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ARTICLE INFO ABSTRACT

Keywords: In this study, we reconstruct water-column oxygen availability during the deposition of Late Permian shales
Pyrite (Wuchiapingian to approximately early Changhsingian) using the geochemistry and morphology of sedimentary
Framboid size distributions pyrite (FeSy). Deposition of the shales occurred prior to the end-Permian mass extinction within the southern
Microbial sulfate reduction Neo-Tethys Ocean (Spiti region, Himachal Pradesh, India). We found that the variability of pyritic sulfur to
Sulfur ISOFOP €s L. organic carbon (Spy./Corg) and the pyritic sulfur isotopic composition (834Spyr) did not record changes in oxygen
End-Permian mass extinction o opas L. . . P s . .
availability at Spiti sections. This was due to the removal of original pyritic sulfur by modern oxidative
weathering and diagenetic pyrite formation which overwhelmed the original 83"'81,),r values. However, pyrite
framboid size distributions was a reliable recorder of paleoredox conditions. The degree of oxygen limitation
varied with multiple transient euxinic events interrupting a predominantly oxic-dysoxic trend near the top of the
Gungri Formation upper member (approximately late Wuchiapingian to early Changhsingian). These transient
euxinic intervals provide important insight and regional evidence of environmental stress and instability in the

southern Neo-Tethys well prior to the end-Permian mass extinction.

1. Introduction

The Permian-Triassic (PT) mass extinction, ~252 Ma (Burgess et al.,
2014; Baresel et al., 2017), was the largest extinction in Earth's history
during which around 90% of marine species and 70% of terrestrial
species went extinct (Erwin, 1994). The marine extinction event coin-
cided with the eruption of the Siberian Traps Large Igneous Province
and occurred rapidly (~60 kyr; Renne et al., 1995; Burgess et al., 2014;
Burgess and Bowring, 2015; Burgess et al., 2017). This was a time of
global environmental change including ocean acidification (Payne
et al., 2010; Clarkson et al., 2015; Garbelli et al., 2017), ocean anoxia
(Wignall and Twitchett, 1996; Isozaki, 1997; Wignall and Twitchett,
2002; Brennecka et al., 2011), eutrophication (Algeo and Twitchett,
2010; Schobben et al., 2015), and global warming (Joachimski et al.,
2012; Schobben et al., 2014; Chen et al., 2016). The global extent of
specific environmental changes and the exact sequence of events that
led to the extinction of marine organisms is still being detangled.

A “superanoxic” ocean was initially proposed as a direct cause of the
PT extinction (Wignall and Twitchett, 1996; Isozaki, 1997; Algeo et al.,
2010; Algeo et al., 2011). However, further studies refined this hy-
pothesis as much more spatially and temporally complex (e.g., Bond
and Wignall, 2010). Globally averaged proxies (e.g., uranium isotopes)

suggest at least a six-fold increase in the global extent of oceanic anoxia
just prior to the extinction horizon (Brennecka et al., 2011; Lau et al.,
2016; Elrick et al., 2017). This expansion continued well into the Early
Triassic (Lau et al., 2016). The location and extent of oxygen poor
waters likely varied within and between ocean basins prior to, during,
and after the extinction event (e.g., Clarkson et al., 2016). Using local
proxies to determine where anoxia developed is important to deci-
phering the causes and mechanisms of the PT extinction.

Relatively few studies have investigated environmental conditions
during the multimillion year interval that preceded the extinction in-
terval within the Wuchiapingian (~260-254.1 Ma; Mundil et al., 2004;
S.Z. Shen et al, 2011) and earlier parts of the Changhsingian
(254.1-251.9 Ma; S.Z. Shen et al., 2011; Burgess et al., 2014). The
majority of PT studies focused on environmental change during the
extinction interval or the prolonged recovery. However, environmental
deterioration may have started well prior to the extinction event itself.
Evidence based on quantitative modeling of conodont records sug-
gested environmental stress and instability as early as 1.2 Myr before
the extinction event (Wang et al., 2014). Similar evidence for en-
vironmental deterioration exists from ammonoid fossils in the Neo-
Tethys and Paleo-Tethys (Iran) around 0.7 Myr prior to the extinction
event (Kiessling et al., 2018). Biomarker evidence suggested euxinic
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intervals in the eastern Paleo-Tethys (South China) 1.5 Myr prior to the
extinction event (Cao et al., 2009). Accompanying intervals of euxinia
in the Paleo-Tethys were intervals of increased terrestrial and nutrient
input (Xie et al., 2017). Further episodic euxinic intervals during the
late Wuchiapingian to early Changhsingian were present on the shallow
continental shelf of the Boreal Ocean (East Greenland; Nielsen and
Shen, 2004; Georgiev et al., 2015a). Deep water anoxia persisted
throughout the Wuchiapingian and Changhsingian in basinal settings of
the central Neo-Tethys (Arabian Margin; Clarkson et al., 2016). Similar
dysoxic to anoxic conditions existed within the basinal Panthalassa
(Japan; Isozaki, 1997; Kato et al., 2002; Wignall et al., 2010). On a
global scale, based on uranium isotope data, there was a moderate
expansion of anoxia during the middle to late Wuchiapingian
(~257-254 Ma) and an intense expansion at the mass extinction in-
terval (~252 Ma; Elrick et al., 2017). Importantly, there was no glob-
ally averaged expansion during the Changhsingian (~254-252 Ma;
Elrick et al., 2017). The two expanded anoxic intervals corresponded
with relatively warmer global temperatures based on conodont oxygen
isotopes during the Wuchiapingian and PT extinction compared to the
Changhsingian (Chen et al., 2013; Chen et al., 2016).

Using samples from the Spiti region, India, this study seeks to re-
liably reconstruct the long-term trend in oxygen availability prior to the
PT extinction in the southern Neo-Tethys. Our understanding of en-
vironmental change that occurred within the Neo-Tethys is limited
compared to other PT ocean basins such as the Nanpangiang basin of
the Paleo-Tethys. We aim to reconstruct local oxygen availability using
framboidal pyrite size distributions, pyritic sulfur concentrations (Syyr)
and pyritic sulfur-isotopes values (834Spyr). Pyrite forms from the pro-
ducts of microbial sulfate reduction (MSR) under oxygen limited con-
ditions (Berner, 1984). Framboidal pyrite represents a syngenetic to
early diagenetic phase of pyrite formation while euhedral pyrite is
likely a late diagenetic form of pyrite (Canfield et al., 1992). A sample
often contains various proportions of both syngenetic and diagenetic
pyrite with framboidal pyrite more common under less oxygenated
conditions (Bond and Wignall, 2010; Wignall et al., 2010). Framboidal
pyrite also varies in diameter with sediments deposited under euxinic
bottom-waters containing smaller framboid diameters compared to oxic
or dysoxic bottom-waters (Wilkin et al., 1996). In addition, the amount
of Syyr per unit organic carbon (Cog) is higher in euxinic depositional
conditions compared to “normal-marine conditions” (Berner and
Raiswell, 1983; Leventhal, 1983). Lastly, numerous environmental
factors influence whole-rock 8**S,, values, but a dominant factor is the
availability of seawater sulfate at the zone of MSR (e.g., Gomes and
Hurtgen, 2015). Changes in the location of the anoxic-oxic boundary
above or below the sediment-water interface can influence the avail-
ability of water-column sulfate and the whole-rock &3S, values.
Previous geochemical analyses on the Upper Permian of the Spiti region
include: whole-rock elemental concentrations and isotopes (C, N, S, and
Pb), organic isotopes (C and N), and trace metals (Ghosh et al., 2002;
Shukla et al., 2002; Williams et al., 2012; Williams, 2014; Shen et al.,
2015; Ghosh et al., 2016; Mir et al., 2016). These previous analyses
characterized changes in productivity, provenance, diagenetic altera-
tion, and oxygen availability. However, work on isolated minerals like
pyrite can provide more refined and reliable insight into the Upper
Permian redox history of this region.

2. Geologic background

The Spiti region is in Himachal Pradesh, India, part of the Lahul &
Spiti district in the western Himalayas. Permian-Triassic deposition
occurred on the Peri-Gondwana region of the southern Neo-Tethys
(Fig. 1A). We sampled the Mud, Attargoo, and Lingti sections (Lingti 2
of Williams, 2014) of Spiti (Fig. 1B; Williams et al., 2012; Williams,
2014). Each section consists of black to silty shales from the upper or
Shale member of the Gungri Formation overlain by a 5-10 cm iron-rich
layer (ferruginous layer; FL; Garzanti et al., 1996; Bhargava et al.,
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2004). Above the FL is the lowermost Mikin Formation made up of
limestone and shale beds (Fig. 2; Garzanti et al., 1996; Bhargava et al.,
2004). The FL allows for regional correlation of the sections and is a
sedimentary hiatus. Debate exists on the sub-aerial (Bhatt et al., 1980;
Garzanti et al., 1996; Williams et al., 2012) or sub-marine (Bhargava,
2008; Ghosh et al., 2016) nature of the sedimentary hiatus. Further-
more, the presence of phosphate nodules within the Shale member has
been interpreted as a consequence of strong upwelling events (Cook and
McElhinny, 1979; Garzanti et al., 1996), or alternatively, limited cir-
culation (Bhargava, 2008; Singh, 2012; Ghosh et al., 2016). The Shale
member represents mid-shelf deposition (Bhargava, 2008).

The paleontological work on the Gungri Formation is relatively
sparse though brachiopods are common in the lower member and cri-
noids and brachiopods are known from rare siltstone intercalations of
the Shale member (e.g., Bhargava, 2008). Our current understanding of
the Gungri Formation represents compiled work from multiple sections
across the Spiti region (Bhatt et al., 1980; Singh et al., 1995; Garzanti
et al., 1996; Bucher et al., 1997; Bhargava, 2008; Ghosh et al., 2016).
Briefly, the basal beds of the Mikin Formation, overlying the FL, contain
Otoceras ammonoid beds indicating a lowermost Triassic age (Krystyn
et al., 2004; Krystyn and Orchard, 1996; Orchard and Krystyn, 1998).
The FL and the uppermost 1.3m of the Gungri Formation are con-
sidered unfossiliferous (Bhatt et al., 1980). The remainder of the Shale
member is defined by the Cyclolobus ammonoid zone signifying a Wu-
chiapingian to lower Changhsingian age (Fig. 2; Bhatt et al., 1980;
Singh et al., 1995; Bucher et al., 1997; Bhargava, 2008). Trace fossils
(e.g., Zoophycos) have also been found at various parts of this interval
(Bhargava et al., 1985; Ghosh et al., 2016). The absence of upper
Changhsingian fossils in the top Gungri and the sharp contact with the
overlying FL indicates that erosion has removed some topmost Permian
sediments (Singh et al., 1995; Bhargava and Bassi, 1998; Bhargava,
2008). The FL marks the onset of Lower Triassic Mikin carbonate se-
dimentation and was probably originally a shale-clast micro-
conglomerate cemented and replaced by pyrite (MB per obs on thin
sections). We include Gungri Formation samples leading up to, but not
including the FL, and broadly designate the samples as Upper Permian
in age with deposition prior to the PT extinction event (Fig. 2). For this
study, the sampling resolution and sampling depth below the FL varies
by section (Attargoo: 50 cm, Lingti: 300 cm, and Mud: 2800 cm; Fig. 2;
Williams et al., 2012; Williams, 2014).

3. Methods

For this study, we analyzed 76 samples for framboidal pyrite size
distributions, S, and 834Spyr values. C,g values were previously pub-
lished (Williams et al., 2012; Williams, 2014). We performed all ana-
lyses at the School for the Environment's Environmental Analytical
Facility at the University of Massachusetts Boston.

3.1. Pyritic sulfur and pyritic sulfur-isotopes

We used the chromium reduction method to extract reduced sulfur,
assumed to be pyrite, from 0.5g of powdered whole-rock samples
(Canfield et al., 1986). A continuous flow of nitrogen gas purged the
apparatus of oxygen. We converted the zinc sulfide precipitate into
silver sulfide prior to filtering. We dried the silver sulfide and grav-
imetrically determined the S, concentrations. For 834Spyr, we weighed
0.3-0.4 mg of silver sulfide into tin capsules with vanadium pentoxide
to aid in combustion. We measured the isotope ratios of each sample
using a Costech Elemental Combustion System 4010 connected to a
Thermo Delta V+ Isotope Ratio mass spectrometer. We use per mille
notation relative to Vienna Canyon Diablo Troilite (VCDT) and correct
the §3*S,,, values of each unknown sample to the VCDT scale using
three IAEA silver sulfide standards (IAEA-S-1: -0.3%o, IAEA-S-2:
+22.67%o, and IAEA-S-3: —-32.55%0). As a check standard to monitor
accuracy, we use the NBS-127 standard (+21.1%o). The precision of
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Fig. 1. (A) Paleo-location of the Spiti region in the southern Neo-Tethys ocean (star) during the Late Permian (base map modified from Scotese, 2014). (B) Location of
the sampled sections (circles) within the Spiti region. Locations of the study sections (circles) within the Spiti region, Himachal Pradesh, India. We analyzed the
Attargoo (32° 06’08”N, 78° 11’14”E), Lingti (32° 06’05”N, 78° 11’19”E), and Mud (31° 57’45”N, 78° 01’36”E) sections in this study. Maps made using the ArcGIS

program and databases.
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Fig. 2. Gungri Formation upper member lithology. Each section consists of
black to silty shale capped by a ferruginous layer. We sampled each section at
different resolutions below the ferruginous layer (Mud = 2800 cm;
Lingti = 300 cm; Attargoo = 50 cm). The distributions of samples are as fol-
lows: 27 samples from Mud sampled 30-2800 cm below the FL, 22 samples
from Lingti sampled 10-300 cm below the FL, and 27 samples from Attargoo
sampled 6-50 cm below the FL. A depth of O for all sections marks the base of
the FL. The depth scale is not equal between sections as marked by the dashed
lines. Abbreviations: unf. = unfossiliferous biozone.

each isotope ratio measurement was < 0.45%o based on replicate
measurements of the IAEA standards.

3.2. Pyrite framboid size distributions, abundance, and post-depositional
oxidation

We imaged pyritic framboids using a JEOL JSM-6010LA
IntouchScope Scanning Electron Microscope (SEM; Fig. 3). We polished

whole-rock chips and coated each sample in gold. To identify pyrite
based on its unique morphology, we used the backscatter electron
mode. Using the built image analysis tools, we measured the diameter
of pyritic framboids. Within a sample the goal was to measure at least
100 individual pyrite framboids. This was not always possible due to
the abundance of framboidal pyrite within a sample. Based on the
amount of pyrite observed while measuring framboidal pyrite dia-
meters, we qualitatively estimated the abundance of framboidal and
euhedral pyrite within each sample (none/rare/few/abundant). Using
the relation between framboid mean diameter and standard deviation,
we proxied paleo-oxygen availability (Wilkin et al., 1996).

We used the spectra results of energy dispersive spectrometry (EDS)
on the SEM to determine the degree of oxidative weathering for each
sample (Fig. 3). We assigned individual pyrite grains, both framboidal
and euhedral, within a sample to an oxidation state based on the re-
lative size of the oxygen and sulfur peaks of the EDS spectrum. We
categorized a pyrite grain as not oxidized if the EDS spectrum has a
major sulfur peak with a small or absent oxygen peak. Similarly, if there
is no sulfur peak and the dominant EDS peak is oxygen, we term the
pyrite grain oxidized. If the dominant EDS peak was oxygen but there
was still a minor sulfur peak, we categorized the grain as partially
oxidized. We then assigned the overall sample an oxidative weathering
rank based on the compiled results within the sample.

3.3. Statistics

We used Spearman's rho correlation coefficient (r) to estimate the
relation between different variables on the combined datasets of all the
three Spiti sections to assess broad depositional trends across the entire
region. We gave rank values to the categorical variables (oxidative
weathering, framboid frequency, and euhedral frequency) to calculate
correlation coefficients. For oxidative weathering, ranks go from oxi-
dized (low) to not oxidized (high). For framboidal and euhedral fre-
quency, ranking goes from less abundant (low) to more abundant
(high).

3.4. Composite depths

To identify trends for the entire region we produce a composite
section. Due to the sparse biostratigraphic data available for the Gungri
Formation, the composite is calculated based on the published lengths
of the Shale member (Garzanti et al., 1996). This method assumes a
constant sedimentation rate for each section. Attargoo has no published
thickness, so we assume it is equivalent to Mud. With the short interval
sampled at Attargoo (<50 cm), any error in this assumption does not
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Fig. 3. Examples of pyrite from Spiti samples. (A)
Unaltered pyrite framboids from Attargoo (PH-2).
(B) Large pyrite framboids from Mud (M O-14m)
affected by oxidative weathering. Note that even
though the sample has undergone oxidative weath-
ering, the framboid diameter remains easily identi-
fiable. (C) Pyrite framboids from Mud (M O-150 cm)
partially affected by oxidative weathering. (D)
Euhedral pyrite grains from Attargoo (PI-2).

largely change the relative positioning of samples compared to Lingti or At Lingti, ?33481,),r values also increased to 834Spyr values well above 0%o.
Mud. A composite depth of 0 cm marks the bottom of the FL. Attargoo contained the highest S,y concentrations and lowest §3*Sy,
values compared to Mud and Lingti. Specifically, Attargoo's Sy, ranged
from 0.04% to 1.5% with a mean of 0.23%, C,g ranged from 0.81% to

4. Results 1.8% with a mean of 1.4%, and 8'S,,, ranged from —40.2%o to
—0.62%0 with a mean of —12.3%o (Fig. 4). Lingti's Sy, ranged from

4.1. Spyr, Corg and 834Spy, 0.04% to 1.1% with a mean of 0.16%, C,; ranged from 0.47% to 1.3%
with a mean of 0.99%, and §>*S,,, values ranged from —15.5%o to

Overall, all three Spiti sections contained relatively low Sy, con- +39.2%0 with a mean of +4.8%o (Fig. 5). Mud's S,y ranged from

centrations with 8%*S,,, values near 0%o (Figs. 4-6). Disrupting this  0.05% to 0.20% with a mean of 0.09%, Cq,g ranged from 0.44% to 2.5%
pattern were transient intervals of Sy, increases and §>*S,,y, decreases.
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Fig. 4. Stratigraphic depth profiles of the Attargoo data. All Attargoo samples were from the unfossiliferous zone above the Cyclolobus zone (Bhatt et al., 1980). (A)
Pyrite framboid size distributions, framboidal and euhedral pyrite frequency, and degree of oxidative weathering. For the framboid size distributions, the whiskers of
the box plots represent the minimum and maximum framboid diameter. The edges of the box represent the first and third quartile of data. The dashed line is the
median framboid diameter, and the solid line is the mean framboid diameter. The dashed line on the right whisker connects the maximum framboid diameter of each
sample. For the pyrite frequency and oxidative weathering, the larger circles equate to more abundance or oxidative weathering. (B) §**Syy; (C) Spyr (D) Corg
(Williams et al., 2012). Abbreviations: FF — framboid frequency, EF — euhedral frequency, and OW - oxidative weathering.
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Fig. 5. Stratigraphic depth profiles of Lingti data. (A) Pyrite framboid size distributions, pyrite frequency, and oxidative weathering (B) f)""“‘Spyr (C) Spyr (D) Corg

(Williams, 2014). See Fig. 4 for a description.

with a mean of 1.3%, and §°'S,,, valued range from —27.0%o to
+1.6%0 with a mean of —4.0%o (Fig. 6). Based on the compiled data
from all three sections, Sy, contained a weak but significant correlation
(the significance threshold was set at 0.05) to ZSB“SPYr (rs = —0.28;
p = 0.02) and framboid frequency (r; = —0.23; p = 0.04). C, also
weakly but significantly correlated to euhedral frequency (r; = —0.40;
p < 0.001). For most samples, Spy,/Corg ratios were very low and plot
well below the “normal-marine regression” line (Fig. 7A). 834Spyr values
contained significant but weak correlations to mean framboid diameter
(rs = +0.23; p = 0.04), euhedral frequency (r; = +0.33; p = 0.004),
Spyr (rs = —0.28; p =0.02), and degree of oxidation (r; = —0.47;
p < 0.00D).
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4.2. Pyrite framboid size distributions, oxidative weathering, and
abundance

The framboidal pyrite morphology dominated most samples with a
minor euhedral component. However, the euhedral morphology
dominated a few samples, e.g., M-O-28 m and M-O-26 m. The size dis-
tributions of pyrite framboids varied throughout each section (Fig. 7B).
The mean framboid diameter for Attargoo ranged from 3.7 um to
10.8 um with a mean of 6.5 um (Fig. 4). Lingti ranged from 5.1 pm to
13.5 um with a mean of 8.7 um (Fig. 5). Lastly, Mud ranged from 5.3 um
to 13.0pm with a mean of 7.5pum (Fig. 6). Common throughout all
three sections is some degree of oxidative weathering (Fig. 3). Modern
oxidative weathering affected all but two samples (PJ-1 and PJ-2).

Mud

10 20 3.0
C., (Wt. %)

0.3 0.0

%S, (%o - VCDT) S,,, (wt. %)

Fig. 6. Stratigraphic depth profiles of Mud data. (A) Pyrite framboid size distributions, pyrite frequency, and oxidative weathering (B) 834Spyr (C) Spyr (D) Corg

(Williams, 2014). See Fig. 4 for a description.



A. Stebbins et al.

A.

1.6
°
1.4+
o
20
1.2 Euxinic &% -
< 10 @ a{\°e e
=~ U9 a\—‘“ ”
7~
© o W
S 0.8+ ) -
~ ”
& 0.6 ~ -
61 °
n °«®
0.4+ _ -
Y .C’ ®
0= i ° Low sulfat
- - LR 0 0 o M

0.0 0.5 1.0 1.5 2.0 25 3.0 3.5
C.,, (Wt. %)

16
14+ ° .
_ 124 O+
£ NE e o * ° o
= 10+ @ S @
~ A ‘o@%@ °
g 8- ";2\4;0 [ ...
g o\ (J ’ ®
6 <+—Hovea-3 region
4+ \
* \
\
2 1 T T T
0 2 4 6 8 10

Standard Deviation (um)
@ Attargoo © Lingti @ Mud
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regression (dashed line), and low sulfate regions are from Berner and Raiswell
(1983). The majority of samples plot well below the normal-marine regression
due to the post-depositional removal of S, by modern oxidative weathering.
(B) The relation between pyrite framboid mean diameter and standard devia-
tion. Redox zones defined by Wilkin et al. (1996). The purple ellipse marks the
area where Hovea-3 data plot (Bond and Wignall, 2010). (For interpretation of
the references to color in this figure legend, the reader is referred to the web
version of this article.)

Pyrite from Attargoo was the least oxidized, while pyrite from Mud was
the most oxidized.

Mean framboid diameter correlated significantly with the largest
framboid size within a population (r; = +0.80; p < 0.001) and eu-
hedral frequency (r; = +0.51; p < 0.001), and weakly with §3*S,,
values (r; = +0.24; p = 0.04) and framboid frequency (r; = —0.36;
p = 0.002). Framboid frequency significantly but weakly correlated
with mean framboid diameter (r; = —0.36; p = 0.002), and S,
(rs = —0.23; p = 0.04). Euhedral frequency significantly correlated
with mean framboid diameter (r; = +0.51; p < 0.001) and weakly
with the largest framboid within a population (= +0.38;
p < 0.001), Corg (ry = —0.40; p < 0.001), and &3S, (r, = +0.33;
p = 0.004).

5. Discussion
5.1. Oxidative weathering of pyrite and the low S, concentrations
Oxidative weathering of pyrite due to post-depositional processes

best explains the low S;,/Cog ratios measured in the Spiti samples.
Oxidative weathering due to sub-aerial exposure can lower the original
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Spyr values by converting pyrite to iron oxide. The oxidative weathering
process will alter the reconstructed paleo-environmental conditions for
pyrite-based proxies, such as Sy;/Corg ratios (Leventhal, 1983), com-
pared to unaltered samples (e.g., Georgiev et al.,, 2015b). Mis-
interpretation of the low ratios as original depositional values would
suggest low sulfate concentrations (Berner and Raiswell, 1984). Based
on the number of Spiti samples affected by oxidative weathering, Sy,
values and the relative variation between samples are not suitable for
reliable paleo-environmental reconstruction.

5.2. The driver of 8°*S,,, variation

The sulfur in sedimentary pyrite can be traced to the hydrogen
sulfide produced by microbial sulfate reduction (MSR) (Berner, 1970;
Berner, 1984). During MSR, microbes use seawater sulfate and organic
matter for anaerobic respiration and produce hydrogen sulfide. In turn,
pyrite forms from the hydrogen sulfide and captures the isotopic
composition of the sulfide pool (e.g., Butler et al., 2004).

The isotopic composition of the sulfide reservoir is strongly influ-
enced by the location of MSR and availability of seawater sulfate (e.g.,
Gomes and Hurtgen, 2015; Gomes et al., 2016). During MSR, microbes
will preferentially reduce the lighter 2§ isotope of sulfate prior to using
the heavier 3*S isotope. This potentially creates reservoirs of sulfur that,
depending on conditions (e.g., open- vs. closed-sulfate system) may
contain drastically different isotope values due to Rayleigh fractiona-
tion. MSR restricted to sediment porewaters and cutoff from mixing or
diffusion of water-column seawater sulfate (closed system) will produce
higher §534Spyr values than their open-system counterpart. The redox
state of the water column is one possible controlling factor on the lo-
cation of MSR and allows whole-rock §3S,,, values to potentially be
redox sensitive. However, since the chromium-reduction method pro-
duces a whole-rock 83451,},r average value, diagenetic pyrite (closed
system) can overwhelm the original redox signal. For example, synge-
netic pyrite forming under euxinic or anoxic conditions may have re-
latively low 834Spyr values from forming under open-system conditions.
If pyrite formation continues during late diagenesis, closed-system dy-
namics will alter the whole-rock average €5‘°’4Spyr to higher values.
Overall, the final proportion of pyrite formed under open- and closed-
sulfate systems will largely determine the whole-rock &3S, value.
Importantly, oxidative weathering (Section 5.1) has no fractionation
effect on whole-rock average 8*'S,, values (Ohmoto and Goldhaber,
1997; Seal, 2006; Tuttle et al., 2009; Chi Fru et al., 2016).

For the Spiti region, the §**S, variation correlated significantly
and positively with euhedral abundance (r; = +0.33; p = 0.004) and
mean framboid diameter (r; = +0.24; p = 0.04). However, for each,
the amount of variance accounted for was low. This tentatively suggests
that the controlling factors for ?534SWr variation were the abundance of
late diagenetic-closed system pyrite and oxygen availability. However,
the abundance of each pyrite morphology was only qualitatively esti-
mated, and so, does not truly quantify the exact proportion of fram-
boidal or euhedral pyrite (e.g., Shen et al., 2016). A method to assess
proportions of syngenetic (open system) and diagenetic pyrite (closed
system) within a sample, regardless of the morphology, was used at the
Nhi Tao, Vietnam PT section (Algeo et al., 2008). A two-endmember
mixing model of §**S,, and Sy, was developed which suggests each
sample contained proportions of late diagenetic pyrite (8348pyr va-
lues = +10%o) and syngenetic pyrite (8348pyr values = —45%o; Algeo
et al., 2008). Unfortunately, due to the oxidative weathering that af-
fected Sy, at Spiti sections (Section 5.1), we cannot use this method to
assess 5°*S,, variability.

We conclude the controlling factor on whole-rock §**Sy, values at
Spiti sections were changing proportions of closed system-late diage-
netic pyrite. This is based on the dominance of 8**S,,;, values near 0%o
and that most samples contained a variable amount of different pyrite
morphologies. This suggests that for most samples, regardless of water-
column oxygen availability, the continued formation of pyrite under
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closed-system conditions overwhelmed any remaining redox signature
by shifting whole-rock average 8*S,;, to higher values. Further in-
vestigation into the drivers of 8‘°’4Spyr requires either samples unaltered
by oxidative weathering or §**S,y, measurements of individual pyrite
crystals instead of a bulk-pyrite analysis. Most important for this study,
the whole-rock 8%'S,,, variability was not reliably recording original
redox conditions for the Upper Permian of Spiti.

5.3. Upper Permian oxygen availability at Spiti

Pyrite framboid size distribution is a very reliable redox proxy re-
gardless of the variable amounts of oxidative weathering recorded
within and between sections in the Spiti region (Section 5.1). The proxy
is resistant to weathering diagenesis since the size of the framboid
crystal habit remains unchanged even if the elemental composition of
pyrite changes (e.g., Wignall et al., 2005). On top of being reliable,
pyrite framboid size distributions can differentiate between oxic-dys-
oxic and euxinic conditions (Wilkin et al., 1996). However, based on
the way pyrite forms beneath the anoxic-oxic interface, we must limit
any inferences based on framboid size distributions to bottom-water
oxygenation conditions. For example, if framboid size distributions
suggest an euxinic water column, we cannot determine the height of the
anoxic-oxic interface within the water column using only framboid size
distributions.

In this study and based on the sampling scheme, pyrite framboid
size distributions suggest there were two broad shifts in oxygen avail-
ability for the Shale member. The more common occurrence of rela-
tively small framboids between composite depths of —3000cm and
—500 cm suggests that oxygen availability varied mainly between eu-
xinia and oxic-dysoxic lower in the formation (Fig. 8). There was a shift
to more consistent oxic-dysoxic conditions between —500cm to
—150 cm. At —150 cm a second shift occurred and interrupting these
oxic-dysoxic conditions were further episodic euxinic intervals (Fig. 8).
The euxinic intervals became more frequent during the high-resolution
sampling within 50 cm of the FL which most likely represented the
uppermost Wuchiapingian or lower Changhsingian (Fig. 8; Bhargava,
2008). The Late Permian bottom-waters of Spiti were previously sug-
gested to be anoxic or euxinic based purely on the presence of pyrite
framboids (Ghosh et al., 2016). Alternatively, shifts from dysoxia to
anoxia and then to euxinia below the FL were suggested based on the
trace element geochemistry in the Gungri shales (Williams et al., 2012).
However, both studies only analyzed the uppermost 50 cm of the Shale
member. Where sampling for this study overlapped the previous studies
(Williams et al., 2012; Ghosh et al., 2016), the changing redox re-
constructions proposed here were more similar to the variable dysoxic
to euxinic range of Williams et al. (2012). Importantly, this study fur-
ther refined redox variability by using a proxy that remained reliable
when varying degrees of oxidative weathering affected the samples and
extended conclusions further into the Upper Permian through longer
sampled sections.

5.4. Regional comparisons and detrimental environmental conditions

Many studies have analyzed pyrite framboid size distributions for
various time intervals and regions of the Late Permian or Early Triassic
world: eastern Paleo-Tethys (Li et al., 2016; Shen et al., 2016; Wang
et al., 2016; He et al., 2017; Huang et al., 2017, and references therein);
western Paleo-Tethys (Bond and Wignall, 2010); Boreal (Nielsen and
Shen, 2004; Bond and Wignall, 2010; Dustira et al., 2013; Georgiev
et al., 2015a; Wignall et al., 2015); Panthalassa (Bond and Wignall,
2010; Wignall et al., 2010; Takahashi et al., 2015); and Neo-Tethys
(Wignall et al., 2005; Bond and Wignall, 2010). Of the studies that
included samples from the Neo-Tethys, the Guryul Ravine, India section
was analyzed only around the PT boundary (Wignall et al., 2005). Al-
ternatively, the Hovea-3, Australia section was analyzed from the Wu-
chiapingian (~255Ma; S.Z. Shen et al., 2011) to the Dienerian
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Fig. 8. Composite stratigraphic profile of pyrite framboid size distributions. Left
panel - framboid size distributions represented by box and whisker plots. If the
depth of two samples directly overlapped, one sample was shifted slightly in
order to see both. The solid line on the right whisker connects the maximum
framboid diameter of each sample. A break symbol marks scale changes. Right
panel - reconstructed paleo-redox conditions determined by the framboid size
distributions (Fig. 7).

(~251 Ma; Galfetti et al., 2007) substages (Bond and Wignall, 2010).
This partly covered a similar time interval as Spiti deposition, but the
sampling resolution was very low, only 12 samples for the multi-mil-
lion-year interval (Bond and Wignall, 2010).

For the same Wuchiapingian to lower Changhsingian interval, the
limited data from the Hovea-3 also suggests euxinic and oxic-dysoxic
depositional conditions, similar to Spiti samples (Fig. 7B; Bond and
Wignall, 2010). The similarity between the different regions tentatively
suggests a broader trend across the entire southern Neo-Tethys for the
Upper Permian. Important to our study was the significantly higher
sample resolution from Spiti sections which allowed for better defini-
tion of the long-term redox variability. However, to confidently extend
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these trends beyond the Spiti region more data is necessary from other
areas of the southern Neo-Tethys such as the Guryul Ravine, India
section.

The persistently low oxygen availability and multiple euxinic in-
tervals at Spiti suggests detrimental and unstable environmental con-
ditions in the Upper Permian well prior to the PT extinction. These
detrimental conditions support the conclusions from other studies on
Upper Permian locations (Nielsen and Shen, 2004; Cao et al., 2009;
Georgiev et al., 2015a; Wang et al., 2014; Xie et al., 2017; Kiessling
et al., 2018). Specifically, the euxinic intervals could be precursor
events to the upward excursions of the chemocline and expansion of
euxinia associated directly with the PT extinction (Grice et al., 2005;
Kump et al., 2005; Riccardi et al., 2006; Hays et al., 2007; Grasby and
Beauchamp, 2009; Algeo et al., 2008; Georgiev et al., 2015b; Schobben
et al., 2015; Zhang et al., 2017; Zhou et al., 2017). These euxinic events
were also recorded well prior to the PT extinction in other parts of the
PT world (Nielsen and Shen, 2004; Cao et al., 2009; Y. Shen et al., 2011;
Georgiev et al., 2015a; Wei et al., 2015). The expansion of euxinia and
upward excursions of the chemocline associated with the PT extinction
were often attributed to environmental change due to the eruption of
the Siberian Traps Large Igneous Province including warming tem-
peratures or increased riverine nutrient input (e.g., Zhou et al., 2017).
Warmer temperatures, although not as warm as the extinction interval,
were also associated with the Wuchiapingian to lower Changhsingian
(Chen et al., 2013; Chen et al., 2016). The global expansion of anoxia in
the Wuchiapingian (Elrick et al., 2017), and recorded locally at Spiti
with euxinic intervals, could similarly relate to warmer temperatures.

With the uppermost Permian likely missing at Spiti, we do not have
direct evidence of paleo-environmental conditions at the PT extinction.
However, where southern Neo-Tethys uppermost Permian deposits re-
main, the data suggests both oxygen poor and oxygen rich conditions.
For example, the data from the Hovea-3 section suggests anoxic con-
ditions (Bond and Wignall, 2010). Alternatively, the data from the
Guryul Ravine, India (Wignall et al., 2005), Gyanyima, Tibet (Garbelli
et al., 2016) and Selong, Tibet (Wignall and Newton, 2003) sections all
suggest oxic conditions. Slightly further away from the Spiti region, in
the central Neo-Tethys, data from the Arabian margin suggested deep
water anoxia was prevalent from the Wuchiapingian to the PT extinc-
tion (Clarkson et al., 2016). In addition, these anoxic waters likely
upwelled onto the mid-slope during the upper Changhsingian and PT
extinction (Clarkson et al., 2016). This type of spatial variability ex-
emplifies the regionally complex nature of anoxia and other environ-
mental conditions prior to and during PT extinction.

Nevertheless, the episodic euxinic intervals preserved at Spiti would
have stressed aerobic organisms on the continental shelf of the southern
Neo-Tethys. This occurred long before the PT extinction interval itself,
similar to paleo-environmental reconstruction within the eastern Paleo-
Tethys (Cao et al., 2009) and reflected in the fossil records (Wang et al.,
2014; Kiessling et al., 2018). This could have created ecosystem con-
ditions which were susceptible and primed for an extinction event,
potentially needing only a push past a tipping point. The likely catalyst
of global change was the Siberian Traps Large Igneous Province (e.g.,
Burgess et al., 2017).

6. Conclusions

Through analysis of Upper Permian shales from the Spiti region
using possible redox proxies of pyrite, we concluded that Spy/Core and
83%S,y: did not reflect changes in oxygen availability. Spy,/Corg ratios
were lower than likely original values due to severe Sy, loss during
modern oxidative weathering. Furthermore, the variation in §%'S,y,
reflected diagenetic pyrite formation which overwhelmed any redox
signal. Based on pyrite framboid size distributions, the deposition of the
Upper Permian shales experienced multiple but transient euxinic in-
tervals which interrupted a long-term oxic-dysoxic trend. Redox con-
ditions preserved at Spiti sections were similar to the Upper Permian of

Palaeogeography, Palaeoclimatology, Palaeoecology 516 (2019) 1-10

the Hovea-3, Australia section. While not conclusive for the entire Neo-
Tethys, when considered together these data suggest a widespread
pattern across the southern Neo-Tethys. Lastly, regional stress and de-
terioration well prior to the end-Permian mass extinction could have
provided the necessary susceptibility to enable a final catalyst to set the
end-Permian mass extinction into motion for this region.
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