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Abstract

The pyritization of microfossils serves as a key indicator of paleoenvironmental conditions, yet
the controlling factors on pyrite morphology and composition remain poorly constrained. This
study encountered different pyrite morphology (framboids and patches) from the foraminiferal
tests retrieved from the marine sediment samples of Ocean Drilling Program Hole 763A,
southeastern Indian Ocean, during different geological time slices. We hypothesize that distinct
microenvironments and controlling factors might have influenced the morphology. Detailed
investigations of the morphology, mineralogy and geochemistry of Fe-S coatings within and on
foraminiferal tests suggest the dynamics of paleoredox conditions during the Middle
Pleistocene and Upper Miocene. The comprehensive geochemical overview and the presence of
Ni and Ba associated with Fe-S coatings and sediments suggest deoxygenation of deep-sea
sediments driven by climatic shifts rather than hydrothermal activities. The stable anoxic deep
ocean setting during the Middle Pleistocene, evidenced by increased organic matter flux and
ocean stratification, contributed to low bottom-water oxygen levels. The geochemical evidence
from the Upper Miocene samples indicates predominantly oxidising conditions, as shown by
the altered reddish-yellow foraminiferal tests, which are mainly composed of calcite. However,
localized reducing conditions are evidenced by patches of pyrite associated with foraminiferal
shells, suggesting the presence of transitional redox conditions within the oxidising sediments
during the Upper Miocene.

1. Introduction

Marine sediments, including the well-preserved fossilized remains, provide a primary archive
from which these proxies are derived, making them invaluable for reconstructing past ocean
conditions. Pyrite is widely distributed in marine sediments, and its morphology has been
extensively documented, making it a reliable proxy for reconstructing the redox conditions of
bottom waters and basinal redox history (Chang et al. 2022; Emmings et al. 2022). Pyritization
of microfossils occurs through the authigenic formation of pyrite (FeS,) via bacterial sulphate
reduction in anoxic settings, where hydrogen sulphide (H,S) reacts with reactive iron within
shells (Buckman et al. 2020). Pyrite formation depends on organic matter, H,S and the
availability of reactive detrital iron (Chen et al. 2021; Chang et al. 2022). In terrigenous marine
sediments, iron is typically abundant and reactive enough, allowing pyrite formation without
limitation, while highly calcareous sediments contain very little iron compared to terrigenous
input (Berner, 1984). Additionally, in freshwater sediments, low sulphate concentrations restrict
pyrite formation, resulting in minimal pyrite and a weak correlation with organic carbon
(Raiswell et al. 2018).

The process of fossil pyritization in natural deep-sea sediments is influenced by a complex
interplay between environmental and depositional factors. These include the composition of the
sediment, organic matter availability (associated with productivity, which can control the
subsurface oxygen consumption), the availability of reactive iron (the source of Fe and other
redox-sensitive elements) and the oxygenation of the bottom water (ocean circulation can
control the ventilation of deep water) (Berner, 1984; Poulton et al. 2004; Hoogakker et al. 2025).
Together, these factors drive the formation, abundance and morphology of pyrite within
microfossils, providing insights into the microenvironmental condition that may have
contributed to the basin-wide anoxia and localized redox. Diverse pyrite morphology records
fine-scale microenvironmental shifts driven by organic matter supply, microbial sulphate
reduction and bottom-water redox conditions (Wignall et al. 2005; Chang et al. 2022; Wang
et al. 2023). Framboids are the most abundant and common mineral texture in pyrite (Rickard,
2021). Previous studies suggest that the framboid size distribution described by multiplicative
statistical parameters can be used as a probe for the oxygenation state of the paleo-environment
(Wilkin et al. 1996; Rickard, 2019; Lee et al. 2024). In the Black Sea, for example, small framboids
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Figure 1. The bathymetry and topography map of the studied region is created by using the GMT 6.0 software. The red star denotes the location of ODP Hole 763A. The wind path,
source area and estimated dust deposition region are illustrated here based on the findings of Karp et al. (2020).

reflect rapid growth within the euxinic water column, whereas
larger framboids indicate slower formation within sulphidic
sediments (Wilkin et al. 1997).

The main objective of this work is to examine the potential
drivers of foraminiferal pyritization to better constrain episodes of
anoxia in the southeastern Indian Ocean, a setting characterized by
the pulses of consistent upwelling and persistent oxygen minimum
zones (OMZs). In this study, we integrate scanning electron
microscope (SEM) and energy-dispersive X-ray spectroscopy
(EDS) analyses with a suite of geochemical investigations to
examine the microenvironmental factors controlling the diverse
Fe-S morphologies associated with foraminiferal tests. The
morphological evidence of pyrite from the foraminiferal tests,
such as the coatings and framboidal textures, highlights differences
in preservation states and offers insights into small-scale changes
in the environments during the diagenesis. The methodological
framework established in this study is anticipated to be beneficial
for the analysis of other pyritized microfossils and pyrite-rich
mudstones across different geological basins.

2. Location and geological setting of the study area

Ocean Drilling Program (ODP) Hole 763A is located on the western
part of the central Exmouth Plateau, offshore NW Australia in the
southeastern Indian Ocean (lat. 20° 35.19" S; long. 112° 12.52 E;
water depth 13675 m) (Fig. 1). The Exmouth Plateau was
characterized by a broad zone of continental crust that underwent
extensive deformation during Jurassic rifting, followed by early
Cretaceous seafloor spreading in the adjacent Indian Ocean (Lorenzo
et al. 1991; Gibbons et al. 2012). Seismic and gravity data across the
southern margin of the plateau reveal a complex crustal structure
shaped by two main tectonic phases (Stagg & Colwell, 1994). The
structural and magmatic evolution of the southern margin of the
Exmouth Plateau offers insight into the processes that shape
continent-ocean transform boundaries (Lorenzo et al 1991).

Additionally, the region is well-known for its significant hydrocarbon
potential (Haq & von Rad, 1990). Hole 763A was drilled to a total
depth of 1036.6 metres below the sea floor (mbsf) with a relatively
high core recovery rate of 82%. The upper 141.7 m consists of grey to
white early Miocene to Quaternary foraminiferal nannofossil oozes.
Sediments at Hole 763A were neither heated (Snowdon & Meyers,
1992) nor exposed to high-temperature fluids during burial (Haq &
von Rad, 1990). The Southeast (SE) trade winds carry dust that
impacts the sediments at Hole 763A (Karp ef al. 2021).

3. Samples and methods
3. a. Chronology

Age determination for each sample was conducted using 14 chron
and subchron boundaries as age control points (Haq & von Rad,
1990) (Table 1). To ensure precision, these ages have been aligned
with the updated geological time scale of Raffi et al. (2020) (Table 1).
The interpolated ages for each sample analyzed are given in Table 2.

3. b. Sample preparation

The sediment core samples were processed in the Sample Processing
Unit of the Palaeoceanography and Palacoclimatology Laboratory,
Department of Geology and Geophysics, IIT Kharagpur, following
the standard procedure outlined by Gupta & Thomas (2003). Each
sediment sample was soaked in water for eight to ten hours, with a
half spoon of sodium bicarbonate and ~1-2 drops of diluted
hydrogen peroxide (2%) added, which helped to disaggregate
samples effortlessly. The soaked samples were then washed over a
63 pm-sized sieve using a jet of water to eliminate clay-sized
particles. To prevent contamination, the sieve was stained with a
methylene blue solution after each wash. The wet samples were then
dried at approximately 50°C in an electric oven, and the dried
samples were stored in labelled glass vials. The dry samples were
then sieved using a sieve with a mesh size greater than 149 pm and
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Table 1. Age datums are based on chron and subchron paleomagnetic boundaries established by Haq & von Rad (1990) and further updated to Raffi et al. (2020)

Sl. No ODP Hole Depth (mbsf) Datums Age (Ma)
1 763A 15.1 Brunhes/Matuyama Boundary 0.78
2 763A 18.3 Top of Jaramillo (N) 0.98
3 763A 21.1 Base of Jaramillo (N) 1.07
4 763A 31.1 Top of Olduvai (N) 1.77
5 T763A 35.7 Base of Olduvai (N) 1.94
6 763A 45.8 Top of Reunion (N) 2.15
7 T763A 52.3 Matuyama/Gauss Boundary 2.58
8 763A 64.2 Top of Kaena (R) 3.032
9 763A 67.8 Top of Mammoth (R) 3.207
10 763A 81.5 Gauss/Gilbert Boundary 3.596
11 763A 90.1 Base of Cochiti (N) 4.3
12 763A 94.5 Top of Sidufjall (N) 4.799
13 763A 99.5 Top of Thevra (N) 4,997
14 763A 107.9 Base of Gilbert 6.023
Table 2. Interpolated ages of analyzed samples from ODP Hole 763A
Sl. NO Leg Sample source Depth (mbsf) Age (Ma)
1 122 763A, 2H-TW, 5-7.0 cm 13.96 0.721
2 122 763A, 3H-2W,100-102cm 16.91 0.898
3 122 763A, 3H-5W, 53-55.0 cm 20.94 1.065
4 122 763A, 13H-3W, 100-102 cm 113.41 6.581
5 122 763A, 13H-5W, 5-7 cm 115.46 6.786

were evenly distributed on a black metal tray, and the well-preserved
foraminiferal tests exhibiting pyrite coatings were picked up by a
stable brush under a stereozoom microscope.

To explore the microscale morphological characteristics of
pyrite, the tests were ultrasonically cleaned with Milli-Q water to
remove any adhering particles for analysis using the SEM. Polished
thin sections were prepared from the sediment core samples using
resin impregnation to fill larger pores and stabilize the specimens.
Once affixed to glass slides, the samples were machine-polished to
a thickness of 30 pm using a 600-grade aluminium oxide slurry.
The polished thin sections were then cleaned in an ultrasonic bath
with methanol to eliminate any residual polishing agents. Prior to
SEM analysis, the thin sections and individual tests were carbon-
coated. From the middle Pleistocene, planktic foraminiferal species
such as Trilobatus quadrilobatus and Globorotalia hirsuta and the
benthic foraminifer Bulimina striata were used for SEM, while
coatings found on the surfaces of tests of the planktic foraminifera
Neogloboquadrina humerosa, Sphaeroidinellopsis seminulina and
Dentoglobigerina altispira were used from the Upper Miocene.

3. ¢. Analytical methods

3. ¢.1. SEM-EDS analysis and size measurement of pyrite
framboids

Images were obtained using a JEOL JSM 6490 SEM at the
Department of Geology and Geophysics, IIT Kharagpur,
operating at an acceleration voltage of 20 kV and a working

distance of 12 mm. The SEM was equipped with backscattered
electron detectors, along with EDAX (JEOL) and INCA
(Oxford) EDS units, which were utilized to characterize the
semi-quantitative elemental composition of individual speci-
mens and layers. The analytical conditions for EDS X-ray
elemental mapping included a frame duration of 82.8 seconds,
map dwell times of 1555 ps and a line scan dwell time of 2000 ps,
with a spectrum acquisition time of 20 seconds and a line scan
resolution of 256 X 208 pixels. The SEM images were captured
under both backscattered electron (BSE) and secondary electron
(SE) conditions for both polished thin sections and individual
specimens.

The pyrite morphologies were examined under SEM, and the
sizes of the pyrite framboids were measured through image
analysis using Image] software. A pyrite framboid was measured
when its morphological features matched the established
definition of framboidal texture (Ohfuji and Rickard, 2005),
which includes a spheroidal to sub-spheroidal shape, an
aggregation of individual pyrite microcrystals and a consistent
morphology and size characteristic of pyrite microcrystals.
Following Rickard (2019), the number of framboids measured
per sample ranged from 30 to 202. In this study, a total of 280
framboids were measured from the middle Pleistocene samples,
while 92 framboids were measured from the Upper Miocene
samples. To better analyze the data sets, some multiplicative
parameters, such as the geometric mean and the geometric
standard deviation, are used.
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3. ¢.2. Micro-Raman spectroscopy

Raman spectral analysis was performed to identify the minerals
present in foraminiferal tests and their authigenic coatings. Raman
spectra were obtained from eight points from six individual
specimens with coatings using a Horiba LabRAM HR Evolution
spectrometer, which is equipped with a multichannel Peltier-
cooled (—70°C) CCD detector and a 532 nm frequency-doubled
Nd: YAG laser. The analysis was conducted with a spectral
resolution of 3 cm™ and a spectral range of 100-2000 cm™..
Acquisitions were performed with a 30-second exposure time and
25% laser power to enhance the signal-to-noise ratio while
minimising fluorescence, conducted at the Central Research
Facility Centre, IIT Kharagpur.

3. ¢.3. X-ray diffraction (XRD)

Three dried samples, free of carbonate and organic matter, were
powdered and homogenized using an agate mortar. The
powdered samples were analyzed via XRD using an Empyrean
PANalytical diffractometer equipped with a PIXcel3D detector
and a copper radiation source (Cu Ko, A =0.15 nm) across a 20
range of 5—80°. The raw XRD data were processed with
PANalytical High Score software (version 3.0.5) to identify the
major mineral phases, and background correction was conducted
using OriginLab software.

3. c.4. Stable oxygen and carbon isotope analyses of
carbonate

Stable carbon (8'3C) and oxygen (8'%0) isotope analyses were
performed on calcite tests of benthic foraminifer Cibicides
wuellerstorfi and planktic foraminifer Trilobatus sacculifer from
five samples. The measurements were conducted using a Finnigan
MAT-253 Isotope Ratio Mass Spectrometer, coupled with a Kiel-IV
automated carbonate preparation device at IISER Kolkata. To
ensure reproducibility, international standards IAEA-603 (8'°C:
2.4 %o, 8'80: —2.4 %o) were analyzed in conjunction with an internal
laboratory standard, Z-Carrara (8°C: 2.2 %o, 8'80: —1.3 %o). The
standard deviation of the 8'°C and 8'80 values for IAEA-603
is £0.01 and * 0.01 (n =1, 10), respectively, and for Z-Carrara is
+0.01 and * 0.01 (n =1, 1o), respectively. The results are reported
relative to the Vienna Pee Dee Belemnite (VPDB).

3. ¢.5. X-ray fluorescence (XRF) analysis

We employed the fused bead method for XRF analysis. Each sample
was finely crushed, weighing 0.64 g and combined with 2.22 g of
lithium metaborate, 4.14 g of lithium tetraborate (composed of 65%
Li,B,0; and 35% LiBO,) and 0.5% lithium bromide. A 7-gram
mould was prepared for each sample, maintaining a flux ratio of
1:10. Utilising the xrFuse2 Electric Automatic Fusion Furnace, the
samples were melted at 1100°C, followed by shaking and cooling.
This procedure converted the pulverized samples into glass beads,
with each sample taking 23 minutes to complete the process
(Upadhyay et al. 2021). Major elemental analysis was conducted
using XRF (Bruker S8 Tiger, Germany) at the Indian Institute of
Science Education and Research Kolkata. Calibration was per-
formed using standard reference materials, including JSD1 and JLK1
(Imai et al. 1996). Analytical error (standard deviation*100/average)
for repeated samples of Al,O3 (%), CaO (%), Fe,O3 (%), K,0 (%),
MgO (%), Na,O (%), P,Os (%), SiO, (%), TiO, (%) and MnO (%)
ranges from 0 to 2.32%.

RR Palei et al.

4. Results

4. a. Morphology and micro-textures of pyrite that appear to
coat or infill foraminiferal tests

At the studied location, benthic foraminifera are very rare, whereas
planktic foraminifera are abundant throughout the studied
sequence. Both planktic foraminifera (including mixed-layer and
thermocline dwellers) and benthic foraminifera (epifauna and
infauna) show evidence of pyritization. In the middle Pleistocene
samples, ~30%-40% of foraminiferal specimens from an aliquot of
1/128 show signs of pyritization as observed under a microscope.
Some tests appear dark and uniformly filled (Figs. 2A, B), while a
broken test reveals the dark pyrite filling (Fig. 2C). In the Upper
Miocene samples, it has been observed that ~25%-30% of the total
foraminiferal specimens exhibit a patchy appearance. Black
patches appear to coat or cover the shells of foraminifera
(Fig. 2D), contrasting with the more extensive infilling seen in
the middle Pleistocene samples. Broken shells reveal that some
chambers appear to be partially coated or covered, rather than
completely filled with Fe-S deposits (Fig. 2E). Additionally, some
foraminifera shells exhibit complete or partial alteration, showing a
reddish-yellow colour (Figs. 2F, G). Despite this pyritization or
Fe-S mineralisation process, the pyritized foraminiferal tests
remain intact and well-preserved.

Various morphological forms of pyrite, including framboids
and patches, have been identified in the analyzed samples. These
framboidal pyrites appear to coat or infill the chambers of
foraminifera and are most commonly observed in the middle
Pleistocene samples (Fig. 3). The framboids are characterized as
spherical clusters of pyrite microcrystals (Figs. 3A-F). The small
individual crystals inside a framboid appear to be well-developed
and were observed inside the broken chambers of Trilobatus
quadrilobatus (Figs. 3C, F). The interiomarginal aperture of
Globorotalia hirsuta appears to be infilled with aggregates of
uniform framboids (Figs. 3D-F). The chambers of the benthic
foraminiferal species Bulimina striata are coated with irregular,
loosely aggregated pyrite microcrystals, and the framboids in these
samples are less well developed (Figs. 3G-I). Framboidal pyrite
within the broken chamber of foraminiferal tests suggests in-situ
authigenic mineralisation (Figs. 3], K). The BSE images of polished
thin sections for the sample at ~0.898 Ma reveal the cross-section
of foraminiferal tests embedded in sediment, partially infilled with
the framboidal pyrite (Fig. 3L). Dense concentrations of pyrite
framboids tightly packed within the test (Fig. 3M). Framboids
observed within broken foraminiferal chambers and the micro-
crystals inside them appear well-developed, likely because of the
larger available space for their growth (Sawlowicz, 2000).

Flaky or patchy pyrite is observed as being coated on the external
surfaces of foraminiferal chambers, particularly in specimens of
Neogloboquadrina humerosa and Sphaeroidinellopsis seminulina
(Figs. 4A-G) in the Upper Miocene samples. Irregular aggregates of
pyrite microcrystals appear to infill chamber pores and are
distributed along the sutures of Dentoglobigerina altispira
(Figs. 4J-L). In the cross section, Globorotalia menardii tests are
densely filled with the framboids, primarily near the inner layer of
the shell (Fig. 4N). Some framboids appear deformed, accompanied
by irregular pyrite aggregates on the broken skeletal fragments
embedded in the sediments (Fig. 40). The Fe-S coatings identified in
this study exhibit diverse morphological characteristics. The results
of the meta-analysis of framboid size measurements infer that the
middle Pleistocene framboid population exhibits a smaller
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Figure 2. Representative photomicrographs of altered foraminifera. (A-C) Microscopic features observed from the Middle Pleistocene samples. (A) Foraminiferal shells appearing
black due to internal infilling with Fe-S deposits; (B) Pyrite grows outward through the aperture after replacing the inside biological shells; (C) Broken chamber of a planktic
foraminifera filled with framboidal pyrite. (D-G) Microscopic features observed from the Upper Miocene samples. (D) Black Fe-S coatings (patchy pyrite) on planktic foraminiferal
tests; (E) Localized black Fe-S coatings on the internal side of broken shells, while within one chamber, while adjacent chambers remain unaltered within the broken fragments of
the foraminifera; (F) Planktic foraminiferal shells completely altered (oxidized) to a reddish yellow colour; (G) Fe-S deposits surrounded by foraminifera and get altered through
the point contact from the deposits. Photomicrographs are taken using an upright microscope (DMLM6000M) operating under visible light at IIT Kharagpur.

geometric mean diameter (~6.5 pm), whereas the Upper Miocene
population shows a comparatively larger geometric mean diameter
(~9.4 pm) (Fig. S1).

4. b. Integrated geochemical investigations

4. b.1. Micro-Raman spectroscopy

The micro-Raman spectroscopy was conducted at eight points on
different specimens to identify the iron sulphide phase in both
framboidal and patchy morphologies. The spectra revealed
characteristic peaks for the framboidal texture, with peaks at
3414 cm’! (minor) and 375.4 cm™ (major), while the patchy
coatings showed peaks at 339.3 cm™ (minor) and 3752 cm’!
(major), as depicted in Figure 5. These peaks, corresponding to the
asymmetric bending (~340 cm™!) and symmetric stretching (~375-
380 cm™!) modes of Fe-S bonds (Chen et al. 2022), confirm the
presence of pyrite in both the morphologies.

4. b.2. SEM-EDS

The chemistry of iron sulphides associated with biogenic remains
was analyzed using SEM-EDS to obtain a representative dataset. The
elemental maps provide a semi-quantitative representation of Fe-S
mineral phases and reveal additional elemental inclusions (Mg, Si, Al
and Ni) within pyrite observed from the foraminiferal shells.
Normalized atomic percentages of the detected elements were

obtained (supplementary Table 3) through the point analyses at
positions i, ii and iii in the corresponding BSE images (Figs. 6-9).
Unaltered foraminiferal chambers primarily consist of Ca, C and O,
indicating a typical calcitic composition. Figure 6 displays the spatial
distribution of Ca, Fe, S, Mg and Si in middle Pleistocene
foraminiferal specimens, with Ca indicating the original calcareous
shell composition, Fe and S aligning with framboidal pyrite locations
and Mg and Si suggesting minor elemental incorporation. Figure 7
shows the chemistry of a sample at ~0.898 Ma, with abundant Ca
along test walls, Fe and S indicating framboidal pyrite and Si, K and
Al dispersed in the matrix, likely reflecting minor detrital or
authigenic inclusions in the sediment. In the Upper Miocene
samples, Fe and S are concentrated in pyrite patches on foraminiferal
surfaces (Fig. 8), with weak Mg and Si signals suggesting minor
admixtures in the sulphide assemblage. Notably, Ba as baryte on the
surface of Sphaeroidinellopsis seminulina (Fig. 8L) may provide
insights into diagenetic processes and depositional settings.
Elemental mapping at ~6.58 Ma reveals the distribution of Ca, Fe,
S, Siand Al in the sediment, with Fe and S maps showing association
with specific microstructures and no evidence of calcite replacement
in biogenic remains (Figs. 9B-F and H-L).

4. b.3. XRD analysis
The X-ray powder analysis (Fig. 10) was able to detect peaks
corresponding to minerals with good crystallinity and higher
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Figure 3. The following BSE images highlight the presence of framboidal pyrite in the Middle Pleistocene samples: (A-C) Trilobatus quadrilobatus exhibiting framboidal pyrite
filling in its chambers; (D-F) Globorotalia hirsuta with framboidal pyrite in both the aperture and chambers; (G-1) Bulimina striata with irregular aggregates of pyrite crystals on its
surface; (J, K) Framboidal pyrite found in the broken chambers of planktic foraminiferal shells; (L) Dense concentration of framboidal pyrites within foraminiferal tests, embedded
in sediments; (M) Within the scattered sediment matrix, growth of framboids within foraminifera.
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Figure 4. The following BSE images illustrate various foraminiferal species from the Upper Miocene samples: (A-C) Neogloboquadrina humerosa, highlighting a patchy
distribution of pyrite; (D-F) Sphaeroidinellopsis seminulina, displaying patchy pyrite appearing to be coated on the test surface; (G-1) coexistence of pyrite patches and baryte on
the surface of Sphaeroidinellopsis seminulina; (J-L) Dentoglobigerina altispira, exhibiting irregular aggregates of pyrite infilling the pores within its chambers. (M-O) Representative
image for the sediment sample at ~6.58 Ma showcasing the tests and test fragments embedded within sediments; (N) cross-section of Globorotalia menardii filled with pyrite
framboids; and (O) deformed and irregular aggregates of pyrite growth on a broken shell.
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Figure 5. The Raman spectrum of the coatings observed on foraminiferal tests displays prominent peaks at ~375 and 340 cm™, indicating the presence of the pyrite phase (after
Lara et al. 2015). The spectrum is illustrated in two forms: (A) Raman spectra for framboidal pyrite and (B) Raman spectra for the patchy pyrite.

abundance, while the unidentified peaks represent minor mineral
phases or poorly crystalline components. Sample at ~0.898 Ma was
composed of three primary mineral phases: rutile (56%),
chalcopyrite (25%) and quartz (19%); enstatite (53%) and quartz
(47%) were primarily present in the sediment sample at ~1.07 Ma.
The dominant presence of microcline (78%), along with quartz
(28%), summarizes the mineral composition of the sample at
~6.58 Ma.

4. b.4. Stable isotope ratios

The 813C values for both benthic and planktic foraminifera are
illustrated in Figures 11A and 11B. The 8'*C values in benthic
foraminifera range from —0.1 to 0.5 %o, with a mean value of 0.3
%o. In contrast, planktic foraminifera show &'*C values ranging
from 1.0 to 1.9 %o, with an average of 1.5 %o.

4. b.5. XRF analysis

The XRF analysis of sediment samples yielded phosphorus
percentages (P%) and Fe/Mn ratios. Phosphorus concentrations
averaged 0.02%, with maximum and minimum values of 0.027%
and 0.017%, respectively (Figs. 11C, D). The average Fe/Mn ratio
was found to be 56.2, with a maximum value of 112.4 recorded
from the sample at ~1.06 Ma.

5. Discussion

At the study Hole, completely dark foraminiferal shells are absent
in the Upper Miocene samples. Similarly, the reddish-yellow
alterations and patchy surface coatings of pyrite seen in the Upper
Miocene are not present in the middle Pleistocene samples. Based
on distinct microtextural and morphological features of pyrite,
framboid size distribution, variation in mineral composition and
the burial depth, this study suggests the existence of diverse
microenvironments in the southeastern Indian Ocean during the
Upper Miocene and middle Pleistocene.

5. a. The mechanism of pyrite formation in the study area
during the middle Pleistocene

The development of framboidal pyrite within foraminiferal tests in
the deep-sea environments is principally driven by dissolved iron

and the availability of organic matter, which drives the microbial
activity under anoxic conditions (Canfield & Berner, 1987;
Sawlowicz, 2000). The 8'*C records of benthic and planktic
foraminifera are widely used as proxies for nutrient availability and
deep ocean paleocirculation (e.g., Mackensen & Bickert, 1999). The
relatively low 8'°C values of Cibicides wuellerstorfii and Trilobatus
sacculifer indicate a period of high primary productivity in the
southeastern Indian Ocean (Figs. 11A and 11B) during the middle
Pleistocene, corroborated with the significant increase in relative
abundances of Globigerina bulloides, a productivity-indicator
species (Palei et al. 2024). This high productivity is likely driven by
upwelling and increased organic matter flux contributing to
bottom water column anoxia and anoxic conditions at the
sediment-water interface. High phosphorus levels in bulk sedi-
ments (Fig. 11C), detected via XRF, further support anoxia, as
phosphate-accumulating bacteria thrive in low oxygen (Kerrn-
Jespersen & Henze, 1993). In addition to this, the elevated Fe/Mn
ratio in Middle Pleistocene sediment samples (Fig. 11D) suggests
anoxic conditions (Naeher et al. 2013). So, the past ocean oxygen
deficiencies strongly rely on the palaeontological data along with
the geochemical tracers (Raiswell, 2018). After the death of
foraminifera, their shells descend to the ocean floor; upon settling
on the ocean floor, the shells of foraminifera create comparatively
confined microenvironments that restrict the material exchange
between inside and outside of the organism (Chang et al. 2022).
Microbial decomposition of soft tissues of foraminifera, facilitated
by sulphate-reducing bacteria (SRB), produces H,S in oxygen-
depleted environments (Berner, 1985; Bosselmann, 2007;
Szczepanik & Sawlowicz, 2010; Chen et al. 2021; Chang et al.
2022). Further, H,S reacts with available reactive iron sourced from
dissolved seawater or iron-bearing minerals in the sediments
(Berner, 1985; Szczepanik & Sawlowicz, 2010).

Iron is delivered to marine sediments through various
processes, including fluvial, aeolian, submarine hydrothermal
and glacial inputs. The middle Pleistocene period was marked by a
transition to a more intense glacial cycle (Clark et al. 2006), likely
enhancing the aridity in the regions adjacent to continents,
including Northwest Australia (Christensen et al. 2017). This study
infers the source of Fe content in southeastern Indian Ocean
sediments was likely contributed by aeolian dust transport from
Australian deserts, which are rich in iron-bearing, red sandstone
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Figure 6. (A, G, M) Representative BSE images of
foraminiferal tests from the Middle Pleistocene
samples. (B-F) Chemical maps of Ca, Fe, S, Mg
and Si corresponding to ‘A’; (H-L) Ca, Fe, S, Mg and Si
for ‘G’; (N-R) Chemical maps of Ca, Fe, S, Mg and Si
for ‘M’. In these maps, colour intensity represents the
concentration of each element at the pixel level, with
black areas indicating elemental absence. (i, ii, iii)
Corresponding semiquantitative atomic percent-
ages obtained through point analysis (supplemen-
tary Table 3).

coatings (Stuut et al. 2019; Kuhnt et al 2015). The labile Fe in  from distal sources, as no proximal fluvial settings (e.g., river
aeolian can act as a micronutrient for phytoplankton and provides  mouths) favour its deposition. This study highlights the
Fe ions that react with hydrogen sulphide reduced by SRB (Kenlee ~ importance of aeolian dust from the Australian deserts for
et al. 2024). Additionally, rutile, a dominant heavy mineral in the =~ promoting Fe-S mineralisation in the study region. Elements such
sample at ~0.898 Ma (Fig. 10A), was likely transported via dust  as Mg, Si, Al and Ni appear to be enriched; however, they may not
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Figure 7. (A) Representative BSE image and (B-G) corresponding elemental distribution maps of Ca, Fe, S, Si, K and Al; (H) Representative BSE image and (I-L) corresponding
elemental maps of Ca, Fe, S and Si illustrating sediment composition and Fe-S mineral deposits in the Middle Pleistocene sample at ~0.898 Ma.

be chemically bound to iron sulphide complexes. Instead, this  sediment. This scenario arises because redox-sensitive elements
enrichment might be associated with detrital mafic mineral grains, ~ such as Ni, Cu, Zn and Cd are primarily delivered to sediments
which are naturally enriched in compatible elements. bound to organic matter. Following the decay of the organic

The presence of Ni within the pyrite texture (Fig. 6M (i, ii); = matter, these elements can be retained in the sediment through
supplementary Table 3) suggests reducing conditions in the  association with pyrite during diagenesis (Tribovillard et al. 2006).
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Figure 8. Chemical composition distribution maps. (A, G, M) Representative BSE images of foraminiferal tests from the Upper Miocene samples. (B-F) Ca, Fe, S, Mg and Si
corresponding to ‘A’; (H-L) Ca, Fe, S, Mg and Ba for ‘G’; (N-R) Ca, Fe, S, Mg and Si for ‘M’. Colour intensity in each elemental map reflects the relative concentration of the element at
the pixel level, with black regions indicating the absence of the respective element. (i, i, iii) The corresponding semiquantitative atomic percentages of elements, obtained through

point analysis (supplementary Table 3).
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Figure 9. (A) Representative BSE image and (B-F) distribution of Ca, Fe, S, Si and Al corresponding to ‘A’; (G) representative BSE image and (H-L) maps of Ca, Fe, S, Si and Al for ‘G’,
showing the sediment’s composition along with pyrite for the sample at ~6.58 Ma. (M, N) The presence of baryte within the sediment matrix.
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Figure 10. The XRD patterns illustrate the mineralogical composition of bulk
sediment samples. (A) Represents the mineral assemblage of the sample at ~0.898 Ma;
(B) shows the composition of the sample at ~1.07 Ma; and (C) shows the mineral
composition of the sample at ~6.58 Ma.

A box-and-whisker plot illustrating framboid size distribution
shows that the middle Pleistocene samples contain well-preserved
framboids, consistent with formation in anoxic porewaters during
early diagenesis rather than in a euxinic water column (Fig. SI;
Rickard, 2019).

5. b. Mechanism for the formation of pyrite at the study site
during the Upper Miocene

The co-occurrence of oxidized foraminifera shells, framboidal
pyrite and pyrite patches as coatings on the shells of foraminifera
encountered in the Upper Miocene sediment samples suggests a
complex interplay between the oxidising and localized reducing
microenvironments in this study. Our multiproxy data reflect the
reduced surface productivity in the Upper Miocene, inferred
from the higher 5!°C values in benthic and planktic foraminifera
(Figs. 11A, B), along with lower P% and Fe/Mn ratios
(Figs. 11C, D). The decline in productivity possibly limited the
availability of organic matter and restricted the microbial
processes, thus reducing sulphide availability. A comparatively
low surface productivity and a low Fe/Mn ratio from XRF
measurements of bulk marine sediments (Fig. 11) suggest the
persistence of oxic conditions in the deep marine environments.
The reddish-yellow colouration on foraminiferal shells is likely
caused by the precipitation of iron oxides. This typically occurs
under oxic conditions, where dissolved ferrous iron (Fe?*),
commonly present in sediments, is oxidized to ferric iron (Fe*")
upon exposure to oxygen, leading to the formation of insoluble
iron oxide minerals characterized by a reddish or yellow colour
(Froelich et al. 1979).

However, the pyrite coatings on the tests and framboidal pyrite
within the tests suggest localized microbial sulphate reduction might
have occurred in the organic linings (Schieber, 2002). Additionally,
the Upper Miocene framboids are comparatively sparse, irregular and
less abundant, suggesting a predominantly diagenetic origin within
the sediments (Fig. S1; Wilkin et al. 1996). The microbial activities
depend on the organic matter type, porosity and skeletal structure
openness (Sawlowicz, 2000) of the microorganism. The thin
patches of pyrite observed on Neogloboquadrina humerosa and
Sphaeroidinellopsis seminulina, which possess coarsely perforate test
surfaces, conform closely to the surface structure, with the coarse
perforations typically located at the center of the patches (Figs. 4C, F).
The porous space may act as a localized reducing environments,
concentrate microbial activity and promote patchy pyrite coatings,
apparently driven by localized organic matter and iron availability
(Canfield & Berner, 1987).

For pyrite formation, we consider enhanced terrigenous influx
via riverine discharge as a possible source of Fe and other elemental
inputs (Al, Mg, Si and Ba), possibly associated with increased
humidity in northwestern Australia during the Upper Miocene
(Groeneveld et al., 2017). The XRD analysis identifies microcline, a
potassium feldspar, as the dominant mineral phase in the ~6.58 Ma
sample, suggesting a regime of moderate chemical weathering. The
presence of the baryte phase on the Sphaeroidinellopsis seminulina
shells (Fig. 8G) and within aluminosilicate-rich marine sediments
(Figs. 9M, N) may suggest a diagenetic origin. However, the
absence of significant baryte enrichment rules out a hydrothermal
source for this study (Buckman et al 2020). Baryte likely
precipitates in marine sediments when Ba*" and SO, reach
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Figure 11. Histogram representation of carbon isotope ratios and XRF data for both the Middle Pleistocene and Upper Miocene events. (A and B) Display the 8'C values with the
error bars (such as standard deviation) obtained from benthic and planktic foraminifera, respectively; (C and D) Present P (%) values and Fe/Mn ratios, respectively, derived from

XRF analysis of bulk sediments.

saturation in pore waters, particularly in oxic to suboxic
environments. Similar diagenetic baryte in planktonic tests from
Tertiary marine sediments suggests in situ precipitation during
post-burial (Stamatakis & Hein, 1993). This process often involves
microbial sulphate reduction, where baryte dissolves and sub-
sequently reprecipitates at redox boundaries where Ba-rich fluids
encounter residual sulphate (Griffith & Paytan, 2012). These
microenvironments likely developed within or near foraminiferal
tests, enabling localized baryte formation. Barite likely formed in
the upper, sulphate-rich sediment layer (Paytan & Griffith, 2007),
while pyrite precipitated in localized anoxic micro-niches where
SRB produced H,S (Canfield & Berner, 1987). Further studies,
such as 8**S analysis of pyrite and baryte, are required. These will
help to comment on whether pyrite initially precipitated within the
porous spaces of foraminiferal tests or if diagenetic baryte formed
later during post-burial sedimentary processes.
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5. c¢. Palaeoceanographic implications from pyritized
foraminifera

All the evidence discussed above collectively influences the
formation and preservation of pyrite within foraminiferal tests
at the study hole during the different geological time periods. The
short-lived oxygen-deprived events inferred in this study are
potentially driven by local microenvironmental changes rather
than basin-wide anoxia. This is particularly intriguing at Hole
763 A, where pulses of upwelling events are evident (Sinha & Singh,
2007; Palei et al. 2024) despite the dominance of the warm,
oligotrophic, poleward-flowing Leeuwin Current and the absence
of a persistent oxygen minimum zone. Our results suggest that
anoxic bottom-water conditions and elevated Fe concentrations in
sediments and pore waters likely promoted framboidal pyrite
formation during the middle Pleistocene, a period marked by
intensified global glacial cycles (Clark et al. 2006). Local anoxic
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conditions, often resulting from high rates of organic matter
decomposition, will promote the reduction of iron, fostering pyrite
formation (Canfield, 1989). These framboids, associated with
anoxic bottom-water conditions, most likely developed near the
sediment-water interface, typically within a few centimetres of
burial, during early diagenesis (Wilkin et al. 1996).

Patches and irregular aggregates of pyrite on foraminiferal
shells indicate localized oxygen-depleted conditions, even though
overall productivity was low and organic matter supply was
limited. This contrasts with the uniform framboidal textures
typical of persistently anoxic environments and highlights the
importance of microenvironments in shaping pyrite morphology.
Oxidising conditions at the sediment-water interface preserved
unaltered tests, while downward shifting of the oxic-anoxic
boundary during burial can modify the diagenetic pathways (Orsi
et al. 2020). In deeper sediment layers, limited reactive iron and
accumulated hydrogen sulphide promoted framboid development
within foraminiferal chambers, where SRB thrived locally (Wang &
Morse, 1996). These features suggest that Upper Miocene
foraminiferal pyritization in the southeastern Indian Ocean
occurred during late-stage diagenesis and might have been
influenced by strong thermohaline circulation or bioturbation
that modified bottom-water oxygenation. The mechanism for the
formation of different types of pyrites under variable bottom water
conditions is illustrated in Figure S2.

6. Conclusions

We report the contrasting morphology and microtextures of pyrite
associated with foraminiferal tests retrieved from ODP Hole 763A
located in the Southeastern Indian Ocean. The contrasting
microtextures and morphology of pyrite might be linked to
variations in sedimentary conditions, diagenetic processes and
bottom water oxygenation over time in deep-sea core sediments.
Based on the evidence discussed above, the middle Pleistocene
foraminiferal tests predominantly display well-developed fram-
boidal pyrite textures, suggesting stable anoxic conditions during
early diagenesis. These anoxic conditions in the southeastern
Indian Ocean in the middle Pleistocene were potentially driven by
high surface productivity and aeolian dust, which supplied
sedimentary iron and biological nutrients to bottom waters. In
contrast, the pyrite morphology in the late Miocene samples
suggests the existence of localized reducing microenvironments, as
evidenced by pyrite patches on foraminiferal tests, despite
predominantly oxic bottom-water conditions. These microenvir-
onments were likely formed due to microbial activity or organic
matter decomposition within the foraminiferal tests rather than
reflecting basin-wide anoxia. This study provides insights into the
practical use of pyritized microfossils as a paleoceanographic proxy
in deep-sea environments, as diagenetic pyrite is closely associated
with organic matter and its oxygenation in bottom water and, in
turn, with ocean productivity and deep circulation systems.
Further investigations involving trace element analysis and &°*S
isotopic signatures of pyrite within foraminiferal tests could help
reveal distinct geochemical conditions and pathways associated
with its genesis.

Supplementary material. The supplementary material for this article can be
found at https://doi.org/10.1017/S0016756825100307.
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