study. The PAAS data are from
McLennan (1989) and rare-earth element (REE) pat-
tern with distinct MREE enrichment (MREE-bulge or
hat-shaped distribution) from anoxic porewaters of
marine sediments is modified from Haley et al
(2004).

values hovering closely around the oxic-suboxic
threshold (Fig. 2). By contrast, the Ce/Ce* and
Ni/Co data are somewhat scattered, and a few
datapoints even reach the obvious oxic and
anoxic zones. Together with the additional evi-
dence of modest total organic carbon (TOC)
values ranging from 0.5 to 1.5% (Chen et al,
2017), the Gucuo II section could have been
mainly deposited in a suboxic setting (ferrugi-
nous conditions). This conclusion is supported
by the relative enrichment of MREE observed in
both concretions and dark grey shales (Fig. 5),
which points to the DIR process under ferrugi-
nous conditions because the dissolution of Fe
oxides/oxyhydroxides could have released
MREEs to the porewaters, thereby imparting a
distinctive =~ ‘MREE  bulge’ (German &

Elderfield, 1989; Haley et al., 2004). Notably,
interval 4 (ca 65 to 70m) shows positive pulses
in Fe/Al, Ni/Co, EF(EF-Mo) and U(EF-U), likely
indicating transient fluctuations to more
oxygen-depleted (anoxic) conditions. Such a
redox pattern is supported by the pulse in TOC
increase (Chen et al., 2017; Fig. 2) and newly
reported high-resolution redox data (EF-Mo,
EF-U and Th/U) that also show their enrichment
of key proxies in interval 4 (Nie et al., 2023).

Stage and genesis of the lower Aptian siderite
and pyrite

Siderite is potentially an important proxy
because of the specific conditions for its forma-
tion: anoxic environments, low [SO,%7], suffi-
cient ferrous iron and high alkalinity (Curtis &
Spears, 1968; Berner, 1981; Ohmoto et al., 2004;
Romanek et al.,, 2009). In essence, oxic condi-
tions are favourable for the formation of Fe (oxy-
hydr)oxides, while high [SO,4%7] and a sulphidic
environment favour the formation of sulphide
minerals such as pyrite. By contrast, ferruginous
conditions, occupying an intermediate redox
window between oxic and sulphidic, are favour-
able for siderite formation under conditions of
low [SO,*"]. For instance, it may be noted that
siderite is one of the most typical minerals
found in Precambrian banded iron formations
due to the dominance of ferruginous oceans
(Ohmoto et al., 2004; Bekker et al., 2010; Hei-
mann et al., 2010).

To date, the genesis of siderite has been
explained in the following ways: (i) direct pre-
cipitation from  seawater during  the
syn-depositional stage (e.g. Berner, 1981; Hei-
mann et al.,, 2010); (ii) authigenic precipitation
from porewater facilitated by DIR or methano-
genesis during early diagenesis (Garcia et al.,
2016; Tang et al., 2018); and (iii) formation by
reduction of ferric minerals together with
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Fig.6. (A) Schematic illustration of early diagenetic environment with redox zones in marine sediment pore-
waters (adapted from Liu et al., 2019). The iron reduction zone (marked by red rectangle in dashed line), likely
mixed with the uppermost sulphate reduction zone, inferred to be the location where siderite and pyrite were
deposited. (B) and (C) Model of siderite formation in dark grey shales and concretions under the conditions of
low marine sulphate concentration. (B) The sulphate-depleted environment that was favourable for siderite forma-
tion before the activities of the Ontong Java large igneous province (LIP). (C) A more sulphate-rich environment
than that of (B), likely related to the extrusion of the Ontong Java LIP and associated enhanced basalt-seawater
interaction and continental weathering, that was able to form pyrite coexisting with siderite.

thermal decomposition of organic carbon at high
burial temperature and pressure during late dia-
genesis (Koéhler et al, 2013; Halama et al.,
2016). In this study, siderite is observed both in
concretions and dark grey shales throughout the
Gucuo II section, which is interpreted as depos-
ited in a generally suboxic environment, one of
the basic conditions favourable for siderite for-
mation. Therefore, further investigation of the
genesis of siderite in the dark grey shales and
dark grey shale-hosted concretions, particularly
over the OAE 1a interval, is warranted.

Implications from the observations in the field
and under the scanning electron microscope

Siderite-bearing concretions are authigenic min-
eral aggregates that occur commonly in sand-
stones and shales, especially in organic-rich

mudstones (Raiswell, 1987; van der Weij-
den, 1992). Field investigations of the Gucuo II
section show that these siderite concretions do
not cut through the bedding and their curved
geometry suggests that the relatively rigid bodies
have grown displacively within the surrounding
sediment, which has subsequently undergone
significant differential compaction (Fig. 3E).
This evidence indicates early diagenetic growth
of concretions in the organic-rich shales. The
polished slabs of concretions show a
multi-layered ring structure. Taking Fig. 3G as
an example, the dark grey component in the
centre of the concretions is mainly clay min-
erals. Outer circles follow a bright-dark-bright
pattern, but they are all primarily made of car-
bonate (mostly siderite with minor calcite), and
the bright-dark difference can also be seen
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under the SEM (Fig. 3H). This type of concre-
tion generally forms during early diagenesis
when large amounts of ferrous iron are released
into the porewaters, and Fe reacts with CO3%™ or
HCO;~, thereby forming FeCO; (Mozley &
Burns, 1993; Raiswell & Fisher, 2000; Gaines &
Vorhies, 2016). Carbonate material is progres-
sively added to the exterior of the concretionary
bodies, and clay minerals are synchronously
aggregated  therein (Fig. 6B; Gaines &
Vorhies, 2016), just as observed in the Gucuo II
section (Fig. 3G). This type of displacive growth
is prone to forming ring structures (Fig. 3D;
Gaines & Vorhies, 2016; Liu et al., 2019).

In addition to the siderite within concretions,
there are three types of pm-scale siderite in the
dark grey shale: disseminated, rhombic and
spherical. Disseminated siderite mostly occurs
in the pore spaces of dark grey shale (Fig. 4E) or
in fissures as cements (Fig. 4F). Due to the lim-
ited growth space, siderite exhibits irregular
crystal morphology and is generally interpreted
as having formed in sediments that were buried
and isolated from seawater, where primary parti-
cles [such as Fe(OH);] could interact with ions
(such as HCO;3;7) in the interstitial water. If this
siderite was not limited by growth space, its
crystal form developed a rhombic shape
(Fairbridge, 1967).

The shape of spherical siderite is very recog-
nizable under the microscope, and each micro-
sphere that makes up spherical aggregation of
the mineral is very small (ca 1 to 2 pm; Fig. 4A
to C). Previous studies have suggested that
this morphology is evidence for the transforma-
tion of Fe(OH); colloid particles into siderite
that retains the primary spherical shape
(Huang, 2004), and/or is derived from remnants
of microbial cells formed in late diagenesis
(LaBerge, 1973; Kazmierczak, 1979; Kohler
et al., 2013). Recent studies have shown that,
in the presence of Fe’*, organic matter can
undergo thermal decomposition, produce CO,
and serve as an electron donor under condi-
tions of more than 170°C and 1.2 kPa, generally
during burial diagenesis when Fe* is reduced
to Fe?" (Kohler et al., 2013; Halama et al.,
2016).

In summary, siderite within concretions and
dark grey shales is present throughout the
Gucuo II section. The concretions and dark grey
shales both contain the early (disseminated and
rhombic) and late (spherical) diagenetic siderites
formed in the different pathways described
above. Generally, complete post-depositional
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(burial) processes can be roughly divided into
early (near-surface) and late (burial) diagenesis,
followed locally by final metamorphism. The
observations in this study unambiguously con-
firm that the samples were mainly affected by
early and late diagenesis (see Discussion section
above). Notably, the spherical siderites likely
indicate  deep-burial diagenesis (probably
extending to several kilometres) because of the
reconstructed high temperatures (more than
170°C). Such diagenetic processes could have
preferentially decomposed the '?C-enriched
organic matter, which thus resulted in residual
higher §'°C,,q values: a conclusion supported by
the observation that the §'°C,,g of Gucuo II gen-
erally have higher values than those recorded in
coeval sections of Cau in Spain and of DSDP
Site 463 in the Pacific (Chen et al., 2017).
Although the Gucuo II section is located in the
high tectonic zone of the Himalayan orogenic
belt, which experienced high pressure and high
temperature during large-scale tectonic pro-
cesses, the sediments in the study area are rela-
tively well-preserved and have not suffered
metamorphism: a conclusion confirmed by the
lack of metamorphic minerals in thin-sections
(Fig. 3).

Implications from carbon isotopes and
rare-earth element patterns

The composition of carbon isotopes in siderite
is controlled by the different sources of HCO; -
bearing fluid from microbial respiration of
organic matter under suboxic to anoxic condi-
tions (e.g. Sellés-Martinez, 1996; Loyd et al.,
2012) that, in turn, can be used to track the for-
mation stage and growth mechanism of iron car-
bonate. As mentioned above, the formation of
siderite generally requires rather precise condi-
tions: namely, a low-oxygen, carbonate ion-rich
and iron-rich environment. The oxygen-deficient
methanogenic and suboxic zones are thus
favourable for its formation (Fig. 6A; Mozley &
Wersin, 1992). Within the methanogenic zone,
organic matter is decomposed by microorgan-
isms, which can produce §'°C-depleted methane
but paired §'’C-enriched HCO;~, because this
process preferentially utilizes '>C-depleted car-
bon to synthesize methane (Raiswell &
Fisher, 2004). Therefore, siderite usually has rel-
atively high carbon-isotope values (even reach-
ing ca 21.9%0) compared to those formed by the
DIR process (Krylov et al., 2008) due to the com-
bination of §'°C-enriched bicarbonate and fer-
rous ions by the following processes:
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CH;COOH = CH, + CO, (1)
CO, + H,0=HCO; + H* (2)
Fe’* + 2HCO; =FeCO;3 + CO, + H,0  (3)

By contrast, the DIR process mediated by iron-
reducing bacteria is widespread in the suboxic
zone (Fig. 6A), where the Fe-oxyhydr(oxides)
are acceptors of electrons from organic-matter
oxidation, with siderite being formed by reaction
between bicarbonate and ferrous ions [4Fe
(OH); + CH,0 + 3HCO; ™ =
4FeCO3 + 30H™ + 7H,0]. Such a process is rela-
tively common during early diagenesis (Lov-
ley, 1991; Konhauser et al., 2005; Heimann
et al., 2010; Teixeira et al., 2017; Tang et al,
2018). Thus, the carbon-isotope ratios of siderite
formed by DIR are mainly inherited from low
values of decomposing organic matter (—20 to
—25%0). Modification of these values from mix-
ing with seawater derived from above the sea-
floor (ca 0%.) and/or mixing with waters from
the sulphate-reduction zone deeper in the sedi-
ment pile (ca —25 to 0%.; Fig. 6A; Irwin et al.,
1977; Liang et al., 2016), could have taken place
due to migration of redox zones. The C-O-Fe-
isotope mass-balance reaction pathways for sid-
erite formation by DIR suggest that, if not
affected by neighbouring redox zones, the
8'°Cgary, Of the mineral can inherit an isotopic
signature from organic matter, with §'°C values
as low as —30%.. comparable to the source mate-
rial (Heimann et al., 2010).

In this study, the two analysed concretions in
the Gucuo II section have 8"C.up of —23.7%0
and —27.9%., respectively. These §"*C.y, figures
are very close to the range of organic §'°C values
(—25.02 £ 0.47%0; Chen et al.,, 2017). Therefore,
the carbon-isotope values of siderite were pri-
marily inherited from that of the organic matter
during the DIR process in the suboxic zone. This
inferred geochemical pathway is also supported
by the MREE bulge pattern (see interpretation
above), and sedimentary and geochemical evi-
dence that the Gucuo 1II section is dominated by
dark grey shale with relatively high TOC content
(Chen et al., 2017). Notably, the BSE images
show that the siderite commonly coexists with
black organic matter (Fig. 4H and I). Such condi-
tions could have been favourable for siderite for-
mation directly using the HCO3;~ produced from
in situ organic-matter decomposition and Fe**
from DIR.

Implications from coexistence of siderite and
pyrite

The pyrite, identified by EDS analysis, occurs
randomly at submicron scale within the siderite
grains and has apparently acted either as nuclei
(ca 1pm) for growth of the iron carbonate
(Fig. 4K and L), or emerged individually
(Fig. 4]). Based on the current data in this study,
the associated siderite present in the concretions
and enclosing dark grey shales shares common
characteristics in morphology. The pyrite grains,
as well as the coexisting siderite, could have
formed in early diagenesis (cf. Wilkin et al,
1996; Bond & Wignall, 2010), synchronously
with the individual siderite grains (except in the
case of the late diagenetic spherical siderite, as
discussed above; Fig. 4K and L).

The formation of pyrite requires reduced sul-
phur (HS™) from microbial sulphate reduction
(MSR) and concomitantly reduced iron (Fe**)
from DIR, which then react together (Fig. 6C;
Wilkin et al., 1996). By contrast, siderite gener-
ally forms in early diagenesis in response to low
[SO4%7] under reducing conditions, with abun-
dant iron and high alkalinity (Curtis &
Spears, 1968; Berner, 1981; Ohmoto et al., 2004;
Romanek et al., 2009). These observations and
fundamental principles suggest overall sulphate
depletion of marine waters favourable for sider-
ite formation in the Early Aptian of the Tibetan
area with, however, enough sulphate being
made available for MSR and pyrite formation, in
the pre-OAE 1a (ca 10 to 12m) and syn-OAE 1a
(ca 50 to 70m) intervals (Fig. 2). Notably, the
relatively rare occurrence and low proportion of
pyrite also suggests pervasive marine low-
sulphate concentrations that limited formation
of iron sulphides. Based on the SEM and EDS
observations of scattered pyrite grains and pyrite
nuclei within the siderite, it is likely that the
iron sulphide formed first during early diagene-
sis, a process that continually consumed sul-
phate until its concentration reached the lowest
threshold for MSR. Subsequently, the extreme
depletion of sulphate in the porewaters, coupled
with additional Fe** availability, would, in the
presence of CO;32~, have favoured formation of
siderite that surrounded the earlier formed
pyrite (Figs 4K, L and 6C). By contrast, the indi-
vidual siderite aggregates likely formed subse-
quently when the HS™, supplied by MSR in the
porewaters, was completely consumed during
early diagenesis. Notably, the coexistence of
pyrite (in two intervals of ca 10 to 12m and ca
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50 to 70m) and siderite (throughout the Gucuo
IT section) suggests that formation of the iron
carbonate likely occurred in the lower iron
reduction zone (the red rectangle; Fig. 6A),
which could mix with the lower sulphate reduc-
tion zone. Moreover, the positive pulse of major
redox proxies and relatively elevated TOC con-
tent in the upper interval also likely indicate a
more reducing (anoxic) environment within the
sediment (Fig. 2). This zone could have been
favourable for siderite formation, and occasion-
ally also favourable for pyrite when sulphate
concentrations were high enough to foster MSR
and produce HS™ due, for example, to pulses of
sulphate input from enhanced continental
weathering and/or volcanism.

In summary, the integrated evidence from sid-
erite characteristics, 8'°C.p, data, REE patterns
and coexisting siderite and pyrite suggest that:
(i) the siderite with disseminated and rhombic
crystals formed during early diagenesis, whereas
the spherical siderite formed during late diagen-
esis, and these two morphological forms gener-
ally coexist together throughout the section; and
(ii) the early diagenetic siderite and local coex-
isting pyrite formed by the DIR process point to
the particular conditions of low [SO,%7], reduc-
ing environment, abundant ion and high alkalin-
ity.  Significantly, dissolved sulphate in
porewaters inherited from the overlying water
column (seawater) could have been consumed
by MSR, if conditions allowed, which could
have decreased the sulphate concentrations in
the pore fluids, thereby losing the original geo-
chemical signature of seawater. However, as
mentioned above, the DIR process was appar-
ently dominant in porewater and minor amounts
of pyrite were only observed in lower (ca 10 to
12 m) and upper (ca 50 to 70 m) intervals of the
section (Fig. 2). These observations suggest that
MSR and pyrite formation had negligible influ-
ence on the changes in sulphate concentration
in porewaters, which thus likely represents the
seawater signal.

Sulphate concentration changes in the early
Aptian

In this study, early diagenetic siderite appears
throughout the Gucuo II section including the
pre-OAE 1a and syn-OAE 1a intervals. Accord-
ing to the Early Aptian carbon-isotope character-
istics and pattern, Menegatti et al. (1998)
divided the OAE 1a signature into eight seg-
ments (C1 to C8). In the Gucuo II section, Chen
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et al. (2017) used the biostratigraphy and
carbon-isotope characteristics to perform a corre-
lation with the typical eight segments of Mene-
gatti et al. (1998), which suggests that the
intervals 1 to 3 correspond to the upper C2 seg-
ment, interval 4 to C3, interval 5 to C4a-b, and
interval 6 to 4c. In particular, the time duration
of C3 (interval 4) and C4 (intervals 5 and 6) has
been well-constrained by astronomical cyclostra-
tigraphy and estimated to have lasted ca
1200 kyr in total (see review by Hu et al., 2020,
and references therein). Therefore, the total
duration of intervals 1 to 6 should have been
greater than ca 1200kyr, thereby suggesting a
long-term low in seawater [SO,*"]. Although the
occurrence of pyrite in the two intervals of ca
10 to 12 m (pre-OAE 1a) and ca 50 to 70 m (syn-
OAE 1a) suggests pulses of relative increase in
sulphate input, their limited occurrence and
proportion still indicate relatively low-sulphate
concentrations that could have severely limited
MSR and HS™ availability for pyrite formation.
In particular, the elevated occurrence of pyrite
over the syn-OAE 1a interval indicates higher
marine sulphate concentrations and is broadly
coincident with the time of emplacement of the
Ontong Java LIP (Fig. 2). This inference is sup-
ported by most radiometric ages (ca 124 to
120Ma) (Timm et al, 2011) and sedimentary
geochemical proxies (for example, Pb, Sr and Os
isotopes, Hg concentrations, Mn and Eu/Eu*)
(Bottini et al.,, 2012; Erba et al., 2015; Bauer
et al., 2021; Percival et al., 2021) for the Ontong
Java LIP, which indicates that the onset of volca-
nism was synchronous with the beginning of
OAE 1a (C3; Fig. 2). Thus, the syn-OAE 1a
increase in [SO.%7] could be attributed to sul-
phate input from submarine volcanism and/or
hydrothermal activity and associated enhanced
continental/marine weathering (Fike et al., 2015;
Jenkyns, 2018). Furthermore, this occurrence of
pyrite corresponds to a negative excursion of
sulphur isotopes (8°*Scas) in  carbonate-
associated sulphate (CAS; Gomes et al., 2016)
that could be ascribed to input of relatively ele-
vated volcanically derived **S-depleted sulphate
from some form of basalt-seawater interaction.
In addition, high-resolution geochemical proxies
likely reflect multiple discrete pulsed volcanic
episodes, including the intervals of C2 (before
OAE 1a) and C3-C4 (during OAE 1a) (Gomes
et al., 2016; Bauer et al., 2021). Based on the
current carbon-isotope correlation (Chen et al,
2017), the earlier LIP activity (pre-OAE 1a) was
probably the cause of pyrite formation during
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the interval of ca 10 to 12m in Gucuo II. How-
ever, recent high-precision *°Ar/*°Ar data from
the Ontong Java LIP show an age range
from 116.85 to 107.96 Ma, younger than previ-
ous dates mentioned above. These results, if
accepted, show that the volcanism appears too
young to have triggered OAE 1a. However, these
ages could be ascribed to failure to recover the
older volcanic stratigraphy from the available
drilling record (Davidson et al., 2023).

Overall, the integrated sedimentological, min-
eralogical and geochemical evidence indicates
relatively low-sulphate concentrations in the
marine waters of south-eastern Tethys (Southern
Hemisphere) in the Early Aptian during the pre-
OAE 1a and syn-OAE 1a intervals. Geographi-
cally restricted settings could have caused the
composition of an isolated sulphate reservoir to
evolve away from that of the global ocean. How-
ever, the Lower Aptian Gucuo II section derives
from an open shallow sea on the northern mar-
gin of the Indian continent (Fig. 1C), directly
facing the open Neo-Tethys Ocean. There is
additional evidence for well-mixed watermass
between the study area and the global ocean: (i)
the Lower Aptian ammonites and foraminiferal
species identified in Gucuo II have close affinity
with those from other globally distributed
marine sites (Hu et al., 2008; Chen et al., 2017);
and (ii) the profile and absolute values of 613Corg
from Gucuo II are closely comparable to those
from other sites globally (Chen et al., 2017).
These observations suggest that a low seawater
sulphate concentration before and during OAE
la was likely to have been at least a (supra)
regional, or even a global phenomenon. This
conclusion is supported by previous studies of
fluid-inclusion data of 5 to 12mMm (ca 124 to
122 Ma; Lowenstein et al., 2003), and sulphur-
cycle modelling results of less than 7mwm
(Gomes et al., 2016) and even lower than 0.6 mm
(Bauer et al., 2022a). The greatly reduced seawa-
ter [SO427] could have resulted from large-scale
episodic precipitation of gypsum in the proto-
South Atlantic, both before (Wortmann & Cher-
nyavsky, 2007) and during OAE 1a (Tedeschi
et al., 2017).

Implications for oceanic anoxic events

With respect to Mesozoic OAEs, the occurrence
of siderite as evidence for a low-sulphate ocean
has hitherto been reported for the Early Jurassic
T-OAE (Xu et al., 2018) and Early Cretaceous
OAE 1a (Bauer et al., 2022a). This interpretation

is supported by the sulphur-isotope modelling
results of 0.6 to 5.0mmM for the Early Toarcian
(Gill et al., 2011; Newton et al., 2011; Han et al.,
2022), and 0.6 mMm or even as low as 0.1 mm dur-
ing OAE 1a (Bauer et al., 2022a), as mentioned
above. In addition to precipitation of evaporites
before and during the OAEs, coupled elevated
organic-carbon and associated pyrite burial dur-
ing the OAEs could also have driven the sul-
phate concentrations to lower values (Jenkyns,
2010; Tedeschi et al., 2017; Turner & Pelz, 2017).
Although siderite has been only reported from
sediments deposited during the T-OAE (Xu
et al., 2018) and OAE 1a (Bauer et al., 2022a;
this study), the current geochemical data from
other typical Mesozoic OAE intervals suggest
that marine low-sulphate concentrations were
pervasive before and during OAEs. To date,
sulphur-isotope modelling results and/or fluid-
inclusion data from evaporites have confirmed
that seawater [SO,%”] was possibly less than
1mM during the PTB (Luo et al., 2010), less
than 1mwm before the TJB (He et al., 2020), ca
1.4 to 3.0 mMm before OAE 2 (Adams et al., 2010),
and ca 2.1 to 7mm during OAE 2 (Adams et al.,
2010; Owens et al., 2013; Gomes et al., 2016).
These estimated sulphate concentrations are
four to 50 times lower than that of the modern
ocean (ca 29 mm).

The observations above support a probable
cause and effect relationship between low sea-
water [SO4%7] and widespread development of
OAEs by the way of microbially mediating bio-
geochemical pathways (especially the ultimate
limiting nutrient cycle of phosphorus and the
movement of a sulphate-methane transition
zone in the sediment pile) in the Mesozoic
greenhouse world (Gomes et al., 2016; He et al.,
2020; Bauer et al., 2022b; and references
therein). As discussed above, redox proxies
record sediment deposition dominantly beneath
suboxic (ferruginous) waters during the Early
Aptian in the Tethys Himalaya. Previous studies
suggested that ferruginous conditions could
have resulted in elevated phosphorus burial and
sequestration in sediments by adsorption to Fe
minerals and/organic matter, in contrast to effec-
tive phosphorus recycling under sulphidic con-
ditions (Méarz et al., 2008; Bauer et al., 2022b).
However, Poulton et al. (2015) suggested that
either preferential release of phosphorus from
organic matter or sulphide-promoted reduction
of Fe oxides during MSR were sufficient to
remobilize the sequestered phosphorus back into
seawater. Therefore, it is hypothesized that,
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under the precondition of low seawater [SO.%7],
LIP activity and enhanced continental and
marine basalt-seawater interaction could have
elevated the sulphate input and thus the seawa-
ter [SO,27], which greatly facilitated release of
phosphorus and consequently led to subsequent
enhanced primary productivity (cf. Adams
et al.,, 2010; Gomes et al., 2016). Additionally,
low seawater [SO4%"] could have led to a narrow
sulphate-methane transition zone, moving it
closer to the sediment—water interface (SWI) (i.e.
producing a smaller sulphate reduction zone),
thereby reducing the consumption of organic
matter by MSR (e.g. He et al., 2020). A higher
organic-carbon flux thus could have been used
by methanogens to produce methane that, how-
ever, could not be significantly removed in the
sulphate reduction zone by anaerobic oxidation,
but rather consumed by aerobic oxidation fol-
lowed by upward diffusion to the seafloor, thus
aggravating submarine anoxia (Whiticar, 1999;
Knittel & Boetius, 2009; He et al., 2020). Because
of limited sulphate and oxygen availability in
the sediment pile during OAEs, the methane
would tend to accumulate in the ocean and then
be released to the atmosphere (He et al., 2020).
Such a phenomenon would have resulted in an
increased concentration of a potent greenhouse
gas (methane), which could have significantly
further reduced the dissolved oxygen in seawa-
ter and enhanced global warming.

The hypothesis of enhanced phosphorus avail-
ability via release from organic-matter reminera-
lization and iron oxyhydr(oxide) dissolution has
only been suggested in the case of OAE 1a and
OAE 2 (Adams et al., 2010; Poulton et al., 2015;
Gomes et al., 2016). By contrast, the increase in
benthic methane flux and associated expanded
anoxia have been widely applied in the case of
the highly inimical conditions reconstructed for
the end-Permian mass extinction (Luo et al.,
2010) and Triassic-Jurassic boundary event (He
et al., 2020), as well as the Early Aptian OAE 1a
(Bauer et al., 2022a). The data presented in this
study support the phosphorus-limiting hypothe-
sis based on the fact that the obvious increase in
pyrite occurrence is broadly synchronous with
the eruption age of the Ontong Java LIP (Fig. 2),
which likely supplied sulphate to marine
waters, promoted MSR and organic-matter min-
eralization and released phosphorus.

The current data show that formation of siderite
was pervasive in suboxic (ferruginous) environ-
ments before and during OAE 1a, just as in the
case of the T-OAE (Xu et al., 2018). These
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observations suggest that, under these sulphate-
limited conditions, inorganic carbon burial asso-
ciated with the formation of siderite may have
also played a significant role in removing the iso-
topically light carbon injected into the ocean-
atmosphere system from LIP activity and/or other
sources. This hypothesis is supported by the fact
that, during typical OAEs, enhanced continental
weathering and basalt-seawater interaction was
able to supply sufficient iron for the DIR process
to produce enough reduced Fe** and HCO; ,
probably accompanied by HCO;3 ™ from the metha-
nogenic zone, to form the FeCOs.

CONCLUSIONS

This study presents an integrated petrographic,
mineralogical and geochemical study of siderite
and pyrite hosted in dark grey shale and associ-
ated concretions of Early Aptian age in the
Gucuo II section from the Tibetan Himalaya. The
section derives from an open-marine setting on
the northern margin of India in the Southern
Hemisphere. The redox-sensitive elements, mid-
dle rare earth element (MREE) bulge pattern and
relatively high total organic carbon (TOC) con-
tent suggest a dominantly suboxic (ferruginous)
environment. Siderite occurs throughout the sec-
tion in both dark grey shale and concretions and
can be classified into three categories: dissemi-
nated (<5 pm), rhombic (ca 5 to 20pm) and
spherical (ca 0.1 to 1 pm) according to the mor-
phological characteristics. The recognition of
early diagenetic siderite in the dark grey shales,
relatively low carbon-isotope ratios (with values
close to that of organic matter) in the sideritic
concretions, MREE bulge patterns from concre-
tions and dark grey shales, as well as associated
minor pyrite, indicate that relevant formational
processes occurred in the iron reduction zone
with particular conditions of low [SO,27], reduc-
ing environment and abundant iron, and were
thus significantly mediated by dissimilatory iron
reduction (DIR). Two intervals of relatively ele-
vated pyrite occurrence developed before and
during oceanic anoxic event la (OAE 1a) inter-
val, suggesting transient increase of sulphate
concentrations, one episode of which corre-
sponded to the onset of the OAE 1a negative §'°C
excursion, and can be ascribed to the input of
sulphate from the emplacement of the Ontong
Java large igneous province (LIP). The coexis-
tence of siderite and pyrite may indicate that DIR
occurred close to the microbial sulphate
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reduction (MSR) zone, and the extremely low
seawater [SO,%7] hovered around the threshold
where pyrite could form once the seawater sul-
phate concentrations had increased due to epi-
sodic influx of fluids from enhanced continental
and marine weathering and/or hydrothermal
activity and/or volcanism. Observations support
the previous hypothesis that, under a background
of low [SO427], enhanced volcanic-derived sul-
phate input could have promoted MSR and
organic-matter mineralization, which further
enhanced phosphorus recycling, thereby increas-
ing primary productivity and organic-carbon
burial, leading to more oxygen consumption and
driving an expansion of oxygen minimum zones,
as characterized many OAEs.
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Table S1. Element compositions and atom ratios of
siderites.

Table S2. Major and trace elements of dark grey
shales.

Table S3. Rare-earth elements (REEs) of dark grey
shales and concretions.
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