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While the end-Permian extinction in the marine realm is well known from the Tethys Ocean, it remains little
studied in the vast Panthalassic Ocean. Opal Creek, Alberta, Canada is a biostratigraphically continuous Permian–
Triassic Boundary (PTB) section that is interpreted to have been deposited in a deep outer shelf setting along the
Panthalassic western margin of Pangaea. Significant organic carbon and nitrogen isotope excursions precede the
extinction of the dominant Late Permian benthic organisms (siliceous sponges). Geochemical comparison with
underlying Guadalupian age rocks and analysis of the conodont fauna suggest that the latest Permian at Opal
Creek records the shutdown of a productive cold-water upwelling ecosystem with a mid-water column oxygen
minimum followed by the transition to a warm and less vigorously circulating system with a bottom-water
oxygen minimum. The transition from a low-diversity, cold-water conodont fauna in the Middle Permian to a
more diverse latest Permian fauna containing equatorial species coincides with a transition from elevated δ15N
values characteristic of coastal zones with denitrification in a mid-water oxygen minimum to more normal
marine values. A spike in the δ13C of organic carbon following a latest Permianmarine transgression alongwestern
Pangaea is here attributed to transient increased productivity in the photic zone preceding the main extinction,
likely related to the synergistic effects of warming, increased nutrient runoff, and residual upwelling. This is
followed by an equilibration to lower δ13Corg values characteristic of a lower productivity regime in the
Early Triassic.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

The Panthalassic Ocean, covering some 70% of the globe, was the
largest surficial feature of the Permian and Triassic world, and had
the potential to exercise fundamental control of global biogeochemistry.
Unfortunately, the sparsity of preserved sedimentary records has made
Panthalassic ecology difficult to study. Here we examine outer shelf
marine sediments from the eastern Panthalassic Ocean to determine
the ecosystem’s response to environmental perturbations associated
with the Permian–Triassic extinction, the greatest biodiversity crisis of
the Phanerozoic, which fundamentally and irrevocably altered marine
ecosystems for the entirety of subsequent geologic time (Raup and
Sepokoski, 1982).

Many potential mechanisms have been proposed for the Permian–
Triassic mass extinction, ranging from extraterrestrial impact (Becker
et al., 2001) to rapid warming of climate (Kidder and Worsley, 2004;
Kump et al., 2005). However, the exact mechanism of extinction re-
mains poorly understood, in part because the majority of the avail-
able data is drawn from a limited region of the Permian world
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surrounding the Tethys Ocean (e.g. Baud et al., 1989; Jin et al.,
2000; Brookfield et al., 2003.), with the exception of the mid-
Panthalassic oceanic sediments exposed in Japan (Isozaki, 1994,
1997; Algeo et al., 2010a, 2010b).

Among the Late Permian through Early Triassic environmental
disruptions that may have been causally related to the extinction
are changes in crustal weathering patterns (Kidder and Worsley,
2003), changes in paleosols in non-marine sections (Retallack et al.,
2003), aridification, vegetation loss, and fluvial drainage alteration
(Ward et al., 2000), greenhouse conditions and warming of the global
ocean due to massive volcanic eruptions and increased atmospheric
CO2, as well as possible methane clathrate releases (Benton and
Twitchett, 2003, Winguth et al. 2002). Warm temperatures are deter-
mined by warm climate flora at polar latitudes (Taylor et al., 2000), as
well as the global demise of high latitude, cool-water, siliceous sponges
(Henderson, 1997; Beauchamp and Baud, 2002), and a breakdown of
temperature-based conodont provincialism (Mei and Henderson,
2001). There is also growing evidence that between theMiddle Permian
and Early Jurassic the oxygen content of Earth’s atmosphere may have
varied markedly with important biological consequences (Wignall
and Hallam, 1992, 1993; Wignall and Twitchett, 1996; Berner and
Kothavala, 2001; Berner, 2002; Retallack et al., 2003; Huey and Ward,
2005).
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Dramatic changes in inorganic and organic δ13C records characterize
Permian/Triassic Boundary (PTB) geochemical records in the available
rock record (Retallack et al., 2003; Payne et al., 2004; Peter et al.
2005), with a negative excursion characterizing the latest Permian in
Tethyan sections (Korte and Kozur, 2010; Luo et al., 2011). Negative
shifts have been explained by addition of 13C-depleted CO2 to the global
atmosphere–ocean reservoir by catastrophic methane release and
oxidation (Retallack et al., 2003), exposure and oxidation of buried or-
ganic matter (Berner, 2002), anoxic ocean overturn (Knoll et al.,
1996), and CO2 release during massive volcanism (Erwin et al., 2002;
White, 2002). Positive shifts in the organic δ13C of marine sediments,
which have been observed in other Panthalassic deep water sections
(Isozaki, 2009) have proven more difficult to explain, potentially
reflecting both changes in the productivity and composition of marine
planktonic communities (O’Leary, 1981, 1988), and variation in the
degree to which various organic components (such as proteins) are
preferentially degraded in a stratified versus pervasively anoxic ocean
(Isozaki, 2009). As productivity and associated biological oxygen de-
mand may have fueled Permian marine anoxia, it is important to
understand the interplay between Panthalassic biology and oxygen
availability.

Here we present the results of a carbon and nitrogen isotope study
from a section in Southwest Alberta–Opal Creek. Sediments that com-
prise these strata were deposited in an outer shelf setting in the
Panthalassic Ocean, on the downwarped western margin of the
North American plate (Henderson, 1989; Richards, 1989) at approxi-
mately 30° North paleolatitude. This site has a complete conodont
zonation from the uppermost Permian across the PTB in an area far
removed from the Tethyan basin. The site is the southernmost of a
series of Upper Permian–Lower Triassic sections running north into
the Arctic. This environmental record from off the northwest shores
of Pangaea provides augmentation to the numerous Tethyan and
mid-Panthalassic studies and improves our understanding of envi-
ronmental changes across the world’s largest ocean basin. This site
contains a well-preserved boundary interval deposited in a deep-
Fig. 1. Paleomap showing the position of the continents and oceans in the latest Permian. O
Inset displays the modern location of the Kananaskis Valley in Alberta.
water facies, with sufficient biostratigraphic control to allow global
correlation (Henderson et al., 1994; Henderson, 1997).

1.1. Geologic setting and biostratigraphy

The Opal Creek Permian–Triassic boundary section is located in
southwest Alberta, along the southern bank of Opal Creek in the Kana-
naskis Valley in the foothills of the Canadian Rockies (Fig. 1). The
Ranger Canyon and Fantasque formations, consisting of spiculitic chert
grading into carbonate and silica cemented immature sandstone and
phosphatic siltstones, (Fig. 3) range from southeastern British Columbia
to the southern Mackenzie Fold Belt in northern Canada (Henderson,
1989). These units were deposited on a deep water outer shelf or
slope as determined by the predominance of sponge spicules, the
abundance of phosphatic material, and the absence of shallow water
sedimentary structures (Henderson, 1997). At Opal Creek, the Ranger
Canyon Formation is only 235 cm thick and includes the conodonts
Mesogondolella bitteri and at the topM. rosenkrantzi; indicating a Capi-
tanian age (Mei and Henderson, 2001). The presence ofM. rosenkrantzi
may indicate an earlyWuchiapingian or latest Capitanian age given the
overlap with M. bitteri (Mei and Henderson, 2001). Middle and Late
Permian species of Mesogondolella are typical of cool-water environ-
ments as inferred by their strong boreal provincialism (Mei and
Henderson, 2001) at that time. Themost common fossils in the Ranger
Canyon Formation chert are large monaxon siliceous sponges spicules
(up to 6 cm long), of the class Demospongea. Elsewhere, the presence
of these “silica factories” has been used to infer nutrient-rich, cold ma-
rine waters with active oceanic circulation (Beauchamp and Baud,
2002).

Unconformably overlying the Ranger Canyon Formation is the
Phroso Siltstone Member of the Sulphur Mountain Formation, equiv-
alent to the Grayling Formation in northeastern British Columbia
(Wignall and Newton, 2003), which is composed of silty shale with
minor dolomite, as well as abundant pyrite, which is especially con-
centrated in a cm-think bed located 10.5 cm above the unconformity.
C = location of Opal Creek section. Map software from PaleoDB, copyright Alroy 2010.
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Like the Ranger Canyon, the lower most Sulphur Mountain Formation
also has abundant siliceous monaxon sponge spicules to 2 cm in
length and triaxon siliceous hyalosponge spicules. These disappear
abruptly at 0.4 m above the base, which coincides with the sudden in-
flux of new Late Permian conodont species belonging to the genus
Clarkina, likely representing the main end-Permian extinction.
Above this boundary, the Sulphur Mountain Formation is composed
of black to dark grey, pyritic, thin-bedded shale and siltstone. There
is a dearth of benthic biota or bioturbation, suggesting suboxic to anox-
ic bottom waters during deposition (Fig. 2) (Gibson, 1969, 1974; Gibson
and Barclay, 1989; Henderson, 1997).

The temporal extent of the regional unconformity can be approx-
imated using conodont biostratigraphy from carbonate lenses within
the Ranger Canyon Formation and from slightly calcareous silty shale
of the Sulphur Mountain Formation. The oldest rocks of the Sulphur
Mountain Formation include Mesogondolella sheni and presumed
reworked specimens ofM. bitteri andM. rosenkrantzi.M. sheni appears
to be a good index for the cool-water Changhsingian (Mei and
Henderson, 2001) and is widely distributed from Selong, Tibet (Mei,
1996) to the Sverdrup Basin in the Canadian Arctic (Beauchamp
et al., 2009). The presence of M. sheni from the basal transgressive
systems tract (TST) of the Sulphur Mountain Formation indicates a
Changhsingian age, but the exact relationships between these speci-
mens and the type material from Selong, Tibet (Mei, 1996; Shen
et al., 2006) still need to be established. The duration of the unconfor-
mity separating the Ranger Canyon and Sulphur Mountain formations
includes all or most of the Wuchiapingian and part or most of the
Changhsingian and is therefore on the order of 5 to 7 million years
(Shen et al., 2010).

Four conodont biozones comprise the studied portion of the Sulphur
Mountain Formation at Opal Creek, including in ascending order: 1)M.
Fig. 2. Photograph of outcrop at Opal Creek. A: Facing outcrop from trail. Beds dip nearly vert
unconformable upper contact. The Sulfur Mountain siltstones form most of the slope in th
lower contact with underlying Johnston Canyon dolostones. Ranger Canyon unit is approxi
Ranger Canyonmaterial and fissile SulphurMountain siltsones. D: Close up of latest Permian d
Canyon Formation, RC= Ranger Canyon Formation, SM= Sulphur Mountain Formation, SB=
sheni, 2) C. hauschkei – C. meishanensis, 3)Hindeodus parvus – C. taylorae,
and 4) C. taylorae – C. cf. carinata Zones (Fig. 3), with the local first
occurence of H. parvus in association with the first occurence of C.
taylorae at 150 cm above the unconformity indicating the biostrati-
graphic Permian–Triassic Boundary.

2. Materials and methods

Samples 0.5 kg – 3 kg in mass were collected at meter scale
throughout the section for conodont biostratigraphy. Additionally,
samples 3–10 g in mass were collected at meter to sub-centimeter
scale in the lowermost strata surrounding the PTB, for isotopic analysis
Sedimentary organic δ13Corg and δ15N were analyzed via elemental
analyzer-continuous-flow isotope ratiomass spectrometry (EA-CFIRMS)
at the ISOLAB stable isotope laboratory at the University of Washington.
Samples were chosen to avoid cracks and visible surface alteration and
weathering and sonicated in methanol and deionized water. Samples
were then powdered and acidified with an excess of 10% HCl and kept
at 40 °C for at least 12 h to remove inorganic carbonatematerial. Samples
were then triple rinsed with ultra pure (>18 MΩ) deionized water
and oven dried at 40 °C. Analyses were made with a Costech ECS 4010
Elemental Analyzer coupled to a ThermoFinnigan MAT253 mass spec-
trometer via a ThermoFinnigan CONFLO III gas interface.

Carbon and oxygen isotopes (δ13Ccarb and δ18Ocarb) of the carbonate
fraction of the cherts and siltstonesweremeasured by IRMS on aMicro-
mass Isoprime dual inlet mass spectrometer. Samples were introduced
via a Micromass carbonate autosampler system. Samples were held in
evacuated 5 ml vacutainers with proprietary CO2-impermeable seals
and acidified with 103% (dehydrated) phosphoric acid at 90 °C for 10
min; the evolved CO2 was cryogenically stripped of water vapor prior
to being introduced to the mass spectrometer.
ically, cliff forming unit is the Ranger Canyon Formation, with the face representing the
e foreground. B: Cross sectional view of Ranger Canyon formation, author pointing to
mately 2 m. thick. C: View along cliff face showing contact between resistant, silicified
eposits following the unconformity at Opal Creek. Rock hammer for scale. JC= Johnston
Unconformable sequence boundary, Py. = Pyrite bed, Ext. =main extinction horizon.
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Fig. 3. Stratigraphic column of the Opal Creek section, showing conodont occurrences and zonation, as well as the abundances of three conodont genera. A = Abundant (>20/kg),
C = common (10–20/kg), R = Rare (5–10/kg), VR = Very Rare (1–5/kg). Only P1 conodont elements were counted, samples were each approximately 2–3 kg of rock.

184 S.D. Schoepfer et al. / Palaeogeography, Palaeoclimatology, Palaeoecology 313-314 (2012) 181–188
All stable isotope ratios are reported in standard delta (δ) notation
indicating the per mil (‰) difference from a standard with an accepted
value such that:

δ ¼ Rsample=Rstd:−1
� �

·1000

where R equals 15 N/14 N for nitrogen and 13C/12 C for carbon. The stan-
dard for nitrogen is air; the standard for carbon and oxygen is Vienna
PeeDee Belemnite (VPDB).

The standard deviation (σ) of sample replicates was 0.15‰ for
δ13Corg (n = 36), 0.26‰ for δ15N (n = 57), 0.10‰ for δ13Ccarb (n = 50),
and 0.25‰ for δ18Ocarb (n = 50). Analytical precision based on routine
analyses of internal laboratory reference materials was 0.15‰ for
δ13Corg, 0.10‰ for d15N, and 0.32‰ for δ13Ccarb and δ18Ocarb. Many sam-
ples contain low levels of nitrogen, to avoid error, we here report only
samples with an integrated peak area of >12 mV at mass 28.

Samples generally contain high Total Organic Carbon, ranging
from 0.52 to 3.37% and generally increasing upward throughout the
section (Fig. 5), and thus organic carbon isotopes are unlikely to reflect
contamination by hydrocarbon fluids. The Conodont Alteration Index
(CAI) for conodont elements at Opal Creek is 2.5, suggesting low to
moderate thermal alteration of the sediments.
Chemical composition of the samples was measured by the ALS
Chemex company of Vancouver, BC, using Inductively Coupled Plasma
Atomic Emission Spectroscopy (ICP-AES). A 0.25 g sample was digested
in hydrochloric, nitric, perchloric and hydrofluoric acids. The residue
was suspended in dilute HCl and analyzed for element composition by
ICP-AES, with sub-ppm lower detection limits for most elements. In
order to determine the nature of carbonate minerals in the section,
eight thin sections were prepared and examined with a petrographic
microscope.

3. Results

3.1. Carbonates

The δ18O of the carbonate fraction was measured at 151 points in
the Middle Permian Ranger Canyon Formation and across the PTB in
the first 22 m of the Sulphur Mountain Formation. These display a
wide range of variation, with δ18O from −10.62‰ to −2.68‰. The
δ13C of inorganic carbonate was measured at 152 points, and ranges
from −9.22‰ to −1.20‰. Thin-section petrography of Opal Creek
sediments revealed carbonates present as microcrystalline cements,
dolomite rhombs, and reworked calcite grains. As multiple genera-
tions of carbonate are present, and isotope values indicate almost

image of Fig.�3
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certain diagenetic alteration, carbonate isotopes are not assumed to
reflect depositional conditions and will not be considered further.
However, the lack of correlation between organic and inorganic carbon
isotopes (R2 = 0.031, Fig. 4) suggests that the organic carbon signal is
not a function of diagenetic alteration.

3.2. Organic carbon

The δ13C of organic carbon was measured at 191 points through-
out the section (Fig. 5). Organic carbon isotopes showed a stable equi-
librium at −29.36 ± 0.41‰ (n = 12) throughout the Ranger Canyon
Formation. The Sulphur Mountain sediments immediately overlying
the unconformity have similar values. However, there is a dramatic
spike to values as high as−25.68‰ in the section’s most pyritic inter-
val at 10.5 cm After the excursion, organic carbon isotopes settle to a
steady equilibrium with a mean δ13C of −31.21 ± 0.48‰ (n = 169).

3.3. Nitrogen

Nitrogen isotopes were measured at 58 points across the PTB and
in the underlying strata (Fig. 5). Nitrogen isotope values in the Ranger
Canyon Formation are generally quite high, with a mean value of
8.13 ± 0.97‰, (n=9). Nitrogen values peak in the lowermost Sulphur
Mountain, reaching values as high as 10.14‰ in the 10.5 cm above the
unconformity. Themost pyritic interval of the section, at 10.5 cm, corre-
sponds to a rapid drop off in δ15N to values averaging 2.92 ± 0.41‰
for the laminated siltstones (n = 42), a more typical value for marine
sedimentary organic matter.

3.4. Aluminum content

The presence of reworked conodonts around the unconformity in-
dicates that somemixing of sediments has occurred. In order to assess
the degree to which reworking or biological mixing of sediments can
explain the resemblance of nitrogen isotopes in the lowermost Sulphur
Mountain Formation to the middle Permian Ranger Canyon Formation,
wemeasured the aluminum content of samples at 25 points throughout
the section. Aluminum varies markedly between the Ranger Canyon
Formation and Sulphur Mountain Formation lithologies, and is rela-
tively unaffected by biochemical processes in the ocean (Tribovillard
et al., 2006), which makes it useful as a measure of the degree to
whichmaterial has been physically mixed across the contact. Exclusive
of the points immediately above and below the unconformity, the
Ranger Canyon Formation has an average aluminum content of 0.53%
(s = 0.25%), whereas the Sulphur Mountain Formation has a much
Fig. 4. Crossplot of organic and inorganic carbon isotopes with best-fit regression. R2 =
.031. Lack of correlation suggests organic carbon isotopes have not been affected by
diagenesis.
higher average of 7.08% (s = 0.86%). The samples immediately sur-
rounding the unconformity had intermediate values, with a simple
mixingmodel suggesting an approximately 13% contribution of Sulphur
Mountain material to the uppermost measured Ranger Canyon sample,
4 cmbelow the unconformity, and a 22% contribution of Ranger Canyon
material to the lowermost measured Sulphur Mountain sample, 10.5
cm above the unconformity.

Assuming similar nitrogen content, this is sufficient to explain the
high nitrogen value measured in the pyrite bed at 10.5 cm However, it
is inconsistent with the maximum δ15N values being measured just
above the unconformity, as well as the lack of an apparent Sulphur
Mountain Formation contribution to the uppermost Ranger Canyon
Formation . Furthermore, the discrete peak in organic carbon isotopes
at 10.5 cm as well as the presence of an uninterrupted centimeter
thick pyrite bed suggests that mixing was not the primary control of
the geochemistry of this interval.

4. Discussion

Here we interpret the disappearance of siliceous sponge spicules,
40 cm above the beginning of the Sulphur Mountain Formation trans-
gressive sequence, as representing the principal Permian–Triassic
marine extinction event. The disappearance of chert units at higher
latitudes along the latest Permian Panthalassic margin of Pangaea
has been previously described by Beauchamp and Baud (2002) who
suggest that siliceous sponges thrived in cold bottom water, which
would contain higher levels of dissolved oxygen and suppress compe-
tition from carbonate producers. Our nitrogen and organic carbon iso-
tope data support the hypothesis that a shutdown of cold-water
upwelling and the corresponding high organic productivity occurred
along the western margin of Pangaea in the latest Permian, leading
to the demise of the sponges. Such a breakdown of longstanding cir-
culation patterns and the consequent decrease in deepwater oxygen
concentrations may be attributable to warming of the latest Permian
oceans and consequently the cessation of thermally-driven ocean cir-
culation and warming of the deep ocean (Kiehl and Shields, 2005).

As nitrate utilization in the surface ocean is typically complete at
low latitudes (Sigman and Boyle, 2000), the available nitrate pool in
the original Middle Permian water column overlying Ranger Canyon
sediments may have had a δ15N of 7–10‰. This enrichment likely
reflects the presence of a mid-water column anoxic zone, where deni-
trification was taking place (Algeo et al., 2008). This anaerobic process,
whereby nitrate is reduced to N2 gas, imparts a large fractionation effect
(ε = −20‰, Brandes and Devol, 2002) and strongly enriches the
remaining nitrate pool. Such mid-water anoxic zones are known from
manymodern regions of the ocean, such as the PeruMargin and Arabian
Sea, where upwelling nutrients fuel rapid export of organicmatter from
the photic zone (Brandes and Devol, 2002). Such regions often have
sedimentary δ15N values in the 7–10‰ ranges (Algeo et al., 2008)

As a result of these processes, the intensity of the coastal upwell-
ing system can be inferred from the δ15N of organic matter in the un-
derlying sediments. The persistence of strong upwelling into the
latest Permian can be seen in the enriched nitrogen isotope values
of the lowermost Phroso Siltstone, from samples above the unconformi-
ty surface. We propose that the subsequent shift to a sedimentary δ15N
of 2–3 represents the final collapse of the mid-water denitrification
zone and the productive cold-water upwelling system that had per-
sisted along the western margin of Pangaea since the Artinskian
(Beauchamp and Baud, 2002). This would correspond to a transition
to lower productivity conditions, and an increased reliance on nitrogen
fixed directly from the atmosphere (δ15N = 0). Under such conditions
of slowing circulation, the water column likely transitioned from hav-
ing amid-water oxygenminimum to a bottom-water oxygenminimum,
which would contribute to the general increase in organic carbon con-
tent (through increased preservation) and conspicuous lack of bioturba-
tion in the earliest Triassic.



Fig. 5. A: Stratigraphic column of the Opal Creek section showing organic carbon isotopes (VPDB) and nitrogen isotopes (AIR), as well as % Total Organic Carbon (TOC). Highlighted
area is expanded in B: Expanded stratigraphic column of shaded area around Permian Triassic Boundary. Dashed red line indicates main extinction horizon, solid red line indicates
biostratigraphic PTB Vertical lines on nitrogen graph show the isotopic values of atmospheric N2 (AIR) and an average value of modern marine nitrate (NO3

−).
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While positive organic carbon isotope excursions may be attributed
to the rapid burial of light organic carbon biomass following amass die-
off, themajor δ13Corg excursion at Opal Creek precedes themain extinc-
tion event at 40 cm. Changes in the total carbon pool, such as an addi-
tion of carbon to the atmosphere through volcanism or methane
degassing are expected to decrease δ13C (Korte et al., 2010; Luo et al.,
2011).

The pre-extinction positive spike in δ13Corg at Opal Creek may rep-
resent a decrease in photosynthetic fractionation, possibly indicating
a pulse of high productivity, in which organisms were competing to
uptake dissolved carbon (a situation described as carboxylation-
limitation), (O’Leary, 1988). Such decreases in photosynthetic fraction-
ation have also been interpreted as cyanobacteria using the β-
carboxylation pathway (Kashiyama et al., 2008), and cyanobacteria
may have become predominant in an increasingly nitrogen limited en-
vironment (Luo et al., 2011). Alternatively, this may represent the in-
creasing contribution of anoxygenic photosynthsizers, which show a
smaller carbon fractionation effect than oxygenic photosynthesizers
(O’Leary, 1981) and may be associated with the expansion of photic
zone euxinia in the latest Permian world as indicated by the presence
of a pyrite interval (Grice et al., 2005; Grasby and Beauchamp, 2009).
No combination of these explanations is consistent with a collapse of
marine productivity prior to the main extinction event. Following
this interpretation, the return to a lower equilibrium δ 13Corg in the
post-extinction Sulphur Mountain Formation likely represents a
lower productivity regime in an increasingly nutrient limited environ-
ment, though the addition of light volcanic or methanogenic carbon to
the dissolved carbon pool may have also played a role.

It is noteworthy that these isotope transitions correspond to the
beginning of significant ecological diversity in the conodont fauna,
with several species of the genus Clarkina appearing in significant
numbers alongsideMesogondolella. The Ranger Canyon ecosystem was
dominated by high abundances of a single species, Mesogondolella bit-
teri, which is replaced by abundant M. sheni in the lowermost Sulphur
Mountain. High-abundance, low-diversity ecosystems in the fossil re-
cord have been interpreted to represent eutrophic environments
(Brasier, 1995), which favor organisms that can rapidly exploit the
available resources, and all of these conodonts displayed strong cold-
water provincialism. The transition to a more diverse conodont fauna,
including the previously equatorial genus Clarkina, corresponds tempo-
rally to the drop in sedimentary δ15N, providing further support for the
collapse of a eutrophic coastal upwelling environment (Fig. 3), with the
loss of cold upwelling surface water removing a temperature barrier to
migration (Mei and Henderson, 2001).

The essentially coterminous peaks in δ13Corg and δ15N suggest that
the decrease in productivity associated with the termination of up-
welling was not a monotonic trend. This interval may represent a
transient period of increased algal productivity at Opal Creek, relative
to the subsequent Sulphur Mountain Formation. This increase may
have been due to the synergistic effects of the residual deepwater up-
welling, with its high nutrient content, which may have been further
aggravated by additional nutrient runoff from the Pangaean continent
(Ward et al., 2000; Wignall and Newton, 2003; Algeo et al., 2010b)
and the sudden warming of the Permian sea surface. When warming
advanced to the point of stopping the upwelling system, productivity
returned to lower levels. Such a spike in sinking organic flux would
have created extreme biological oxygen demand and may have driven
high levels of biological sulfate reduction, contributing to end-Permian
euxinia (Grice et al., 2005; Kump et al., 2005; Meyer and Kump, 2008;
Grasby and Beauchamp, 2009),with photosynthetic sulfur bacteria pos-
sibly surviving in the photic zone (Hays et al., 2007).

Such an expansion of anoxic waters into the shallow photic zone,
whether driven by increased productivity or not, may also have con-
tributed to a positive organic carbon isotope excursion by creating
more homogenous redox conditions throughout the water column.
By weakening vertical redox gradients, the preferential degradation
of certain organic components (mainly proteins) in oxic waters and
its associated isotope fractionation would have been reduced. This
has been observed by Isozaki (2009) in several deep water Panthalassic
sections accreted onto Japan. As the opposite (a negative δ13Corg excur-
sion)was seen in shallow-water atoll carbonates, the positive excursion
at Opal Creek would support the conclusion that the section was de-
posited below the chemocline, even prior to the PTB crisis interval.

It is unclear if the termination of upwelling represented the return
to “normal”marine conditions or to the stratified ocean hypothesized
for the Permian–Triassic boundary (Isozaki, 1994; Wignall and
Newton, 2003). Stratification of the entire Panthalassic Ocean has
proven difficult to sustain in models (Hotinski et al., 2001), and
such an extreme condition would be likely to leave evidence in the
stable isotope data. Trace metals from Panthalassic sections spanning
the PTB have indicated suboxic rather than fully euxinic bottom wa-
ters (Algeo et al., 2010a).

5. Conclusions

Despite the Panthalassic Ocean’s potentially dominant role in
Permian biogeochemical cycling, there has been little direct evidence
for biogeochemical changes leading up to the end-Permian extinc-
tion. While a slowing down or rearrangement of ocean circulation
in the latest Permian has been previously proposed, here we present
isotopic evidence for the cessation of coastal upwelling along western
Pangaea.

Latest Permian deposits at Opal Creek display distinctive enrich-
ments in 15 N and 13Corg, suggesting a period of elevated productivity
and anoxia before the final termination of the western Panthalassic
upwelling zone, the loss of benthic siliceous sponges, and the Permian/
Triassic extinction. This productivity spike may have been due to the
synergistic effects of nutrient upwelling and rapid warming and may
have contributed to photic zone euxinia by increasing biological oxygen
demand.

Supplementary materials related to this article can be found online
at doi:10.1016/j.palaeo.2011.10.019.
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