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Models of mass extinctions caused by greenhouse warming depend on the ability of warming to affect the oxy-
genation of the ocean, either through slowing circulationor changes in biological productivity and the organic car-
bon budget. Opal Creek, Alberta, Canada is a biostratigraphically continuous Permian–Triassic Boundary (PTB)
section deposited in deep water on an outer shelf setting in the vast and understudied Panthalassic Ocean,
along the western margin of Pangaea. The latest-Permian extinction is here represented as the disappearance
of the previously dominant benthic fauna (siliceous sponges). On the basis of nitrogen and reduced sulfur isotopes
as well as productivity-sensitive trace elements, the Middle Permian at Opal Creek is interpreted as a highly pro-
ductive coastal upwelling zone where vigorous denitrification and sulfate reduction occurred in a mid-water ox-
ygen minimum. Similar conditions appear to have continued into the latest Permian until the onset of a euxinic
episode represented by a discrete pyrite bed and several trace element indicators of high productivity. This
euxinic pulse is followedby the extinction of benthic fauna and a shift in nitrogen and sulfur isotopes tomore nor-
malmarine values, suggesting the cessation of coastal upwelling and the consequentweakening of themid-water
oxygenminimum. The Lower Triassic appears to be a dysoxic, relatively unproductive environmentwith a bottom
water oxygenminimum. Rhenium–osmium isotope systematics show aminimumof radiogenic Os near themain
extinction event, which may be due to volcanic input, and increasingly radiogenic values approaching the PTB,
possibly due to increased continental erosion. The Opal Creek system demonstrates that, while the biogeochem-
ical crisis in the latest Permian was capable of impacting the coastal upwelling modality of ocean circulation, a
transient increase in productivity likely drove the system toward euxinia and, ultimately, extinction.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

The latest Permian mass extinction (LPME), at ~252 Ma, was the
greatest biodiversity crisis of the Phanerozoic (Erwin et al., 2002), funda-
mentally and permanently altering terrestrial and marine ecosystems
(Benton et al., 2004; Bottjer et al., 2008). The trigger for this crisis is
thought to have been the eruption of the Siberian Traps flood basalts
(Wignall, 2007; Reichowet al., 2009),which led to strong globalwarming
as a consequence of emissions of CO2 and possibly methane (Payne and
Kump, 2007; Retallack and Jahren, 2008). Climatic warming or related
effects led to perturbations of terrestrial environments, including changes
in weathering patterns, aridification, vegetation loss, and fluvial drainage
.

rights reserved.
alteration (Retallack, 1999; Looy et al., 1999;Ward et al., 2000; Looy et al.,
2001). In the marine realm, warming is thought to have been an impor-
tant factor in reduced deepwater ventilation, a buildup of hydrogen
sulfide, hypercapnia, seawater acidification, and depletion of certain nu-
trients such as nitrate (Knoll et al., 1996; Grice et al., 2005; Kump et al.,
2005; Fraiser and Bottjer, 2007; Luo et al., 2011). The development of
global greenhouse conditions at this time is paleontologically evident in
the appearance of warm-climate floras at polar latitudes (Taylor et al.,
2000); the demise of high-latitude, cool-water siliceous sponge commu-
nities (Henderson, 1997; Beauchamp and Baud, 2002); and a breakdown
of temperature-based conodont provincialism (Mei and Henderson,
2001).

Direct evaluation of changes in Permian–Triassic ocean circulation
patterns has proven difficult, owing to the relative paucity of preserved
Permian–Triassic boundary (PTB) sections from the Panthalassic
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Ocean, which covered some 70% of the globe at the time of the ex-
tinction (Fig. 1) and hence is central to investigations of global
change related to the LPME. Extant Panthalassic sections are limited
to a few areas and depositional facies, including deep-sea cherts
(Isozaki, 1994, 1997; Sano et al., 2010, Algeo et al., 2010, 2011b)
and shallow atoll carbonates from Japan (Musashi et al., 2001),
volcanic-arc slope sediments in New Zealand (Krull et al., 2000),
and a series of deep-shelf or upper slope siliciclastic successions in
western North America (Beauchamp and Baud, 2002; Wignall and
Newton, 2003; Hays et al., 2007; Beatty et al., 2008). Anoxic facies
have been documented at widespread PTB sections, leading some
workers to infer that such redox changes were global in extent,
and due to strongly reduced overturning circulation (“ocean
stagnation”) (Isozaki, 1994, 1997; Wignall and Twitchett, 1996,
2002). Paleoceanographic modeling studies have demonstrated that,
while strong climatic warming could slow the meridional overturning
circulation significantly, it would generally not be sufficient to generate
the persistent, highly reducing conditions necessary to drive surface
euxinia without a substantial increase in nutrient availability (Hotinski
Fig. 1. (A) Late Permian paleogeography, showing the major ocean basins and location of th
plate tectonicmaps by C.R. Scotese, PALEOMAP project (scotese.com). (B)Map of Canada show
location of the Opal Creek section in the Kananaskis Valley.
et al., 2001; Meyer et al., 2008). Modeling of paleoceanographic condi-
tions at the PTB generally supports the hypothesis that overturning cir-
culation persists despite extreme greenhouse conditions (Kiehl and
Shields, 2005; Winguth and Maier-Reimer, 2005).

Recently, attention has focused on the role of increased nutrient in-
ventories in ocean-surface waters, and consequent increases in marine
primary productivity, in driving PTB oceans toward anoxia (Algeo et al.,
2011a). This hypothesis has received support from studies demonstrat-
ing a substantial expansion of themid-ocean oxygen-minimum zone in
periequatorial regions (Algeo et al., 2010, 2011b) aswell as a steepening
of shallow-to-deep carbon isotopic gradients in epicratonic seas (Meyer
et al., 2011; Song et al., 2013-this volume).

In this study, we examine changes along the eastern margin of the
subtropical Panthalassic Ocean between the Early Permian and Early
Triassic. Our primary goal is to test models of anoxia development
in the Panthalassic Ocean by collecting field geochemical evidence
for changes in circulation and organic productivity rates during the
PTB transition interval. The site for this study is the Opal Creek section
in southwestern Alberta, which represents an outer-shelf or upper
e Opal Creek section. Map generated through The Paleobiology Database (paleodb.org),
ing the location of the Kananaskis Valley in southwestern Alberta. (C)Map showing the



Fig. 2. (A) Photograph of Opal Creek outcrop from approach. Note cliff-forming, silici-
fied Ranger Canyon and less resistant Sulphur Mountain silts exposed in hillside. The
cliff face corresponds to the unconformity. (B) Close up of Permian–Triassic boundary. Py-
rite bed weathers to reddish in outcrop. RC = Ranger Canyon Formation, SM = Sulphur
Mountain Formation, SB = unconformable Sequence Boundary, Py. = Pyrite layer, Ext. =
main extinction horizon.
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slope setting on the western margin of the North American plate at a
paleolatitude of ~30°N (Henderson, 1989; Richards, 1989). As shown
by both field data and paleoceanographic modelling, this region was
characterized by strong upwelling during much of the Permian
(Ziegler et al., 1998; Beauchamp and Baud, 2002; Winguth and
Maier-Reimer, 2005), a mode of circulation potentially sensitive to
global climate changes. A shift in ocean circulation patterns is
suggested by major changes in boreal marine biotas during the Late
Permian (Henderson and Baud, 1997; Beauchamp and Baud, 2002;
Gates et al., 2004; Beauchamp et al., 2009), culminating in a regional
extinction of sponges in the late Changhsingian (Algeo et al., 2012),
as well as a shift from the enriched nitrogen isotope values charac-
teristic of coastal upwelling zones to values characteristic of
more nitrogen-limited environments (Schoepfer et al., 2012). Here, we
present sulfur isotope and trace-element concentration data in order
to (1) document changes in redox conditions, productivity, and euxinia
within the upwelling system of the eastern subtropical Panthalassic
Ocean during Early Permian to Early Triassic, and (2) evaluate the rela-
tionship of changes in this region during the PTB transition to broader
changes in the global environment based on detailed biostratigraphic
correlations (Henderson et al., 1994; Henderson, 1997).

2. Geologic setting and biostratigraphy

The Opal Creek section is located in the Kananaskis Valley, in the
foothills of the Canadian Rockies west of Calgary (Fig. 1). It comprises
~25 m of Lower Permian through Lower Triassic strata assigned to
the Johnston Canyon, Ranger Canyon, and Sulphur Mountain forma-
tions. Beds dip nearly vertically, with cherts and silicified siltstones
forming prominent cliffs while more fissile siltstones are exposed in
hill slopes (Fig. 2). The thermal maturity of the section is moderate, as
shown by a conodont color alteration index (CAI) of ~2.5 (Schoepfer
et al., 2012), equivalent to a maximum burial temperature of ~150 °C
(Tissot and Welte, 1984; Hunt, 1996). Similar maturity levels have
been inferred for other PTB sections in the CanadianWestern Sedimen-
tary Basin on the basis of vitrinite reflectance (Radke et al., 1982), CAI
(Utting et al., 2005), and biomarker studies (Hays et al., 2007).

The Early Permian is represented by the Johnson Canyon Formation
(Fig. 3), which is composed of silty dolostone containing abundant nodu-
lar phosphate layers. This unit exhibits lithologic cyclicity, likely as a con-
sequence of glacio-eustatic fluctuations during the Early Permian, when
ice is believed to have existed at the poles (Haq and Schutter, 2008).

The Middle Permian is represented by the Ranger Canyon Forma-
tion (RCF, Figs. 3–4), which (together with its stratigraphic equiva-
lent, the Fantasque Formation) extends from southeastern British
Columbia northward to the southern Mackenzie Fold Belt in the
Yukon (Henderson, 1989). The Ranger Canyon, which is just 2.35 m
thick at Opal Creek, consists of completely bioturbated, recrystallized
spiculitic chert to cherty immature siltstone containing microcrystalline
carbonate cements and some reworked chert and carbonate grains. The
predominance of sponge spicules, abundance of phosphatic material in-
cluding abundant conodonts, and absence of shallow-water sedimentary
structures (Henderson, 1997) suggest an outer shelf or slope environ-
ment at a few hundred meters water depth, below storm wave base
andprobably oligophotic. Themost common fossils are largemonaxon si-
liceous sponges spicules (up to 6 cm long), possibly of the class
Demospongea. Also abundant are conodonts of the genusMesogondolella,
which in the Middle and Late Permian are indicative of cool-water
environments, as inferred from their boreal provincialism (Mei
and Henderson, 2001). The main species are M. bitteri and, toward
the top of the formation, M. rosenkrantzi, indicating a Capitanian
age or, where M. rosenkrantzi is found without M. bitteri, an early
Wuchiapingian age (Henderson and Mei, 2007).

The upper contact of the RCF is defined by a major regional uncon-
formity, coinciding with the Guadalupian–Lopingian lowstand (Haq
and Schutter, 2008). On the basis of the conodont biostratigraphy,
the duration of this unconformity has been estimated at 5–
7 million years (Shen et al., 2010). The Late Permian and Early Trias-
sic are represented by the Phroso Siltstone Member of the Sulphur
Mountain Formation (SMF; Figs. 3–4), which is equivalent to the Gray-
ling Formation in northeastern British Columbia (Wignall and Newton,
2003). The basal ~10 m of this unit represent a transgressive systems
tract (TST) characterized by an upward fining succession. Sediment
consists of angular, immature silt to fine sand and contains dolomite
rhombs as well as reworked chert, micas, and microcrystalline carbon-
ate. Pyrite is also present, concentrated around organic fragments and,
especially, in a cm-thick bed that is ~10.5 cm above the basal unconfor-
mity. The lowermost beds of this unit are bioturbated and contain abun-
dant siliceous monaxon sponge spicules up to 2 cm in length, but these
features disappear abruptly ~40 cm above the basal unconformity. At
the same level, the conodont fauna dominated by Mesogondolella is
abruptly replaced by a new fauna dominated by the genus Clarkina, a
transition that probably marks the latest Permian mass extinction
event (see below). Above this level, the SMF is composed of black to
dark grey, pyritic, thin-bedded shale and siltstone. Benthic biota and
bioturbation are lost, suggesting suboxic to anoxic bottom waters

image of Fig.�2


Fig. 3. Stratigraphic column with lithostratigraphy as well as isotopic and trace element records for the Opal Creek section. Heavy red line corresponds to the biostratigraphic PTB,
the thin red line corresponds to the main marine extinction event. The number of samples analyzed for each proxy is as follows: δ13Corg, n=191, δ15N, n=58, δ34S, n=56 acidified
(n=7 acidified+bleached), %S, n=55, TOC, n=185, All trace element proxies, n=29.
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during deposition (Fig. 2) (Gibson, 1969, 1974; Gibson and Barclay,
1989; Henderson, 1997).

Four conodont biozones are present in the Sulphur Mountain For-
mation (Figs. 3–4), in ascending order:

1) Mesogondolella sheni Zone—Specimens of M. sheni from the basal
TST of this formation indicate a Changhsingian age, but the exact re-
lationship between these specimens and the type material from
Selong, Tibet (Mei, 1996; Shen et al., 2006) remains uncertain. Spec-
imens of M. rosenkrantzi and M. bitteri are considered to have been
reworked from the underlying Ranger Canyon Formation during
the transgression. The extent of reworking is difficult to address
since all specimens are fragmented in these deformed shale units.
At Ursula Creek in northeastern British Columbia, the uppermost
Fantasque Formation contains bothM. sheni andM. rosenkrantzi, indi-
cating a Changhsingian age (Henderson, 1997; Wignall and Newton,
2003). We suggest a Late Changhsingian age for this assemblage at
Opal Creek given that indisputably latest Changhsingian species are
recovered only 40 cm higher in the section.

2) Clarkina hauschkei–Clarkina meishanensis Zone—This zone is
defined by the association of C. hauschkei, C. meishanensis, C. cf.
changxingensis, and C. cf. zhejiangensis. A comparable assemblage
was recovered from the basal Blind Fiord Formation in the Canadi-
an Arctic (Algeo et al., 2012). C. hauschkei is similar to specimens
described as C. hauschkei borealis by Kozur (2005) from a zone im-
mediately below the end-Permian microbialite facies at Abadeh,
Iran. C. meishanensis sensu stricto is restricted to Beds 25 to 28
at Meishan (Jiang et al., 2007), but a similar species C. zhangi
originally described as a subspecies of C. meishanensis (Mei et al.,
1998) ranges from Bed 23 to 24e at Meishan. These two species
may be synonymous and therefore range from Late Permian (Bed
23) to Lower Triassic (Bed 28). Kozur (2005) indicated that C.
meishanensis migrated into Iran during the late Changhsingian, cor-
relative with the Bed 23–24e interval at Meishan. At Opal Creek, the
base of this zone is marked by a sharp reduction in Mesogondolella
(which survives to the PTB) and the appearance of the genus Clarkina.
The latter genus is typical of the equatorialwarm-water province dur-
ing the Late Permian (Mei andHenderson, 2001), and its appearance
in the CanadianWestern Sedimentary Basin is thus indicative of a
breakdown of a temperature barrier to migration (Henderson
andMei, 2007). The faunal turnover at Opal Creek either is equiv-
alent in age to, or slightly precedes, the main extinction horizon
(Bed 25) at Meishan, China (Jin et al., 2000).

3) Hindeodus parvus–Clarkina taylorae Zone—H. parvus is the key
marker for the base of the Triassic at the GSSP in Meishan, China
(Yin et al., 1996, 2001); its occurrence elsewhere does not define
the PTB, but according to chronostratigraphic principles indicates
only proximity to it within the H. parvus Zone (Henderson, 2006).
At Meishan and elsewhere, the lowermost Triassic is typically char-
acterized by a short-term acme of Hindeodus (Jiang et al., 2007;
Zhang et al., 2007; Chen et al., 2009). Although this genus is rare at
Opal Creek, some small, poorly preserved specimens were found in
the lower ~6 m of the SMF. The local first occurrence of H. parvus
is ~1.5 m above the base of the SMF, where it is found in association
with C. taylorae. The latter taxon has not been recovered with cer-
tainty below the PTB (Orchard et al., 1994), so the co-occurrence
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Fig. 4. Expanded stratigraphic column for 4.5-m-thick interval of the Opal Creek section bracketing the unconformity and PTB, with isotope measurements and calculated initial
osmium isotope ratios (IOs, see Re–Os analysis in Results section). Solid red line indicates the biostratigraphic PTB, the dashed red line indicates the main extinction event.M. bitteri
zone overlaps with M. rosenkrantzi in uppermost 5–10 cm of Ranger Canyon Formation. The number of measurements shown for each proxy is as follows: δ13Corg, n=149, δ15N,
n=41, δ34S, n=36 acidified (n=2 acidified+bleached), IOs, n=14.
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of these two species is probably a good marker for the stratigraphic
position of the PTB at Opal Creek.

4) Clarkina taylorae–Clarkina cf. carinata Zone—C. carinata (=
Neogondolella of some authors) is the most commonly identified
Lower Triassic conodont species (Clark, 1959; Sweet, 1970;
Orchard and Krystyn, 1998). The co-occurrence of C. taylorae
and C. cf. carinata indicates a Griesbachian (Lower Induan) age.
3. Materials and methods

3.1. Field protocol

A total of 55 samples were collected over a 30-m-thick strati-
graphic interval ranging from the Lower Permian Johnston Canyon
Formation through the Lower Triassic Sulphur Mountain Formation
for analysis of S isotopic compositions, S speciation, and trace-metal
concentrations, with collection concentrated in the basal Sulphur
Mountain Formation, around the extinction and PTB. An additional
14 samples were collected over a 1.4-m-thick stratigraphic interval
at the base of the Sulphur Mountain Formation for analysis of Re–Os
abundances and Os isotopic compositions. Samples were collected
at 10 cm spacing from 20 cm above the Ranger Canyon/Sulphur
Mountain unconformity to a level 1.6 m above the unconformity.

A separate set of 99 samples was collected at 40 cm intervals from
the basal 44 mof the SMF, and processed for TOC, % total S, and δ34Spyrite
at the University of Cincinnati. These data are presented in Fig. 5.

3.2. Sulfur isotopes and concentrations

The ratio of sulfur stable isotopes (34S/32S) was measured by el-
emental analyzer continuous-flow isotope-ratio mass spectrometry
(EA-CF-IRMS), at the University of Washington's IsoLab facility,
using a Eurovector EA and Thermo Finnigan Conflo III and MAT253
isotope-ratio mass spectrometer.

All stable isotope ratios for samples are reported in standard delta
(δ) notation indicating the per mille (‰) difference from a standard:

δ ¼ Rsample=Rstd−1
� �

� 1000

where R equals 34S/32S of the standard or sample. The standard used for
sulfur isotopes is Vienna CanyonDiablo Troilite (VCDT). The accuracy of
34S measurements (1σ=0.2‰, n=20)was estimated through analysis
of NIST NBS127 and NZ1 reference materials. Analytical precision (1σ)
was determined based on replicates of an internal laboratory standard
(Sigma Aldrich BaSO4) during each run and was ≤0.2‰ (n=5 to 10).
The average precision (1σ) for sample duplicates was larger (0.6‰,
n=2–3), probably owing to sample heterogeneity.

Sulfur concentrations were also calculated for each sample by cal-
ibrating the total S signal for a range of masses of the internal stan-
dard during each isotopic analysis. In order to identify the relative
contributions of different sulfur species (sulfates including carbonate
associated sulfates, sulfides, organic sulfur, and barite) to total sulfur,
different sample fractionswere obtainedby chemical processing. Sulfates
were removed from sample aliquots by an acidification step, i.e., washing
with an HCl solution (2 N hydrochloric acid, 36–72 h at 60 °C), leav-
ing only sulfide and organic S in the residue. An aliquot of the residue
was then bleached, i.e., treated with a 5.5% NaClO solution (12–24 h,
60 °C) to remove organic sulfur, leaving only the sulfide component, al-
though some of the sulfide fraction may have been removed by this ox-
idation step. An aliquot of this second residue was then treated with a
nitric acid wash (6 N HNO3, 24–48 h, 60 °C) in order to oxidize sulfides
and isolate a possible barite component.
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Fig. 5. (A) TOC versus total S. The majority of samples falls along the oxic–suboxic trend
of Berner and Raiswell (1983). A subset of samples (n~12) plots distinctly above the
oxic–suboxic trend; they represent the basal 4 m of the SMF plus a few pyritic layers
higher in the section. (B) Total S versus pyrite δ34S. Note that high-S samples are low
in TOC and enriched in 34S. Samples shown in this figure are a separate set processed
at the U. of Cincinnati.
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Carbon and sulfur elemental concentrations of the University of
Cincinnati sample setwere determined using an Eltra 2000 C-S analyzer,
and results calibrated using USGS and internal laboratory standards. An-
alytical precision was better than ±2.5% for carbon and±5% for sulfur.
An aliquot of each sample was digested in HCl at 50 °C for 12 h, washed
andfiltered, and reanalyzed for C and S in order to determine concentra-
tions of total organic carbon (TOC) and non-acid volatile sulfur (NAVS).
3.3. Re–Os isotopes

The Re–Os analytical protocol followed that described in detail by
Selby and Creaser (2003) and Selby (2007) and was carried out in the
TOTAL Laboratory for Source Geochronology and Geochemistry at Dur-
ham University. Re was recovered by anion chromatography and fur-
ther purified using single anion bead chromatography. The Re and Os
isolates were analyzed for their isotopic compositions by negative ther-
mal ionization mass spectrometry. The data presented here were ana-
lyzed in two separate batch analyses. Total procedural blanks for each
batch were very similar, yielding [Re]=15.1 and 17.2 pg/g, [Os]=150
and 193 fg/g, and 187Os/188Os of 0.21 and 0.19 for the first and second
batches, respectively. In-house standard solutions of Re and Os were
also run and were identical to the long-term running average reported
by Rooney et al. (2010) and references therein.

3.4. Trace element concentrations

The chemical composition of the samples was measured by the
ALS Chemex Company of Vancouver, BC (Method ME-MS61). About
0.25 g of each sample was digested in perchloric, nitric, hydrofluoric
and hydrochloric acids. The residuewas suspended in dilute hydrochloric
acid and analyzed by inductively coupled plasma-atomic emission spec-
trometry (ICP-AES). Samples containing high concentrations of bismuth,
mercury,molybdenum, silver, or tungstenwere diluted accordingly, then
analyzed by inductively coupled plasma-mass spectrometry (ICP-MS).
Results were corrected for spectral interelemental interferences. Detec-
tion limits were 0.01% by mass for most major elements and b1 ppm
for most trace elements.

To control for variations in sedimentation rate and terrigenous
input, elemental data were normalized to aluminum (Al), which
was used as a tracer for the aluminosilicate fraction of the sediment.
For ease of comparison, elemental concentrations are reported as en-
richment factors (EFs), which were calculated as:

EFx ¼ wt:%X=wt:%Alð Þsample= wt:%X=wt:%Alð ÞAUCC

where X is the element in question and AUCC is Average Upper Con-
tinental Crust, as determined by McLennan (2001). Element Concen-
trations and enrichment values are shown in Table 1.

3.5. Petrographic analysis

Petrographic study of a subset of samples was undertaken at the
University of Cincinnati and University of Kentucky. Standard petro-
graphic thin sections were examined at 20–400× magnification
under reflected light using a Leitz Laborlux 12-Pol optical microscope.
Measurements were calibrated with a Zeiss micrometer. Polished
sample chips were photographed under oil-immersion lenses at vary-
ing magnifications.

4. Results

4.1. Previous isotope results

Organic carbon and nitrogen isotope datasets were generated for
the Ranger Canyon and Sulphur Mountain formations at the Universi-
ty of Washington's IsoLab facility. Both records showed significant ex-
cursions in the lowermost SMF, with a positive peak in δ13Corg and a
negative shift in δ15N. These data were previously published by
Schoepfer et al. (2012) with a full description of methods and supple-
mentary data table; the data are shown here in Figs. 3–4 for easy
comparison with sulfur and trace element results.

4.2. Sulfur speciation

Average S concentrations of bulk samples (2.7±1.1%, n=18) and
acidified samples (2.7±1.2%, n=48) (omitting sample OC24, the py-
rite bed) are nearly identical. In addition, the difference between δ34S
for bulk and acidified extracts of the same samples is small (0.8±
1.0‰, n=18). These observations suggest a negligible contribution
of sulfates to the total sulfur signal. All fully chemically processed
(i.e., nitric-acid-treated) samples showed sulfur levels below detection
limits or too low (b0.03 wt.%) to be significant, so little if any barite
is present. The bleaching step lowered sulfur levels significantly in all
but one sample (OC24, the pyrite bed), often to below detection
limits. With such low S levels, δ34S analysis for bleached samples is
much less precise, yet bleached δ34S values are within +/−5‰ of
the acidified-only δ34S values, a much narrower spread than for the
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Table 1
Concentrations and enrichment factors of some major and trace elements. R.C. = Ranger Canyon Formation. J.C. = Johnston Canyon Formation.

cm Al TOC Mo U V Ni Cu Zn P Ba Cd Mo U V Ni Cu Zn P Ba Cd Mo/TOC

% % ppm ppm ppm ppm ppm ppm ppm ppm ppb EF EF EF EF EF EF EF EF EF ×104

2215 7.6 2.4 3.8 4.7 146 48 42.8 32 1060 160 110.0 2.7 1.8 1.5 1.2 1.8 0.5 1.6 0.3 1.2 1.6
1684 7.0 1.6 1.4 3.3 118 44 17.6 28 1470 300 60.0 1.1 1.4 1.3 1.2 0.8 0.5 2.4 0.6 0.7 0.9
1237 7.6 2.1 3.2 3.7 134 50 30.5 53 1090 190 170.0 2.3 1.4 1.3 1.2 1.3 0.8 1.6 0.4 1.8 1.5
1003.5 6.9 3.0 6.0 6.9 118 50 38.7 25 1360 270 130.0 4.7 2.9 1.3 1.3 1.8 0.4 2.3 0.6 1.6 2.0

850.5 7.1 2.3 3.3 5.0 129 54 25.7 25 1600 330 90.0 2.5 2.0 1.4 1.4 1.2 0.4 2.6 0.7 1.0 1.5
423.5 8.9 1.2 1.8 3.0 143 62 17.8 22 1710 410 80.0 1.1 1.0 1.2 1.3 0.6 0.3 2.2 0.7 0.7 1.5
386 6.6 1.7 5.6 4.6 98 54 26.4 36 1000 380 290.0 4.6 2.0 1.1 1.5 1.3 0.6 1.8 0.8 3.6 3.4
310.5 8.3 1.6 2.3 3.4 132 48 26.4 20 1230 430 80.0 1.5 1.2 1.2 1.0 1.0 0.3 1.7 0.8 0.8 1.4
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a Indicates that the concentration exceeded the maximum detectable limit.
b AUCC = Average Upper Continental Crust (McLennan, 2001).
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Fig. 6. Reflected light petrographic photomicrographs of SMF: (A) Massive pyrite in calcareous silicate matrix. (B) Massive marcasite in silicate matrix. (C) Medium-sized (8–12 μm)
pyrite framboids with partial diagenetic overgrowths. (D) Coarse euhedral and irregular diagenetic pyrite masses. (E) Large (35 μm) pyrite framboid with diagenetic overgrowths.
(F) Fine (3–10 μm) diagenetic pyrite crystals in a large organic particle. (G) Fine diagenetic pyrite within a diagenetic calcite crystal. (H) Variably sized (4–20 μm) pyrite framboids
along an organic-rich lamina. (J) Coarse diagenetic pyrite associated with diagenetic carbonate crystals. (K) Coarse diagenetic pyrite within a carbonate nodule. (L) Variably sized
(10–40 μm) pyrite framboids along an organic-rich lamina. (M) Organic particle with diagenetic pyrite overgrowths (lower left) and blocky diagenetic pyrite (upper right). (N) Fine
(4–12 μm) pyrite framboids along an organic-rich lamina. (O) Coarse (20–40 μm) pyrite framboids with diagenetic overgrowths on larger framboid. (P) Fine (3–8 μm) diagenetic
pyrite crystals in an organic particle.
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whole data set (>30‰). The relatively good agreement suggests the
bleaching process was removing the majority of a homogenous, la-
bile sulfur pool that may be dominated by marcasite. This suggests
the acidified fraction represents an isotopically homogenous re-
duced sulfur pool (Sreduced, Figs. 3–4), incorporating both sulfides
and organic S.
4.3. Sulfur concentration and isotopic profiles

Sulfur isotopes vary markedly throughout the section, and several
phases canbe distinguished (Figs. 3–4). In the Lower andMiddle Permian,
sediments are generally sulfur poor (b0.9 wt.%) and isotopically heavy,
with δ34S ranging from −5.4 to 7.2‰ (mean=1.2‰, σ=4.0), with the
peak value 2.4 cm below the unconformity.

Heavy isotope values persist above the unconformity in the Late
Permian lowermost SMF, despite much higher total sulfur content.
A continuous and rapid decline in δ34S can be observed between 1.5
and 29 cm (Fig. 4). This trend passes through the S wt.% maximum
in the pyrite bed at ~10 cm, which has an S content of 26.4% by
weight. Bleached extract for this sample yields S>15 wt.% (IRMS sig-
nal saturated), and the S/Fe ratio is 1.13, nearly identical to the S/Fe
ratios in pyrite (1.14), which along with field observation confirms
that S in this layer is mostly in the form of pyrite. The declining iso-
tope trend terminates in the section's δ34S minimum at 29 cm
(δ34S=−32.0).



Table 2
Re and Os concentrations and isotopes. IOs uncertainties were less than or equal to 0.004.

cm Re (ppb) ± Os (ppt) ± 187Re/188Os ± 187Os/188Os ± rho IOsa

40 6.01 0.02 93.3 0.8 394.5 4.6 2.1993 0.03 0.764 0.54
50 8.86 0.03 156.5 1.2 331.9 3.3 1.7877 0.02 0.695 0.39
60 6.64 0.02 100.7 0.9 395.7 4.5 2.0164 0.03 0.753 0.35
70 5.02 0.02 90.5 0.8 328 3.8 1.8624 0.03 0.758 0.48
80 6.35 0.02 102.8 0.9 371.8 4.1 2.0355 0.03 0.743 0.47
90 5.04 0.02 78.7 0.7 387.2 5 2.0863 0.03 0.789 0.46
100 6.05 0.02 129.7 1 269.5 2.8 1.662 0.02 0.713 0.53
110 5.19 0.03 98.3 0.6 312.4 2.3 1.8707 0.01 0.482 0.56
120 4.77 0.03 101.9 0.6 273 2.1 1.7331 0.01 0.46 0.58
130 6.15 0.03 112.7 0.6 326.3 2.2 1.9701 0.01 0.398 0.6
140 3.95 0.01 77.6 0.5 301.8 2 1.8687 0.01 0.672 0.6
150 5.84 0.04 110.3 0.7 315.6 2.6 1.9491 0.02 0.441 0.62
160 4.9 0.02 97.1 0.8 293.7 3.3 1.7236 0.02 0.742 0.49

a Initial osmium compositions (IOs) calculated for an age of 252.2 Ma.
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Above this minimum, sulfur concentrations and isotopes reach an
equilibrium that they maintain for the remainder of the section. Sul-
fur weight % is generally at a few percent (mean=2.3%, σ=1.0%,
Fig. 5) and δ34S has a mean of −17.0‰ with a standard deviation of
6.0‰, though there is a gradual and poorly defined trend toward
less negative values. There are also several minor positive excursions
in δ34S. A small positive excursion in δ34S (to −6‰) around 150 cm
(sample OC145) is accompanied by a significant S concentration
peak (6.3%).

4.4. Petrographic data

Petrographic study revealed characteristic relationships between
pyrite, organic matter, and calcite within the study samples. The
basal beds (pre-LPME) of the SMF are characterized by high concen-
trations of sulfides in the form of massive pyrite (Fig. 6A) and large
(5–50 μm), partially interlocking crystals of marcasite (Fig. 6B).
These sulfides show no relationship to primary sediment fabric;
their quantity and form suggest that they may be of hydrothermal
original. The beds immediately above the LPME are characterized by
abundant pyrite framboids, although these framboids tend to be larger
(5–10 μm; Fig. 6C) than those formed in a euxinic water column
(b5 μm; Wilkin et al., 1996; Wignall and Newton, 1998). Many of the
framboids show evidence of later diagenetic overgrowths (Fig. 6C–D),
and blocky authigenic pyrite crystals are common (Fig. 6D–E). Higher
in the section, most pyrite occurs as clusters of framboidal or blocky
crystals grown either within or on the surface of large (50–500 μm) or-
ganic particles (e.g., Fig. 6G–H, L–N, P). Individual framboids in these
samples are often 10–40 μm in diameter (Fig. 6H, L, O) and hence dis-
tinctly larger than syngenetic framboids (Wilkin et al., 1996). This
form of pyrite is commonly associatedwith large, blocky calcite crystals
that have grown diagenetically within the sediment (e.g., Fig. 6G–J).
Blocky to massive authigenic pyrite is sometimes found in the middle
of large carbonate-cemented areas without any obvious association
with organic matter (e.g., Fig. 6F, K).

Several generations of carbonate are present in the sediments, in-
cluding cements, with isotopic measurements indicating a diagenetic
origin (Schoepfer et al., 2012). This is consistent with an increase in
porewater alkalinity due to biological sulfate reduction and the infer-
ence that most of the pyrite in the section formed in the sediments
after deposition.

4.5. Re–Os analysis

The Re–Os data are presented in Table 2. Samples collected from
20 and 30 cm above the Ranger Canyon/Sulphur Mountain unconfor-
mity are siltstone and did not contain measurable Re and Os. Between
30 and 40 cm above the unconformity the siltstone grades into black
shale. The samples collected from this interval and to 1.6 m above the
unconformity are enriched in both Re and Os (~4 to 11 ppb; 78 to
157 ppt, respectively, Table 2). The 187Re/188Os range between ~240
and 400, with the 187Os/188Os being moderately radiogenic (~1.5 to
2.2). The initial 187Os/188Os (IOs) is calculated based on the GTS
2008 age for the Permian–Triassic boundary, 252.2 Ma (Ogg et al.,
2008; Shen S.Z. et al., 2011) and the 187Re decay constant of Smoliar
et al. (1996). The calculated IOs values are shown in Fig. 4. Beginning
0.4 m above the unconformity (the LPME), the IOs values become less
radiogenic from 0.54 to 0.35. From the less radiogenic IOs at 0.6 m
above the unconformity to 1.5 m (Permian–Triassic boundary) the
IOs values become steadily more radiogenic. At 1.6 m the IOs trends
to a less radiogenic value (~0.49).

4.6. Trace-element redox proxies

Certain trace elements tend to be authigenically enriched in sedi-
ments under reducing conditions, including uranium (U), vanadium
(V), and molybdenum (Mo) (Algeo and Maynard, 2004; Tribovillard
et al., 2006). The calculated Enrichment Factors of these elements
show similar patterns (Fig. 3), suggesting that they responded to a
common redox control. All three elements are highly enriched in
the Johnston Canyon and Ranger Canyon Formations, with Mo and
U have EFs averaging >10× their concentrations in AUCC. These
values are probably indicative of sulfidic bottom water conditions
throughout the deposition of these units. All three elements show
steep declines in the overlying SMF, although varying somewhat in
detail. V exhibits near-average values (EF~1) throughout the SMF.
Mo and U remain modestly enriched (EF b10) in the SMF, with some-
what greater enrichment in the basal 3 m than higher in the forma-
tion. Relatively large EFs are associated with the pyrite bed at
~10 cm, where Mo has an EF of 6.8 and U has an EF of 4.1.

As euxinic water conditions will often increase the particle reac-
tivity of redox sensitive metals, which often form organo-metallic
compounds (Tribovillard et al., 2006), trace element concentrations
were also normalized to TOC to control for the effects of particle
flux. While the actual ratios varied greatly between elements, all were
generally enriched in metals relative to TOC below the unconformity,
but showed strong peaks in the lowermost Sulphur Mountain Forma-
tion coincident with the pyrite bed, and remained enriched throughout
the latest Permian generally.

4.7. Trace-element productivity proxies

Several trace elements sensitive to changes in organic carbon ex-
port showed significant fluctuations throughout the section. Cu, Ni,
Cd, Zn, Ba, and P all show a nutrient-like distribution in seawater
and are mainly transferred to sediments through sinking carbon
flux. Of these, Cu, Cd, Ni, and Zn can be precipitated as sulfide min-
erals under euxinic or sufficiently reducing conditions, and are likely
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to be preserved in sediments, whereas barium is generally precipitat-
ed as barite, a sulfate, and may be released back into the water col-
umn in a regime of sulfate reduction (Dehairs et al., 1980; Averyt
and Paytan, 2004). Phosphorous is mainly stored in sediments in or-
ganic matter or phosphate minerals. Under reducing conditions, phos-
phate may be remineralized and re-enter the water column (Meyer
and Kump, 2008).

EFs were calculated for Ba, P, Cu, Ni, Cd and Zn. These elements all
showed significant enrichments above AUCC in the Johnston and
Ranger Canyon Formations, with P in particular being enriched
above AUCC by at least a factor of 7.9 and by 2 orders of magnitude
in some samples. (Two samples collected 250 and 270 cm above the
unconformity saturated the ICP-AES Phosphorous peak. The maximum
detectable concentration, 10^4 ppm, was used.) Directly above the un-
conformity, P remains highly enriched with an EF of 7.6 while Zn is also
extremely enriched, with an EF of 77.4, likely due to precipitation as a
sulfide in the pyrite bed. Cadmium, which also forms sulfide minerals,
is also orders of magnitude more enriched in this layer than the rest
of the section (EF=581.4). The other elements (Ba, Cu, Ni) drop off im-
mediately above the unconformity to values similar to AUCC, with Ba
and Cu generally below an EF of 1, whereas Ni remains just above.
After the pyrite bed, Zn drops off to just below average EFs similar to
Cu, Ni and Ba, while P remains slightly more enriched with EFs ranging
from1 to 2.6 through the remainder of the section. EFs are shown in log-
arithmic scale in Fig. 3.

5. Discussion

5.1. Effects of sediment mixing on geochemical signals

Reworked conodonts above the unconformity indicate that some
reworking of subaerially exposed Middle Permian cherts or biological
mixing of sediments has occurred. This has the potential to exercise a
controlling effect on geochemical signals, especially as the resem-
blance of the Late Permian lowermost Sulphur Mountain to the Mid-
dle Permian Ranger Canyon in many parameters (i.e. δ15N, δ34S,
several trace elements) is central to interpretation of the outcrop.

While the lowermost Sulphur Mountain shows elevated EFs in
several trace elements similar to or lower than the Ranger Canyon,
this is after aluminum normalization, which obscures the often higher
absolute concentrations of many elements in the more aluminosili-
cate rich Sulphur Mountain siltstones. For example, the uppermost
Ranger Canyon has a measured Zn content of 19 ppm, whereas
the lowermost Sulphur Mountain has 3.85 ppt. In light of this
orders-of-magnitude variation, it would be difficult for reworking
or upward mixing of Ranger Canyon material to exercise any
major control on the trace element content above the unconformi-
ty. The presence of discrete peaks in geochemical signals above the
unconformity—for example, the presence of a ~1 cm thick pyrite
bed, the positive organic carbon isotope excursion reported in
Schoepfer et al. (2012), and Cd content, which spikes to 39.9 ppm
at ~10 cm above the unconformity despite an average of 0.3 ppm
in the Ranger Canyon Formation—suggest that mixing over decime-
ter scales is not a controlling factor on the inorganic geochemistry
of this interval.

The major isotopic shifts observed in the basal Sulphur Mountain,
however, occur over smaller spatial scales, and without an indepen-
dent tracer, control by mixing cannot be completely ruled out. If
mixing is predominantly responsible for the heavy δ15N and δ34S
values seen in the basal Sulphur Mountain, then the environmental
changes implied by these isotopic shifts may have occurred at any
time during the missing 5–7 My Lopingian interval, and may have oc-
curred more gradually than the preserved isotope signals would sug-
gest. However, it is worth noting that Luo et al. (2011) observed
abrupt nitrogen isotope shifts of similar magnitude immediately pre-
ceding the main LPME at several Tethyan sections in South China.
5.2. Benthic redox conditions

Sulfur isotopic compositions provide information about the pro-
cesses of sulfide formation and, hence, paleomarine redox conditions.
Syngenetic framboidal pyrite, which forms in the water column and
thus from an unlimited sulfate reservoir, commonly exhibits a large
negative fractionation relative to source sulfate (Goldhaber and
Kaplan, 1974; Canfield and Thamdrup, 1994). In contrast, authigenic
pyrite formed in the sediment exhibits heavier δ34S values; if all
porewater sulfate is consumed within a closed diagenetic system,
the resulting sulfide will have an average δ34S value equal to that of
the source sulfate. The degree of shift toward heavier δ34S values de-
pends on the timing of bacterial sulfate reduction (BSR); early BSR in
a relatively open system will produce more 34S-depleted sulfide than
late BSR in a relatively closed system (Goldhaber and Kaplan, 1974;
Chambers and Trudinger, 1979).

Modern seawater sulfate has a δ34S of +20‰, yielding sulfide δ34S
values of about −30 to −40‰ in anoxic marine systems (Lyons,
1997; Wilkin and Arthur, 2001; Werne et al., 2003). The isotopic com-
position of seawater sulfate varied between +10‰ and +30‰ during
the PTB transition, possibly shifting toward heavier values in the Early
Triassic (Strauss, 1999; Newton et al., 2004; Riccardi et al., 2006) al-
though much variation exists within and between sections (Luo et al.,
2010). Given a BSR fractionation of −30 to −60‰ (Habicht and
Canfield, 2001), syngenetic pyrite in PTB sections should yield isoto-
pic compositions between −10 and −40‰ (cf. Nielsen and Shen,
2004; Algeo et al., 2008a, 2008b).

Reduced sulfur δ34S in the Johnston Canyon and Ranger Canyon for-
mations average 1.0±4.2‰ (n=8). These relatively heavy values sug-
gest precipitation in a closed system, consistent with a diagenetic origin
for pyrite in this interval. The evidence of quantitative reduction of
porewater sulfate in this interval despite the loworganic content suggests
poor postdepositional preservationmaybe responsible for the lack of pre-
served carbon despite other evidence of high productivity (see below).

The Johnston Canyon and Ranger Canyon formations contain high
concentrations of V, U, and Mo. Coeval enrichments in Mo, U, and V
(Fig. 3) suggest the presence of anoxic water in the Early and Middle
Permian. That these enrichments are found in bioturbated sediments
supporting an abundant (if homogenous) benthic fauna suggests that
bottom water was oxygenated, and trace element enrichments may
have resulted from a water column oxygen minimum impinging on
the bottom. Coastal upwelling zones often dynamically maintain an
oxygen minimum zone (OMZ) in the mid-water column through
the decomposition of sinking organic material. When the sinking
flux of carbon exceeds the supply of oxygen, other electron acceptors
are often used in decomposition, including nitrate and sulfate, with
upwelling zones being among the primary zones of denitrification
in the modern ocean (Seitzinger et al., 2006).

Nitrogen isotopes (Schoepfer et al., 2012) from Opal Creek suggest
the Middle Permian upwelling system supported a mid-water oxygen
minimumwhere denitrification and sulfate reduction were occurring.
Denitrification has a substantial fractionation effect, and when it does
not occur quantitatively, enriches the residual marine nitrate pool.
δ15N in the Ranger Canyon is consistently high, spiking to values
above 9‰, values typically seen in modern environments where deni-
trification occurs in a strong water column oxygen minimum (Algeo
et al., 2008a, 2008b).

The lower ~4 m of the SMF contains the largest concentrations of
small framboids, and these beds exhibit some of the most 34S-depleted
values—a pattern consistent with pyrite mainly of syngenetic origin.
δ

34
Sreduced in the SMF averages −16.5±6.8‰ (n=47), which is dis-

tinctly higher than the isotope compositions expected for syngenetic
framboidal pyrite. These compositions are consistentwith pyrite forma-
tion in the diagenetic environment under quasi-open conditions, or
with diagenetic overgrowths on syngenetic pyrite under somewhat
more closed conditions.
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TOC-S relationships are consistentwith predominantly suboxic con-
ditions during deposition of the SMF. Most samples fall along the oxic–
suboxic (“normal marine”) trend of Berner and Raiswell (1983; Fig. 5).
A relative handful of samples, mostly in the lower ~4 m of the SMF, ex-
hibit S concentrations considerably above those expected for oxic–
suboxic facies; other evidence supports this interval having been depos-
ited under primarily euxinic conditions (see below). Three horizons
higher in the SMF (at 4.7, 12.8, and 20.4 m) also exhibit significant S en-
richment above the oxic–suboxic trendline (Fig. 5). Unlike samples
from the base of the formation, however, these samples are associated
with markedly heavier δ34S values—an indication that the pyrite con-
centrations in these samples formed in the sediment and not in the
water column, which is supported by petrographic data. The extinction
of bioturbating benthic communities may have contributed to these in-
tervals of near-quantitative sulfate reduction in the sediments (Shen Y.,
et al., 2011).

Secondary pyrite overgrowths are common in many framboidal
layers, and framboid sizes are larger than those associated with
syngenetic formation, especially above the basal 4 m of the SMF
(Fig. 5). The observation that most framboids grew in clusters within
or on the surface of large organic particles, rather than as isolated
crystal aggregates, indicates a strong association of BSR with such or-
ganic substrates. The distribution of calcite within the samples, most-
ly as blocky diagenetic crystals adjacent to organic particles, or as
“halos” enclosing these particles, is an indication that BSR within
the sediment produced local increases in alkalinity that stimulated
secondary carbonate precipitation (Berner, 1984).

Trace element proxies support these redox interpretations for the
SMF. Mo, U, and V remain slightly enriched throughout the SMF,
suggesting low oxygen conditions persisted, which along with the
dearth of benthic biota, lack of bioturbation, and increased organic pres-
ervation indicate that the system transitioned to a bottomwater oxygen
minimum. Mo, which forms highly particle reactive oxythiomolybdates
under euxinic conditions (Tribovillard et al., 2006), is particularly
enriched in the lowermost 4 m of the SMF, suggesting free sulfide in
the water column during this interval.

Except for the basal ~50 cm of this formation, δ15N is low and sta-
ble (Schoepfer et al., 2012; Figs. 3–4), providing no evidence of
water-column denitrification as might be expected if suboxic condi-
tions were due to high sinking fluxes of organic matter (e.g., Algeo et
al., 2008a, 2008b; Jenkyns et al., 2001). Although the SMF consists
predominantly of black shale (Munsell color), TOC values are only
moderate (0.2–3.0%) yet locally higher than expected for oxic–
suboxic facies (Algeo and Maynard, 2004). One explanation for this
pattern may be a marked reduction in bioturbation intensity during
the Early Triassic, as a consequence of the loss of most benthic infau-
na during the LPME (Twitchett and Wignall, 1996) and transition
from a mid-water to bottom water oxygen minimum. Reduced bio-
turbation would severely constrain ventilation of the sediment and
allow greater quantities of organic matter to be preserved for a
given flux of organic matter to the sediment-water interface. Thus,
multiple lines of evidence confirm that the basal ~4 m of the SMF co-
incidedwith a euxinic event, and that the remainder of the formation
was deposited under oxic to suboxic conditions.
5.3. Marine circulation and productivity

The consistent enrichments in Ba, Cu, Ni, Zn, P, and Cd in the Johnson
Canyon and Ranger Canyon formations are here interpreted as
representing a highly productive, eutrophic marine system, despite
the generally low organic carbon content of these units, which may
results from poor preservation in well-ventilated bottomwater. The
presence of phosphate nodules in the Johnson Canyon and minor
phosphatic material in the Ranger Canyon is consistent with a
high-productivity environment, and the dominant fauna of the
Ranger Canyon, rock-forming abundances of filter-feeding sponges,
suggests a vigorous export of organic detritus from the photic zone.

High-abundance but low-diversity conodont assemblages have
been suggested to indicate eutrophic conditions (Brasier, 1995), be-
cause fast-breeding species capable of rapidly exploiting the available
resources tend to dominate the environment. The conodont assemblage
of the Ranger Canyon Formation is dominated by high abundances of
the genus Mesogondolella, which had a circumboreal distribution in
theMiddle Permian and is therefore also indicative of cold-water condi-
tions (Henderson, 1997; Mei and Henderson, 2001).

The biota of the Johnston Canyon and Ranger Canyon formations is
consistent with a high-nutrient, cold-water environment. Replacement
of this prolific carbonate factory by a siliceous sponge-dominated biota
occurred between the Artinskian (late Early Permian) and Guadalupian
(late Middle Permian) as a consequence of climatic cooling and an in-
crease in nutrient levels (Beauchamp and Henderson, 1994; Reid et al.,
2007; Bensing et al., 2008). The high concentration of sponge-derived
chert in Upper Permian beds has been interpreted as evidence of
vigorous thermohaline circulation and nutrient upwelling in the
Panthalassic Ocean, and its absence in Lower Triassic beds as evi-
dence of sluggish circulation and nutrient-poor surface waters
(Beauchamp, 1994; Beauchamp and Desrochers, 1997; Beauchamp
and Baud, 2002). Hyalosponge facies, indicative of cold, deepwater con-
ditions, are widespread along thewesternmargin of Pangaea during the
Early to Middle Permian, and have been used to infer the presence of
coastal upwelling down to subtropical latitudes, as well as cold northern
polar currents driven by sea ice in contact with the ocean (Beauchamp
and Baud, 2002). Upwelling at subtropical latitudes along western
Pangaea is also inferred by Ziegler et al. (1998) from sedimentologi-
cal evidence, and has been modeled under a range of atmospheric
conditions by Winguth and Maier-Reimer (2005).

The locality was erosive throughout most of the Lopinigian
lowstand, but when sedimentation resumed in the Changhsingian
the depositional environment resembled that of the Ranger Canyon
in many ways. Silica sponges were still the abundant, predominant
benthic fauna, although sponge spicules were increasingly diluted
with siliciclastic sediments. Nitrogen and sulfur isotopes remain high-
ly enriched, suggesting that an anoxic zone, fed by sinking organic
matter and ultimately by upwelling nutrients, persisted into the latest
Permian. Sediments remain bioturbated in this interval, indicating
that the sea floor was relatively well oxygenated, with the oxygen
minimum occurring in the water column.

~10 cm above the unconformity is a continuous bed containing
>26% sulfur byweight,mostly in the formof pyrite, suggestive of highly
euxinic water conditions, which is supported by orders-of-magnitude
enrichments in the S/TOC andMo/TOC ratios. This ~1 cm thick pyrite
bed corresponds with a discrete, ~6‰ positive spike in organic car-
bon isotopes that has been interpreted as transient increase in pro-
ductivity (Schoepfer et al., 2012) which may have driven the
system toward euxinia, Enrichments in P, Zn, and Cd are also sugges-
tive of enhanced productivity in this interval: while Zn and Cd are
expected to complex in the sulfide sediments, P should be unaffected
by euxinia and record productivity, whereas minor depletions in Ba
relative to AUCC may reflect the difficulty of preserving barite
(BaSO4) under conditions of euxinia.

The trace element enrichments suggest that this euxinic interval may
have been fueled by transient increased productivity. Numerousworkers
have suggested a substantial increase in continental weathering and ero-
sion in the latest Permian (Ward et al., 2000; Sephton et al., 2005; Algeo
and Twitchett, 2010; Algeo et al., 2011a). This would have carried an in-
creased complement of terrigenous nutrients, such as phosphate and
iron, and may have pushed organic productivity above its already-high
levels, driving the system toward euxinia.

This hypothesis receives some support from the IOsdata (Fig. 4). The
primary feature of this data set is a shift from relatively non-radiogenic
values (0.35–0.40) around the LPME boundary towardmore radiogenic



Fig. 7. Integrated model of environmental conditions on the subtropical eastern Panthalassic margin (A) During the Early and Middle Permian (B) During the main latest Permian
extinction interval (C) During the earliest Triassic.
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values (~0.45 to 0.62) between 60 and 150 cmabove the unconformity.
This suggests that the primary control of the Os composition in seawa-
ter during this interval (OsSW) is the influx of radiogenic detritus from
the cratonic continental crust (Cohen et al., 1999; Peucker-Ehrenbrink
and Ravizza, 2000), into the ocean, beginning roughly with the onset
of the euxinic pulse. Non-radiogenic Os values seen prior to this shift
may be related to the input of Os associated with the eruption of
the Siberian Traps, which would be expected to possess mantle-like
Os isotope signatures (~0.13–0.15; Horan et al., 1995). Values for
OsSW during the late Permian Arctic black shale of the Mid-Norwegian
shelf yield IOs values of ~0.6 (Georgiev et al., 2011), which is similar
to the IOs value of the extinction interval (~0.55) at Opal Creek,
suggesting these continental weathering effects may have been wide-
spread in the global ocean. However, in stark contrast to the Arctic
black shales the 187Re/188Os values of the Opal Creek P–T section are
typical of most marine organic-rich sedimentary rocks (269–394;
Table 2) and therefore indicate that the conditions that permitted ele-
vated 187Re/188Os values (~2000 to 6000) in the Arctic is regional rather
than global as suggested by Georgiev et al. (2011).

The end of this intensely euxinic interval corresponds with a drop
off in the previously enriched isotopes of nitrogen and sulfur. Nitro-
gen isotopes fall toward low values of approximately 2–3‰, lower
than average modern marine nitrate and likely reflecting the influ-
ence of nitrogen fixation from the atmosphere in a nutrient limited
environment. These low nitrogen values persist with remarkable uni-
formity throughout the remainder of the SMF, reflecting a new nutrient
cycling regime in which water denitrification, fueled by respiration of
sinking organic matter, no longer occurred on a significant scale.

image of Fig.�7
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These changes probably reflect the collapse of vigorous coastal upwell-
ing and the concomitant high organic productivity that fueled anaerobic
respiration in the water column.

This is supported by the collapse of all productivity-sensitive trace
elements to values very near AUCC throughout the remainder of the
section (excepting P and Cd, which remain slightly enriched), and
by the disappearance of silica-producing sponges 30 cm above the
pyrite bed, in what we interpret as corresponding to the main Permian–
Triassic marine extinction. Productivity in the subsequent SMF likely
reflected typical values for oligotrophic marine settings, rather than
those of continental margin upwelling systems, and may have been lim-
ited by nitrogen availability, with diazotrophic prokaryotes likely playing
an important role. The cessation of upwellingmay have been the result of
warming following the eruption of the Siberian traps, with a consequent
flattening of global thermal gradients and slowing of ocean and atmo-
spheric circulation, with both euxinia and increasing nutrient limitation
playing a role in bringing about benthic extinctions in this ecosystem.

5.4. Integrated model

Here we present evidence that a coastal upwelling system, a major
mode of Panthalassic Ocean circulation that had persisted for tens of
millions of years, abruptly terminated preceding the Permian–Triassic
boundary, shifting to a relatively unproductive, nutrient limited sys-
tem with suboxic to dysoxic bottom water. However, this transition
was preceded by an interval of intense euxinia, corresponding to
the pyrite bed and preceding the main pulse of marine extinction.
This likely resulted from a transient intensification of marine produc-
tivity, which may have been caused by a combination of warming cli-
mate with residual upwelling of nutrient rich waters, before the
circulation slowed dramatically (Fig. 7). Higher temperatures could
allow for faster algal growth and nutrient cycling, and ultimately
faster and more explosive productivity. Alternatively, this pulse of
high productivity may have been a global ocean scale event. The
end-Permian has been linked to a change in fluvial morphology pat-
terns, and a die off of vegetation combined with a warmer and more
acidic hydrosphere following the eruption of the Siberian traps may
have led to faster continental weathering and increased nutrient input
into the oceans. The immaturity of siliciclastic sediments in the lower-
most Sulphur Mountain Formation suggests rapid weathering was oc-
curring. Thin pyrite beds have been found in latest Permian marine
sediments along western Pangaea up into the Canadian Arctic (Grasby
and Beauchamp, 2009). Increased nutrient inputs may have led to one
or several pulses of high productivity in latest Permian coastal oceans,
driving environments to extinction-causing levels of anoxia and euxinia
despite the long-term trend toward slower circulation and nutrient cy-
cling into the Triassic.

6. Conclusions

The Permian at Opal Creek records an active cold-water coastal up-
welling zone that supported high productivity and a mid-water oxygen
minimum zone where anaerobic respiration occurred. This system
persisted for tens ofmillions of years only to abruptly terminate preced-
ing the latest-Permian extinction. Despite the Panthalassic Ocean's po-
tentially dominant role in Permian biogeochemical cycling, there have
been fewways to test the impact of the latest-Permian crisis on circula-
tion and ventilation. Here we present isotopic and trace element evi-
dence for the cessation of coastal upwelling, a modality of oceanic
circulation that leaves distinctive isotopic signatures. Despite the appar-
ent slowdown of circulation at the end Permian, a major, discrete
euxinic episode preceded the extinction, and corresponds to a number
of geochemical indicators of high productivity. A transient pulse of in-
creased carbon export may have been necessary to drive coastal oceans
toward the euxinia necessary for mass extinction.
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