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ABSTRACT

Pyrite framboids (spherical masses of nanoscale pyrite) are among the earliest textures of
pyrite to form in sediments. It has been proposed that their trace-element (TE) contents can
be used to track the TE composition of the water column in which they formed. However, it
is not clear how these TEs are associated with the framboidal pyrite grains. For instance, it
is important to know whether they are incorporated uniformly or are enriched in different
regions of the framboid. We used high-resolution scanning transmission electron microscopy
to identify chemical zoning within pyrite framboids. We found that initial, nanoscale pyrite
euhedral crystals, which make up the volumetric majority of the framboids, are covered/
infilled by later pyrite that templates on the earlier pyrite. Further, this later pyrite is en-
riched in TEs, suggesting that many TEs are incorporated in pyrite relatively late (during
early diagenesis; not in the water column). This observation suggests that although chemical
analyses of pyrite framboids may provide ocean-water chemistry trends through time, the
details are complex. Specifically, the TEs found in pyrite may be linked to adsorption onto
organic matter, detrital material, and authigenic minerals such as Fe- and Mn-oxide phases
followed by desorption in the sediments or release via dissolution and incorporation into
pyrite as overgrowths on the initial nanoscale euhedral crystals that make up framboids.
While the use of pyrite chemistry to understand past ocean conditions remains promising,
and even diagenetic additions may not preclude the utility of pyrite for reconstructing ancient
ocean conditions, care must be taken in interpretations because the end concentration may
be influenced by diagenesis.

INTRODUCTION

Pyrite trace-element (TE) contents have rel-
evance to many different aspects of the earth
sciences, including past ocean chemistry (Large
etal., 2014, 2019; Gregory et al., 2017), mineral
deposit formation (Genna and Gaboury, 2015;
Gregory et al., 2016), ore deposit source rock
fertility (Sack et al., 2018), problematic building
materials (Dornan et al., 2020), sequestration of
environmentally detrimental metals and metal-
loids (Lowers et al., 2007), and the semiconduc-
tor properties of pyrite (Abraitis et al., 2004).
However, the mechanism of incorporation of
TEs into early formed pyrite in sedimentary set-
tings is not well understood and is likely con-
trolled by a combination of TE concentrations

in the surrounding environment, competition
between pyrite and other sediment components,
and pyrite crystal chemistry (Rickard, 2021).
Early formed pyrite typically forms clusters of
equidimensional and equimorphic microcrys-
tals that are spheroidal to subspheroidal (Ohfu;ji
and Rickard, 2005) called framboids. Rickard
(2012, 2021) provided a detailed discussion
of how framboids form (Fig. 1A). Determin-
ing how TEs are incorporated in pyrite requires
high-resolution analyses of TE distributions to
track the progression of uptake and specifically
the relationship between TE concentrations in
the framboids and in the surrounding reservoirs
at the time of formation. The most critical fac-
tors are understanding the ways in which initial

depositional waters are recorded rather than con-
ditions present during early and later burial, and
when the individual signals, when combined in
a single framboid, are resolvable.

The incorporation of TEs into pyrite fram-
boids has received significant attention in recent
years and has been summarized in detail by
Rickard (2021), a brief summary of which is
given here. Sequential extraction analyses of
bulk sediments showed that TEs tend to increase
in the pyrite fraction with increasing depth in the
sediments, suggesting some incorporation dur-
ing diagenesis (Huerta-Diaz and Morse, 1992).
Due to the inherent nonspecificity of reagents
in sequential extraction analyses (Martin et al.,
1987), however, these studies could not confirm
quantitative and selective extraction of pyrite.

Improvement was sought by analyzing
pyrite mechanically separated from sedimen-
tary rocks (Berner et al., 2013). However, while
this approach outlined probable trends, it could
not provide definitive evidence for the timing
or the locations of TEs in pyrite. Gregory et al.
(2014) used TE variation as pyrite was ablated
to identify zoning for various elements within
pyrite framboids; however, the 10 pm scale of
the laser spot was still too coarse to determine
whether TEs were structurally held or distributed
evenly in nano-inclusions. Nanoscale secondary
ion mass spectrometry (NanoSIMS) has also
been employed to probe the chemical makeup
of pyrite framboids and specifically to identify
incorporation of organic matter (Wacey et al.,
2015). More recently, laser ablation—inductively
coupled plasma—mass spectrometry (LA-ICP-
MS) analyses of pyrite TE (Co, Ni, Cu, Mo, Ag,
and Bi) contents have been shown to increase
with depth in the upper 30-70 cm of sediments
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deposited under euxinic conditions (in Cariaco
Basin [offshore Venezuela] and the Black Sea;
Gregory et al., 2022), suggesting that at least a
component of pyrite TE uptake occurs within
the sediments, even in areas of euxinic deposi-
tion. However, the nature of the TE enrichment
was still elusive due to the size of the laser spot
(10 pm) used for these analyses.

To overcome these difficulties, we present
nanometer-scale transmission electron micro-
scope (TEM) TE maps of pyrite framboids
deposited under euxinic conditions from two
different sites at different times in Earth history,
the Cariaco Basin (recent) and the Demerara
Rise (Cretaceous proto—Atlantic Ocean). These
analyses yielded nanometer-scale identification
of TE zoning in pyrite framboids that delineates
the timing of TE incorporation.

SAMPLE LOCATIONS

Samples were taken from two sediment cores
to minimize the risk that the framboids had been
altered by weathering or metamorphic fluids.
The first sample was taken from the Cariaco
Basin from Ocean Drilling Program (ODP) Site
1002 (10°42.4’N, 65°10.2'W) at a sediment
depth of 365 cm. The second sample was col-
lected from the Demerara Rise at ODP Site 1258
(9°26'N, 54°44'W) from a composite depth of
426.56 m below the seafloor. Both samples were
deposited under a sulfidic (euxinic) water col-
umn (Lyons et al., 2003; Owens et al., 2016),
and it is interpreted that significant pyrite was
formed in the water column (Raven et al., 2019;
Bryant et al., 2020). The Demerara Rise sample
was taken below the sediments deposited dur-
ing Ocean Anoxic Event 2. Thus, both samples
represent local euxinia at times when such con-
ditions were not globally extensive (i.e., no evi-
dence for TE drawdown at an ocean scale).

METHODS
Samples were mounted in epoxy and pol-
ished. They were then imaged using a JEOL
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JSM-6610LV scanning electron microscope
(SEM) at the University of Toronto (Canada)
(Fig. 1). TEM lamellar foils were created using
a Helios Nanolab 600i focused ion beam SEM at
the Environmental Molecular Sciences Labora-
tory in the Pacific Northwest National Labora-
tory (Washington State, USA). Scanning trans-
mission electron microscope (STEM) analysis
was performed with a probe-corrected FEI Titan
80-300 TEM operated at 300 kV. The STEM
observations were performed with a probe con-
vergence angle of 18 mrad. A high-angle annu-
lar dark-field (HAADF) detector was used for
the STEM observations, with an inner detection
angle three times higher than the probe conver-
gence angle. TEM and diffraction observations
were performed using a Gatan UltraScan1000
2K x2K charge-coupled device (CCD) camera.
Compositional analysis was performed with
energy-dispersive spectroscopy (EDS) using
an Oxford X-MaxN 100TLE solid drift detec-
tor (SDD; 100 mm?). The EDS data collection
and processing were performed with Oxford’s
AZtec software package (https://nano.oxinst
.com/products/aztec/).

RESULTS

Representative framboids were chosen from
both the Cariaco Basin and Demerara Rise
samples (Fig. 1). The TEM images show two
distinct textures associated with the framboids:
(1) nonporous, euhedral crystals, and (2) more
porous pyrite that coats the euhedral crystals
(Figs. 2A and 3A). To determine whether these
are two pyrite generations and not pyrite precur-
sor minerals, electron diffraction analyses were
performed on representative examples (see the
Supplemental Material'). This effort yielded dif-

!Supplemental Material. More-detailed TEM
methodology. Please visit https://doi.org/10.1130
/GEOL.S.19308965 to access the supplemental
material, and contact editing @ geosociety.org with
any questions.
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Figure 1. Scanning
electron microscope
(SEM) images of pyrite
framboids analyzed by
transmission electron
microscopy (TEM) from
(A) the Cariaco Basin, off-
shore Venezuela (recent)
and (B) the Demerara Rise
(Cretaceous proto—Atlan-
tic Ocean).

fraction data confirming isometric crystals with
lattice parameter a = 5.4 A, which is consistent
with pyrite. Also, compositional Fe/S ratios and
lattice image spacing and symmetry are both
consistent with pyrite. We thus concluded that
both the euhedral, nonporous crystals and the
porous overgrowths are pyrite.

It has been long known that pyrite framboids
consist of euhedral crystals that are nanometers in
diameter (Figs. 2 and 3). We show that a second,
presumably later, generation of pyrite (the porous
pyrite) formed on the edges of the early euhedral
grains in both the Cariaco Basin (Fig. 2B) and
Demerara Rise (Fig. 3B) samples. In the high-
magnification images (Figs. 2C and 3C), the
later pyrite contains several low-density regions
(darker areas in the TEM), possibly indicating
void space or inclusion of less dense material,
such as organic matter. Importantly, the porous
region seems to be thicker and better developed
in the Cretaceous Demerara Rise sample, where it
forms an ~20-nm-thick layer on the edges of the
euhedral grains, compared to the relatively recent
Cariaco Basin samples. We also observed that
Cu and Ni are zoned in the framboids. Specifi-
cally, the noneuhedral regions of the framboids
have relatively more of these TEs compared to
the more euhedral crystals. Interestingly, the later
pyrite overgrowths appear to have used the earlier
pyrite as a template. This observation is clear in
Figure 4, where high-resolution STEM imaging
shows that the orientations of atoms in both pyrite
generations are the same, defining a crystallo-
graphically coherent interface between the atoms
of the early euhedral microcrystals (bottom) and
the more porous pyrite (top).

DISCUSSION

Pyrite framboids are known to form quickly
over intervals ranging from days to weeks (Rick-
ard, 2019) and are not significantly altered
through geologic time (Rickard, 2019). Due
to their rapid formation, the TE content of the
pyrite may faithfully reflect the environment
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Figure 2. (A-C) Transmission electron microscope (TEM) images of pyrite framboid from Cariaco Basin, offshore Venezuela. These images
show early euhedral pyrite microcrystals being overgrown by later porous pyrite. (D-F) Fe abundance (D) gives a reference point for loca-
tion of pyrite in the sample for comparison with later Cu and Ni maps (E and F, respectively). Fe is lower in later pyrite, due to lower-density
areas identified by TEM. Cu (E) is slightly enriched in outer pyrite, though extent of relative enrichment is unclear. Ni (F) is clearly enriched at
interface between early euhedral pyrite and porous overgrowth.

of formation—particularly when formed in
the water column. However, the two phases of
pyrite formation associated with the framboids
here suggest that formation may have extended
through burial, potentially complicating the
interpretation of the pyrite TE record and spe-
cifically the connections between those data and
the overlying water column.

The later pyrite overgrowths in the framboids
result from a combination of relative sulfur and
Fe availability. This relationship can manifest
in several ways. In the sites investigated here, S
was likely to be the most abundant element, as
these sediments were deposited under euxinic
conditions. Even if the pore-water HS~ were
depleted, later reactions linked to sulfidized
organic matter (e.g., Raven et al., 2019) could
lead to diagenetic pyrite formation. However, at
less S-rich sites (beneath anoxic but noneuxinic
or oxic water columns), S may be a limiting
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element. Fe availability is likely to change with
time in a given setting, varying as a result of the
composition of sediments and the redox state
of the overlying waters. Dissolved Fe is largely
depleted during the initial, rapid nucleation of
pyrite (Rickard, 2021), which results in the inner
euhedral, less porous parts of the framboids in
Figures 2 and 3. Any remaining Fe will either
be adsorbed onto organic matter and other detri-
tal particles or be bound to metastable miner-
als that break down during diagenesis. When
released, this Fe will have lower concentrations
than were present when the initial pyrite fram-
boids formed and will nucleate on the earlier
pyrite seed crystals, as this mechanism for pyrite
formation requires a lower degree of supersatu-
ration (Rickard, 2012). Depending on the con-
centration of available Fe and S, the amount
of pyrite overgrown on the seed crystals will
vary. This relationship is shown in the Demerara

Rise sample, which has larger, more complete
overgrowths of later pyrite relative to the Cari-
aco Basin sample (Figs. 2 and 3) because the
Demerara Rise sample had a comparatively high
concentration of available Fe. Consistent with
this observation, the Demerara Rise pyrite shows
relatively positive 6*S values (~0%o) (Raven
et al., 2019), pointing to more comprehensive
uptake of the available S.

Enrichments in the later, intergrain pyrite
show that the overgrowths contain a significant
proportion of the Ni and Cu in the framboid.
This is consistent with LA-ICP-MS analyses that
show a progressive increase in TE content (Ni,
Cu, Co, Mo, Ag, and Bi) with increasing depth
in the Cariaco Basin and Black Sea, tracking
TE incorporation into pyrite framboids during
early burial diagenesis (Gregory et al., 2022). It
is also consistent with sequential leach extrac-
tions of TEs in the pyrite fraction (Huerta-Diaz
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Figure 3. (A-C) Transmission electron microscope (TEM) images of pyrite framboids from Demerara Rise (Cretaceous proto—Atlantic Ocean)
prior to Ocean Anoxic Event 2 (OAE2). These images show early euhedral pyrite microcrystals being overgrown by later porous pyrite. Note that
later, porous pyrite is more well developed than in Cariaco Basin (offshore Venezuela) (Fig. 1). (D-F) Fe abundance (D) gives a reference point
for pyrite in the sample for comparison with later Cu and Ni maps (E and F, respectively). Fe is lower in later pyrite, due to lower-density areas
identified by TEM. Cu (E) is enriched in outer pyrite. Ni (F) is also enriched at interface between early euhedral pyrite and porous overgrowth.

and Morse, 1992) and LA-ICP-MS analyses of
pyrite in modern estuarine sediments (Gregory
et al., 2014), which both show that TEs in pyrite

increase with sediment depth. Thus, pyrite TE
records can capture both conditions in the water
column and TEs remobilized during diagenesis

Figure 4. High-mag-
nification image of a
Cariaco Basin (offshore
Venezuela) pyrite fram-
boid. Alignment of atoms
can be seen from the
euhedral pyrite crys-
tal continuing into later,
porous pyrite. This indi-
cates that later pyrite is
templating on earlier,
euhedral pyrite.
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from detrital minerals, organic matter, and authi-
genic Fe and Mn oxides.

The observations of this study are impor-
tant for reconstructions of past ocean chemis-
try because they tell us that diverse parameters
that vary under different conditions—such as
water-column redox, rates of deposition, and
organic sinking flux—must be considered when
assessing if and how the final stages of pyrite
formation and the bulk framboid composition
reflect past metal inventories in the oceans.
Since the bulk pyrite framboid TE content can
be affected by progressive pyrite formation
over many tens of centimeters of burial in pore
waters with evolving TE concentrations (Greg-
ory et al., 2014, 2022), the ideal application of
the proxy lies with pyrite that locks in its bulk
TE content early in the sediments or, even bet-
ter, in the water column. However, because TE
uptake during early burial likely derives from
weakly bound TEs adsorbed to organic matter
and mineral phases that ultimately reflect the
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same overarching marine environment, pyrite
can reflect the composition of the overlying
waters in a first-order way, whether mostly
formed in the water column, the sediments, or
both. This general agreement manifests in com-
parisons of pyrite data to whole-rock TE content
through time (Large et al., 2014; Gregory et al.,
2015), and the utility of the pyrite approach is
elevated because TE contents can be preserved
more completely during metamorphism (Large
etal., 2009). Thus, despite the complications of
multigenerational formation, pyrite chemistry
can tell us much about broad spatiotemporal pat-
terns of metal abundances in the coeval seawater
on a variety of time scales (Large et al., 2014,
2019; Gregory et al., 2019).

CONCLUSIONS

Using TEM imaging of thin slices of pyrite
framboids, we observed two distinct phases of
pyrite formation in framboids, even when depos-
ited in euxinic settings, where most pyrite is
thought to form in the water column. Further,
TEs can be concentrated in later generations
of pyrite that are formed within the sediment
in pore waters having TE contents that differ
from the overlying waters. These relationships
show that multiple potential factors need to be
taken into account when interpreting past ocean
chemistry, while also offering opportunities for
tracking the past availability of TEs for micro-
bial life in sediments. However, because metal
inventories in these subsurface systems ulti-
mately scale with metals present in the ocean,
bulk pyrite—even when influenced by diage-
netic overprints—can and often does capture
first-order oceanic metal inventories.
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