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Introduction: The eruption of the Siberian Traps near the Permian-Triassic
boundary (PTB) resulted in the rapid input of vast amounts of CO2 into the
atmosphere and the subsequent development of a hothouse climate across
much of the Early Triassic. The distribution of environmental stresses led to a
complex recovery as survivors navigated high SSTs in shallow settings and an
expanded OMZ that impinged upon the continental shelves. The Ursula Creek
section of western British Columbia preserves a complete Lower-lowermost
Middle Triassic sedimentary record of deep-water facies and provides a means
to examine how offshore oceanic conditions varied along the western continental
margin of Pangaea across the PTB and the entire Permian-Triassic recovery
interval.

Methods: A total of 204 samples were collected from the uppermost Permian
Fantasque Formation, the Griesbachian—Dienerian Grayling Formation and the
Smithian—Anisian Toad Formation and analyzed for major, minor, and trace
elements in addition to %TOC contents.

Results: Anoxic to euxinic conditions were persistent during deposition of most of
the study interval based on lithologic indicators (finely-laminated siltstone that
lacks trace fossils and a benthic fauna) and elevated Mo, U, and V enrichment
factors (EFs). Ba, Cu, Ni, P, and Zn EFs indicate dampened productivity (EFs <1)
across the much of the Early Triassic that was the result of weakened upwelling
during a global hothouse interval. An increase in Cu, Ni, P, and Zn enrichment
factors during the Anisian track a decline in global temperatures and the
reestablishment of coastal upwelling as global thermal gradients and wind
speeds increased.

Discussion: The results of this study point to the persistence of hyperthermal
events and associated environmental stressors and underscores the urgency of
curbing modern greenhouse gas emissions to prevent Earth from tipping into a
hothouse state.
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Introduction

The Permian-Triassic mass extinction (PTME) was the most
devastating biotic crisis in Earth history (Raup, 1979; Erwin, 1993;
Alroy et al., 2008), both on land (Sahney and Benton, 2008) and in the
oceans (Stanley, 2016; Fan et al., 2020). The extinction was driven by
the eruption of the Siberian Traps (e.g., Renne et al., 1995; Wignall,
2001; Rampino et al., 2017; Green et al., 2022), which input
tremendous amounts of CO2 into the atmosphere (e.g., Kidder
and Worsley, 2010; Black et al., 2015; Sobolev et al., 2015; Burgess
et al., 2017; Joachimski et al., 2022; Tian and Buck, 2022), leading to a
runaway greenhouse effect that made life in shallow tropical seas
untenable for many organisms (Sun et al., 2012; Romano et al., 2013;
Song et al., 2014). Global hothouse conditions led to sluggish oceanic
circulation (Kidder andWorsley, 2004; Kiehl and Shields, 2005; Kiehl
and Shields, 2010) and the depletion of oxygen in the deep ocean
(Isozaki, 1997; Grasby et al., 2013; Grasby et al., 2021; Takahashi et al.,
2021), as well as the impingement of anoxic water masses onto the
continental shelves (e.g., Wignall and Hallam, 1992; Thomas et al.,
2004; Algeo et al., 2007; Galfetti et al., 2008; Grasby and Beauchamp,
2009; Liao et al., 2010; Metcalfe et al., 2013; Pietsch et al., 2014; Lau
et al., 2016; Xiao et al., 2018). Consequently, marine life was in a
precarious position: squeezed from above by hot sea surface
temperatures and from below by a shallow redoxocline, resulting
in a narrow habitable zone whose dimensions varied as global
temperatures warmed or cooled, and the redoxocline rose and fell
(Beatty et al., 2008; Song et al., 2014;Woods et al., 2019). Geochemical
records and geochronology indicate that the Early Triassic global
hothouse persisted until the end of the Early Triassic (Sun et al., 2012;
Joachimski et al., 2022), while anoxia in the deep ocean may have
persisted into the mid-Anisian (lower Middle Triassic) (Isozaki, 1997;
Lau et al., 2016; Ishizaki and Shiino, 2023).

Palaeoenvironmental reconstructions of the Permian-Triassic
interval have primarily focused on the period of time surrounding
the PTME (e.g., Wignall and Twitchett, 1996; Lehrmann et al., 2003;
Thomas et al., 2004; Algeo et al., 2007; Son et al., 2007; Grasby and
Beauchamp, 2009; Bond and Wignall, 2010; Brookfield et al., 2010;
Liao et al., 2010; Richoz et al., 2010; Varol et al., 2011). Only a
handful of studies have produced continuous environmental records
across the entire Lower Triassic interval of environmental instability
at the regional or local scale (e.g., Shen et al., 2015; Lau et al., 2016;
Grasby et al., 2021; Ishizaki and Shiino, 2023; Saito et al., 2023).
Analysis of paleobiologic trends during this period suggests that
recovery was often sluggish or reset by persistent environmental
stresses (Pietsch et al., 2014; Song et al., 2014; Woods et al., 2019),
resulting in a slow biotic rebound that frequently stretched well
beyond the earliest Triassic, to perhaps as late as the early middle
Triassic (Anisian) (e.g., Schubert, 1989; Hallam, 1991; Twitchett and
Wignall, 1996; Boyer et al., 2004; Pruss and Bottjer, 2004; Twitchett
and Barras, 2004; Nützel and Schulbert, 2005; Baucon and De
Carvalho, 2016; Golding, 2021; Wang et al., 2022; Zhu et al.,
2022). It is important, therefore, to produce longer
palaeoenvironmental records that allow us to better understand
the complex relationship between biotic trends and environmental
conditions, and, as a result, how the planet and its biota recover from
protracted, multifaceted environmental crises, including the
hyperthermal event associated with the PTME or our modern
climate emergency.

Sedimentary sequences from the Western Canada Sedimentary
Basin (WCSB) provide a means to reconstruct continuous
palaeoenvironmental records across the entire Permian-Triassic
hyperthermal event and study the effects of an extreme global
hothouse on palaeoceanographic conditions along the eastern
edge of the Panthalassic superocean. The Ursula Creek, British
Columbia, Canada locality contains a continuous record of
sedimentation in a deep water setting from the Permian through
the later Middle Triassic (Henderson, 1997; Wignall and Newton,
2003; Zonneveld et al., 2010a; Playter et al., 2017; Henderson et al.,
2018; Zonneveld and Moslow, 2018). Prior palaeoceanographic
studies have focused primarily on the PTB interval (e.g., Wang
et al., 1994;Wignall and Twitchett, 1996;Wignall and Newton, 2003;
Brookfield et al., 2022); the aim of the current study is to create a
record of deep-water (below apparent storm water wave base;
Zonneveld, 2010) palaeoenvironmental conditions across the
entire post-extinction recovery interval in order to gain a better
understanding of the effects of hyperthermal events on
palaeoceanographic conditions and the relationship between
biotic recovery and long-lasting environmental stress.

Geologic setting

The Western Canada Sedimentary Basin (WCSB) was situated
along the northwestern margin of Pangaea, centered near 30° N
palaeolatitude, and rotated roughly 30° clockwise from its present-
day position from the Permian to the Early Triassic (Figure 1A). The
WCSB faced west towards the Panthalassic Ocean and was subjected
to seasonally-variable coastal upwelling during the Permian
(Davies, 1997b). The combination of cold-water coastal
upwelling, north to northeasterly trade winds, and a 30° N
palaeolatitude led to the development of an arid climate
onshore of the WCSB that is similar to what is observed today
in the southwestern United States and northwestern Mexico
(Davies, 1997b; Beauchamp and Baud, 2002).

The Early Triassic was an interval of active tectonism in the area
of the present-day Western Canada Sedimentary Basin (WCSB).
Pericratonic terranes, which had separated from North America
during expansion of the Slide Mountain Sea during the Paleozoic,
were thrust back onto the North American margin during the Early
Triassic, reactivating older structural elements and causing
increased subsidence in the region of the collapsed Peace River
Arch (Ferri and Zonneveld, 2008; Rohais et al., 2018; Zonneveld and
Moslow, 2018). This area is often referred to as the Peace River
Embayment and has been referred to as the Peace River Basin
(Davies et al., 1997).

Lower Triassic sedimentary rocks in the Peace River Basin (PRB)
were deposited in a wide range of depositional settings including
marginal marine, shoreface deltaic, and proximal to distal offshore
in a low-relief clastic ramp setting (e.g., Davies et al., 1997; Orchard
and Zonneveld, 2009; Zonneveld et al., 2010a; Zonneveld et al.,
2010b; Proverbs et al., 2018; Zonneveld and Moslow, 2018). The
rocks that comprise the Ursula Creek section (Figure 1B) include the
Upper Permian Fantasque Formation, the Lower Triassic Grayling
Formation, the Lower-Middle Triassic Toad Formation, and the
Upper Triassic (Carnian) Ludington Formation (Figure 1C)
(Zonneveld, 2010). Conodont biostratigraphy suggests that the
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Permian through lowermost Middle Triassic interval
(Changhsingian through Anisian) records continuous deposition,
whereas the later Middle Triassic and Upper Triassic intervals are
separated by an erosional unconformity that removed most of the
Ladinian section (Henderson, 1997; Wignall and Newton, 2003;
Zonneveld et al., 2010a; Playter et al., 2017; Henderson et al., 2018;
Zonneveld and Moslow, 2018).

The uppermost Permian (upper Changhsingian; Henderson and
Mei, 2000) Fantasque Formation ismade up of radiolarian and spiculitic
chert (Wignall andNewton, 2003; Brookfield et al., 2022) with thin shale
interbeds (Wignall and Newton, 2003) that increase in frequency

towards the top of the section. Much of the Fantasque Formation
was deposited under oxygenated conditions based on the presence of
macroburrows in the lower part of the formation, including Conichnus,
Diplocraterion, Planolites, Rosselia, and Teichichnus, but a shift to
microburrowed chert, Th/U values that drop below 3, and the
presence of discrete, laminated siltstone and shale horizons in the
upper portion of the unit indicates the establishment of oxygen-
limited conditions (Wignall, 1994; Wignall and Twitchett, 1996;
2002; Wignall and Newton, 2003; Playter et al., 2017).

The contact between the Fantasque Formation and overlying
Grayling Formation is conformable and sharp, with tan chert

FIGURE 1
Locality map and chronostratigraphy of the WCSB. (A) Global and regional palaeogeography of the Western Canada Sedimentary Basin (WCSB) at
the Permian-Triassic boundary, approximately 252 Ma. Note that theWCSB straddled 30°N palaeolatitude andwas rotated 30° clockwise from today. UC,
Ursula Creek; PRB, Peace River Basin; SRB, Spray River Basin; LSB, Liard Sub-basin; MMH,Meosin-MuinokHigh; Tr, Triassic. Global palaeogeographicmap
modified from Scotese (2021); regional palaeogeographic information from Playter et al. (2017), Zonneveld and Moslow (2018), and Davies (1997a).
(B) Williston Lake area, including Triassic outcrop belt and the location of the Ursula Creek study locality. Modified from Zonneveld (2010). (C)
Chronostratigraphy of northeastern British Columbia. Pm., Permian; Fm., Formation. Modified from Zonneveld (2010) and Tozer (1994).

Frontiers in Earth Science frontiersin.org03

Woods et al. 10.3389/feart.2023.1323413

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1323413


replaced by black bituminous siltstone and tan dolomitic siltstone
(Wignall and Newton, 2003; Zonneveld et al., 2010a; Playter et al.,
2017). Previous work on the Ursula Creek section placed the PTME
at the lithologic contact between the Fantasque and Grayling
Formations and the PTB approximately 80 cm above the lower
contact of the Grayling Formation based on the first appearance of
the conodontHindeodus parvus (Wignall and Newton, 2003). A lack
of macrofauna and bioturbating organisms led Wignall and Newton
(2003) to conclude that deposition of the Grayling Formation at
Ursula Creek occurred under anoxic conditions, while previously-
published geochemical data reveals the establishment of anoxic
conditions across the Permian-Triassic boundary (PTB) and
Griesbachian based on analysis of Th/U ratios (Wignall and
Newton, 2003), platinum group elements (Brookfield et al., 2010;
Brookfield et al., 2022), and trace elements (Brookfield et al., 2022).

The Toad Formation at Ursula Creek consists of black siltstone
that is interbedded with carbonate and coarse siltstone/very fine-
grained sandstone in the lower portion of the section (lower 34.5 m),
and black siltstone that contains abundant phosphate nodules
higher in the section (next 19.9 m). The uppermost 30.9 m of the
Toad Formation at Ursula Creek is Ladinian in age (Gibson and
Edwards, 1992; Orchard and Tozer, 1997), and was not examined for
this study. Brookfield et al. (2022) assign a Spathian age to the Toad
Formation in Figure 3 of their paper, while they ascribe a mid-
Dienerian age to the base of the unit (page 901). We follow the
interpretation of Orchard and Tozer (1997) who assign an early
Smithian age to the base of the Toad Formation at Ursula Creek
based on the presence of the conodont Neogondolella
mosheripakistanensis (=Neospathodus pakistanensis) (Gibson and
Edwards, 1990; Orchard and Tozer, 1997). Trace element data (Mo/
U, Th/U, and Ni/Co) from Brookfield et al. (2022) indicates that the
lower ~10 m of the Toad Formation was deposited under dysoxic
conditions, while Wignall and Newton (2003) suggest that the
laminated, unfossiliferous nature of the unit is indicative of
deposition under anoxic conditions. The few fossils that have
been previously collected from the Toad Formation comprise
actinopterygian fish and ammonoid impressions (Wignall and
Twitchett, 2002), which occupied the upper part of the water
column, within the habitable zone.

Siliciclastic sediment in the Lower Triassic succession in the
WCSB is dominated by fine to medium silt-sized fractions (µm)
with subordinate very fine to fine sandstone, and contains an
anomalously low proportion of clay, even in distal offshore
successions (Zonneveld and Moslow, 2018). This is interpreted to
be a function of prolonged, severe aridity in the sediment source area
and sediment delivery to the basin dominated by ephemeral fluvial
and deltaic systems augmented by aeolian reworking and transport
(Zonneveld and Moslow, 2014; Zonneveld and Moslow, 2018). The
only true shale in the basin occurs in delta front and prodeltaic
successions deposited by sparsely-distributed perennial river deltas
(Zonneveld and Moslow, 2014; Zonneveld and Moslow, 2018).

Well to the south, outside of the PRB but within the greaterWCSB,
Schoepfer et al. (2013) examined palaeoenvironmental changes using
sedimentary rocks exposed at the Opal Creek, Alberta, Canada locality.
Based on palaeoceanographic modeling and geochemical analyses of
samples ranging from ~10m below the extinction to ~25 m above the
event horizon, Schoepfer et al. (2013) confirmed the presence of a Late
Permian high-productivity shelf driven by cold-water upwelling that

dissipated near the PTB (Beauchamp and Baud, 2002; Schoepfer et al.,
2013). Anoxic conditions briefly intensified across the PTME, which
Schoepfer et al. (2013) attribute to increased terrestrial weathering rates
and nutrient delivery immediately following the extinction (Sephton
et al., 2005; Algeo and Twitchett, 2010; Algeo et al., 2011). Extreme
global warming during the earliest Triassic led to the cessation of coastal
upwelling, constrained the movement of bottom waters, and restricted
nutrient input to terrestrial sources, dampening regional productivity
and limiting benthic oxygenation (Wang et al., 1994; Wignall and
Twitchett, 2002; Schoepfer et al., 2013).

Methods

The Permian-Triassic extinction and recovery interval were
examined at the Ursula Creek locality in north-central British
Columbia. Samples were collected from the uppermost Permian
Fantasque Formation (3 samples were collected from the uppermost
3 black siltstone interbeds, 0.7, 0.6, and 0.2 mbelow the contact between
the Fantasque Formation and Grayling Formation), the Lower Triassic
Grayling Formation and the Lower-Middle Triassic Toad Formation
(samples collected every 10 cm in the lower 3 m of the Grayling
Formation for a total of 30 samples; every 25 cm from 3.0 to 5.0 m
above the base of the Grayling Formation for a total of 8 samples; and
every 50 cm across the remainder of the study interval for a total of
163 samples). Overall, 204 samples were analyzed for this study.
Samples were powdered and prepared for analysis using the
microwave digestion method detailed in Ziegler and Murray (2007).
Aqueous samples were analyzed using a Perkin-Elmer 7300DV ICP-
OES housed in the Department of Geological Sciences at California
State University, Fullerton. Accuracy of results are better than 5% and
were determined bymeasuring duplicate samples every 10th analysis as
well as running the SCo-1 standard as an unknown multiple times.
Organic carbon contents were measured via the loss on ignition
method of Dean (1974).

Palaeoproductivity and palaeoxygenation were determined using
an approach that employs the measurement of multiple trace element
concentrations, specifically: 1) Ba, Cu, Ni, P, and Zn for determination
of palaeoproductivity (Tribovillard et al., 2006); and 2) Mo, U, and V
for palaeoxygenation (Tribovillard et al., 2006), coupled with outcrop
indicators of palaeoxygenation, including trace fossil type and
abundance and macrofossil content (e.g., Savrda, et al., 1984). Major
element data was also collected in order to measure changes in
lithology.

Trace element data was normalized using Enrichment Factors
(EFs), which provide a means to examine if a sample is enriched
(EF >1) or depleted (EF <1) relative to average shale values (Wedepohl,
1971; Wedepohl, 1991), while correcting for dilution by varying
amounts of mineral phases, including those of biogenic origin
(Tribovillard et al., 2006). Enrichment factors are calculated as follows:

EFElementX � X/Al( )Sample/ X/Al( )Average Shale

Van der Weijden (2002) notes that normalization of trace element
datamay produce false conclusions, especially when relying on absolute
values. Therefore, stratigraphic trends in enrichment factors are given
weight over specific values, as suggested by Riquier et al. (2005) and
Tribovillard et al. (2006).
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Results

Lithologic observations

Field observations reveal distinct facies change between the chert
of the Upper Permian Fantasque Formation and the overlying fine-
grained black siltstone of the Lower Triassic Grayling Formation
(Figure 2A). The Grayling Formation is laminated at the mm-scale
and contains no trace fossils or evidence of bioturbation (ichnofabric
index = 1; Droser and Bottjer, 1986) and lacks benthic fossils. The
lower 10 m of the Grayling Formation (20.3–30.3 m) consists of
interbedded dark gray laminated bituminous and dolomitic siltstone
interbeds that weather a distinct orange-brown color (Figure 2B)

(Wignall and Newton, 2003). The overlying Toad Formation is
sparsely fossiliferous, consisting of laminated black siltstone
throughout, with thin, graded carbonate interbeds (Figure 2C) in
the lower 9.6 m (55.6–65.2 m) that consist primarily of broken
pelagic bivalve debris, and are interpreted to be turbiditic in
origin, and a second turbiditic interval from 79.2–90.1 m
consisting of Bouma C-D-E and B-D-E sequences (Zonneveld,
2010). Detrital pyrite is found in layers and lenses associated
with many turbidite beds (Figure 2D). The upper 19.9 m of the
Toad Formation examined for this study (90.1–110.0 m) consists of
black siltstone with large limestone concretions near the base
(Figure 2E) and phosphate nodules throughout (Figure 2F). In
addition, there is a bedding plane on a limestone bed near the

FIGURE 2
Outcrop photos of the study section. (A) Permian-Triassic boundary at Ursula Creek. PTB is approximately 80 cm above the contact between the
Upper Permian Fantasque Formation, which consists of radiolarian and spiculitic chert with thin shale interbeds, and the black siltstone of the Lower
Triassic Grayling Formation. (B) The Grayling Formation also contains laminated, tan dolosiltstone beds in the lower 10 m of the unit. DB, dolosiltstone
bed. Scale bar = 10 cm. (C) The Toad Formation is comprised of black siltstone that is frequently interbedded with turbidites (red arrows). (D)
Turbidites within the Toad Formation are often associated with detrital pyrite lenses. Scale bar = 1 cm. (E) The Anisian portion of the Toad Formation
contains large limestone concretions near the base (scale bar = 20 cm), and (F) phosphate nodules (red arrows) throughout (scale bar = 5 cm); bedding
plane photo.
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base of the phosphatic interval that exhibits a dense, monotypic
assemblage of Asteriacites trace fossils.

Total organic carbon and major elements

Total organic carbon (TOC) contents range from 0.88%–11.94%
(Figure 3), with an overall average value of 4.07% ± 1.46% across the
entire section. The Grayling Formation contains less TOC on
average (3.71% ± 0.95%) than the Toad Formation (4.48% ±
1.81%). Overall, TOC values undergo an increase across the
lower 3.25 m of the Grayling Formation from about 1.03% at the
base of the section to 5.04% at 23.55 m. Values remain steady across
the remainder of the Grayling Formation (3.83% ± 0.86%) and are
higher with greater variability in the Toad Formation
(4.48% ± 1.81%).

Major element concentrations appear in Figure 4. SiO2 is the
primary component of both the Grayling Formation (average =
62.82 ± 16.16%) and Toad Formation (average = 54.39 ± 17.84%),
while average Al2O3 concentrations are 9.24% ± 3.03% for the

Grayling Formation and 8.56% ± 3.44% for the Toad Formation.
Major element concentrations confirm the presence of dolomite
beds in the lower 10 m of the Grayling Formation (Wignall and
Newton, 2003), which appears as spikes in %CaO and %MgO that
are coupled with drops in %SiO2 and%Al2O3. Otherwise, %SiO2 and
%Al2O3 undergo a slight decreasing trend in the upper 15 m of the
Grayling Formation (41.3–56.3 m) while %CaO and %MgO exhibit
a concomitant increase. Major element concentrations indicate that
the upper 35.0 m of the Toad Formation (75.0–110.0 m) examined
for this study is more calcareous (greater percentages of CaO and
MgO) and contains less detrital matter (lower percentages of SiO2

and Al2O3) than the lower portion of the formation. Otherwise,
MnO contents average 0.03% ± 0.05% across the entire study
interval.

Palaeoxygenation and palaeoproductivity

Molybdenum, U, and V EFs average 18.89 ± 13.42, 9.79 ± 48.93,
and 2.87 ± 4.04, respectively, across the uppermost Fantasque and

FIGURE 3
Total organic carbon content of the uppermost Fantasque Formation, Grayling Formation, and Smithian-Anisian portion of the Toad Formation,
Ursula Creek, BC Canada locality.
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Grayling Formations, and 33.03 ± 36.19, 8.12 ± 24.96, and 8.27 ±
9.99, respectively, across the Toad Formation (Figure 5). With
regards to the PTB interval (Figure 6), Mo, U, and V EFs each
undergo an increase across the PTME, with Mo EFs rising from
0.13 at 20.1 m to 23.72 at 20.5 m, U EFs increasing from 0.58 at
20.1 m to 14.87 at 20.7 m and V EFs rising from 1.15 at 20.1 m to
4.60 at 20.4 m. Enrichment factors decline to lower values just above
the PTB at 20.9 m (5.14, 0.42 and 1.55 for Mo, U, and V,
respectively). Three distinct trends in palaeoxygenation proxies
following the PTB interval are noted: 1) lower Grayling
Formation (20.9–40.3 m), where values stay relatively stable (Mo
EFs = 14.97 ± 7.52; U EFs = 4.16 ± 8.82; V EFs = 1.87 ± 0.51); 2)
upper Grayling Formation and turbiditic portion of the Toad
Formation (40.3–90.3 m), where values are higher, and exhibit a
greater degree of variability (Mo EFs = 28.91 ± 23.48; U EFs =
12.75 ± 57.60; V EFs = 4.77 ± 5.14); and, 3) phosphate nodule-
bearing portion of the Toad Formation (93.3–120 m), whereMo and
V EFs undergo a steady increase from 3.33 to 96.37, and 2.02 to
36.37, respectively, while U EFs are typically around 1-2, but exhibit
multiple spikes across the interval, ranging from 21.27 (113.8 m) to
118.2 (100.8 m).

Barium, Cu, Ni, P, and Zn EFs average 1.50 ± 1.59, 1.32 ± 1.03,
1.04 ± 1.62, 1.45 ± 1.21, and 0.94 ± 1.80, respectively, across the
upper Fantasque and Grayling Formations and 1.44 ± 0.82, 2.48 ±
0.93, 2.18 ± 5.10, 10.42 ± 32.91, and 5.90 ± 15.73, respectively, across
the Toad Formation (Figure 7). With the exception of Ba, all
productivity-related trace elements undergo a slow, steady
increase across the Grayling Formation and Toad Formation
(Figure 7), which is evident in the higher average values in the
Toad Formation when compared to the upper Fantasque and
Grayling Formations. With regards to the PTB interval, Ba, Cu,

Ni, and P EFs all increase slightly across the PTME, from 1.14 to
2.17, 1.55 to 2.10, 0.52 to 1.50, and 1.20 to 1.95, respectively, while
Zn EFs increase just above the boundary from 0.02 to 7.17. Cu, Ni,
and P EFs undergo a steady decline from just above the PTME and
across PTB (Figure 8), with Cu declining from 2.10 to 0.27 at 21.1 m,
Ni decreasing from 1.50 to 0.33 at 21.1 m, and P dropping from
1.95 to 0.21 at 20.9 m. Barium and Zn EFs increase over the same
interval, from 2.17 to 16.80 at 20.6 m for Ba and from 0.01 to 2.20 at
20.9 m for Zn. The lower 6 m of the study section (19.6–25.8 m)
reveals baseline Ba, Cu, Ni, P, and Zn EFs that are typically <1, but
exhibit order of magnitude fluctuations (Figure 8). Nickel, P, and Zn
EFs undergo steady increases across the remainder of the study
section (from 0.85–3.78, 1.21–3.12, and 0.07–21.82, respectively),
while Cu EFs increase from 1.32 to 4.52 at 108.9 m, before
decreasing to 2.05 at the top of the study section (Figure 8).
Otherwise, Ba EFs are consistent across the uppermost Fantasque
and Grayling Formations (average = 1.50 ± 1.59) and Toad
Formation (average = 1.44 ± 0.82).

Discussion

Palaeoxygenation

Previous studies of the Ursula Creek section have documented
the deterioration of benthic oxygenation across the upper Fantasque
Formation based on a decrease in burrow size, Th/U values <3, and
the presence of laminated siltstone interbeds (Wignall and
Twitchett, 2002; Wignall and Newton, 2003; Playter et al., 2017).
A drop in average pyrite framboid diameter across the PTME
horizon from 8.5 ± 2.9 µm to 5.8 ± 2.3 µm is interpreted to be

FIGURE 4
Major element composition of the uppermost Fantasque Formation, Grayling Formation, and Smithian-Anisian portion of the Toad Formation,
Ursula Creek, BC Canada locality.
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due to the establishment of euxinic conditions (Wignall and
Newton, 2003), while Th/U values across the upper Fantasque,
Grayling, and lower 12 m of the Toad Formation are indicative
of anoxia (Wignall and Twitchett, 2002). Brookfield et al. (2022)
recently examined the same interval using U/Mo, which indicates
dysoxic conditions above the PTB, while Ni/Co values suggest
dysoxic to anoxic conditions around the PTB and oxygenated
conditions above. Relatively low U, V, and Mo concentrations
have been documented from other PTB sections (Xiang et al.,
2020; Takahashi et al., 2021) and are proposed to be the result of
precipitation and removal of redox-sensitive trace metals at abyssal
depths within an oxygen-depleted ocean (Algeo, 2004; Xiang et al.,
2020; Takahashi et al., 2021). This phenomenon is likely responsible
for the contradictory results from previous trace element studies
(Wignall and Twitchett, 2002; Playter et al., 2017; Brookfield et al.,
2022), and may also be the cause of lowerMo and V EFs in the upper
Fantasque and Grayling Formations (18.9 ± 13.4, and 2.9 ± 4.0,
respectively) when compared to the Toad Formation (33.0 ± 36.2,
and 8.3 ± 10.0, respectively), as well as low U EFs overall (9.0 ± 39.5).
As Wignall and Newton (2003) note, the laminated and sparsely
fossiliferous nature of the Grayling and Toad Formations provides
unambiguous evidence of bottom water anoxia during deposition of
both units, while Mo, U, and V EFs are used in the current study to

deduce general trends in palaeoxygenation. Mo, U, and V EFs point
to a drop in palaeoxygenation across the PTME based on a brief
increase in values, followed by a dip in Mo, U and V EFs near the
PTB, indicating an improvement in bottom water oxygenation,
perhaps from euxinic to anoxic conditions (Figure 6). The steady
increase in Mo and V EFs across the Grayling and Toad Formations
indicates persistent anoxia that strengthened over time (Figure 5),
while higher overall Mo and V values in the Anisian portion of the
Toad Formation reflects productivity-driven anoxia (see below). U
values do not appear to show an increasing or decreasing trend
across the study section, but are typically enriched, and provide
another indicator of persistent anoxia.

Palaeoproductivity

Previous studies of productivity across the PTME at Ursula
Creek produced mixed results, with Se/Al and Se/TOC (Brookfield
et al., 2022) and δ13Corg values (Wang et al., 1994) indicating a
productivity drop, while Babio signals a slight increase (Brookfield
et al., 2022). The current study indicates that productivity increased
across the PTME, as reflected by Ba, Cu, Ni, P, and Zn EFs
(Figure 8). Productivity was dampened overall in the earliest

FIGURE 5
Molybdenum, U, and V enrichment factors (EFs) of the uppermost Fantasque Formation, Grayling Formation, and Smithian-Anisian portion of the
Toad Formation, Ursula Creek, BC Canada locality.
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Triassic based on Ba, Cu, Ni, P, and Zn EFs that are typically <1 from
19.6–25.6 m, but is followed by a gradual increase in productivity
across the remainder of the study section, as reflected by steady
increases in Cu, Ni, P, and Zn EFs. This may reflect a shallowing

nutricline (Grasby et al., 2016) or a slow increase in productivity
over time. Higher P EFs ratios that exhibit large swings of up to
2 orders of magnitude in the Anisian portion of the Toad Formation
is expected given the presence of phosphate nodules there.

FIGURE 6
Molybdenum, U, and V enrichment factors (EFs) across the PTB interval, Ursula Creek, BC Canada locality.

FIGURE 7
Barium, Cu, Ni, P, and Zn enrichment factors (EFs) of the uppermost Fantasque Formation, Grayling Formation, and Smithian-Anisian portion of the
Toad Formation, Ursula Creek, BC Canada locality.
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Phosphorite deposits in the modern ocean are associated with
upwelling zones and areas of high primary productivity, such as
off the coast of Peru and Chile (e.g., Burnett, 1977; Burnett et al.,
1983); this observation led to the suggestion that phosphorite
deposits in the geologic record are an indication of ancient
coastal upwelling and high primary productivity (e.g., Diester-
Haass and Schrader, 1979; Parrish, 1982; Kametaka et al., 2005).
Therefore, the occurrence of phosphate nodules within the Toad
Formation, when combined with elevated Ba, Cu, Ni, P, and Zn EFs
points to the re-establishment of mid-latitude coastal upwelling and
high primary productivity as the planet cooled and shifted away
from hothouse conditions (Kidder and Worsley, 2010)

Detrital pyrite layers and lenses found in the Smithian-Spathian
portion of the Toad Formation are an unusual feature that has been
documented elsewhere in Lower Triassic rocks from the WCSB, and
are attributed to euxinic events (Schoepfer et al., 2013). The pyrite
layers and lenses at Ursula Creek are closely associated with turbidites
within the Toad Formation, suggesting that the two features may be
related to each other, and, indeed, a similar relationship has been
demonstrated in modern sediments found offshore of Sumatra (Yang
et al., 2022). However, the modern sediments undergo extensive
bioturbation, which redistributes organic matter, iron (oxy)(hydr)
oxides, and SO4

2−, allowing greigite (a precursor to pyrite) to form
(Yang et al., 2022). Turbidites found within the Toad Formation are
undisturbed by bioturbation, but the presence of bottomwater or pore
water euxinia may have served as an alternate means to introduce
sulphur, while aeolian dust from the arid interior provided a source of
iron (Davies, 1997; Jickells et al., 2005; Zonneveld and Moslow, 2014;
Zonneveld and Moslow, 2018).

Depositional model

The uppermost Fantasque Formation, Grayling Formation and
lower Toad Formation at Ursula Creek provide a continuous record

of the PTME and subsequent recovery interval. Upwelling led to the
deposition of the chert of the Fantasque Formation (Beauchamp and
Baud, 2002), but the deterioration of environmental conditions due
to global warming in the Late Permian resulted in the establishment
of periodic anoxic conditions in deeper-water settings (Figure 9A)
(Beauchamp and Baud, 2002; Wignall and Twitchett, 2002; Wignall
and Newton, 2003). The eruption of the Siberian Traps injected
enormous volumes of CO2 into the atmosphere and pushed the
planet into a hothouse mode that extended across much of the Early
Triassic (Figure 9B) (Sun et al., 2012; Romano et al., 2013). Warm
global temperatures near the PTME resulted in a global shift from
polar-driven thermohaline circulation to the sinking of warm, salty
waters from the mid-latitudes (Kidder and Worsley, 2010). Sluggish
bottom-water circulation allowed euxinic conditions to develop in
the deep ocean that periodically impinged into shallow settings
during transgressions (Kidder andWorsley, 2010), and are recorded
by a reduction in pyrite framboid sizes near the base of the Grayling
Formation at Ursula Creek (Wignall and Newton, 2003), and by the
presence of detrital pyrite layers elsewhere within the WCSB
(Schoepfer et al., 2013). Sulfidic deep waters sequestered redox-
sensitive trace elements and led to the depletion of Mo, U, and V
globally (Algeo, 2004; Xiang et al., 2020; Takahashi et al., 2021),
including Mo and V in the lower 20 m of the Grayling Formation.
Meanwhile, the rise in productivity across the PTME, represented by
a rapid, but short-lived increase in Ba, Cu, Ni, P, and Zn EFs that
correlates with the ephemeral productivity increase noted by
Schoepfer et al. (2013), and was due to the input of nutrients via
runoff immediately following the extinction event (Sephton et al.,
2005; Algeo and Twitchett, 2010; Algeo et al., 2011). Productivity
otherwise remained low across the lower 6 m of the Grayling
Formation (Figure 9C); a similar collapse was also noted at the
Opal Creek section by Schoepfer et al. (2012), Schoepfer et al. (2013).
Persistently low productivity in the WCSB was the result of high
global temperatures that led to the reduction of global temperature
gradients, which reduced windspeeds and dampened coastal

FIGURE 8
Barium, Cu, Ni, P, and Zn enrichment factors (EFs) across the PTB interval, Ursula Creek, BC Canada locality.
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upwelling (Kidder and Worsley, 2010). Cu, Ni, P, and Zn EFs
increase across the remainder of the Grayling Formation and the
Smithian-Spathian portion of the Toad Formation, indicating that
while productivity was dampened during the Early Triassic, it slowly
improved over time. The source of nutrients to the WCSB during
this time may have been runoff derived from progressively stronger

hothouse storms as global temperatures warmed to their highest
levels in the late Smithian (Sun et al., 2012), or may be due to a
shallowing nutricline (Grasby et al., 2016). Bottom water conditions
remained anoxic during the same period, as indicated by the
continued lack of benthic fauna and tracemakers, as well as
elevated Mo, U, and V EFs. Hothouse conditions ended around

FIGURE 9
Depositional model for the Late Permian-Middle Triassic at Ursula Creek. (A)During the Late Permian, upwelling led to the deposition of chert of the
Fantasque Formation, but deteriorating environmental conditions due to global warming resulted in the periodic incursion of anoxic waters and the
deposition of black shale horizons (Beauchamp and Baud, 2002; Wignall and Newton, 2003; Kiehl and Shields, 2005). (B) Eruption of the Siberian Traps
led to extreme hothouse conditions as vast amounts of CO2 were emitted to the atmosphere (e.g., Renne et al., 1995; Wignall, 2001; Rampino et al.,
2017; Green et al., 2022). Global hothouse conditions resulted in the development of euxinic bottom waters (Kidder and Worsley, 2010), while rapid
nutrient input from the continent led to a productivity rise across the PTME event horizon (Schoepfer et al., 2013). (C) Productivity remained low across
the Early Triassic, with brief increases in productivity due to runoff, perhaps associated with large storms. (D) Decreasing temperatures around the
Spathian-Anisian boundary (Sun et al., 2012) led to invigorated upwelling and high productivity that resulted in eutrophication-driven anoxia.
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the Spathian-Anisian boundary (Sun et al., 2012), and upwelling was
re-established (Figure 9D), as indicated by the presence of phosphate
nodules in the upper Toad Formation, as well as sustained high EFs
for Cu, Ni, P, and Zn. High productivity, driven by reinvigorated
upwelling, was the likely driver of benthic anoxia during deposition
of the Anisian portion of the Toad Formation, while the presence of
denseAsteriacites trace fossils on a limestone bed near the base of the
Anisian portion of the unit suggests that palaeoxygenation was more
variable, with periods of dysoxic conditions (Savrda et al., 1984).

This study provides the first continuous geochemical record of
the PTME and Lower Triassic environmental instability from the
western margin of Pangaea. While the Ursula Creek section lacks
benthic fauna or trace fossils to compare environmental conditions
to recovery trends, it does provide evidence that harsh
environmental conditions, specifically anoxic to euxinic deep
waters, persisted in offshore settings across the entire extinction
and recovery interval, and may have had a dampening effect on
biotic recovery. High sea surface temperatures across the same
interval would have narrowed the habitable zone (Beatty et al.,
2008; Song et al., 2014) and is predicted to have led to a piecemeal
recovery that may have experienced multiple stops and starts as
environmental conditions shifted (Pietsch et al., 2016; Woods et al.,
2019). Indeed, rare Claraia impressions have been noted on bedding
planes deposited in offshore settings from the upper Griesbachian,
as well as in a few horizons from the Dienerian and Smithian
(Zonneveld, pers. obs. of core 16-73-83-25W6) suggesting that
oxygenation in other parts of the basin was more variable and
occasionally dysoxic.

Hyperthermals drive mass extinctions by increasing SSTs and
driving deoxygenation of the oceans (Kidder and Worsley, 2010). In
the case of the Permian-Triassic mass extinction and its aftermath,
the hyperthermal stretched across much of the Early Triassic before
atmospheric and oceanic conditions ameliorated in the Middle
Triassic (Sun et al., 2012). The Permian-Triassic mass extinction
and recovery interval points to the temporal persistence of
hyperthermals and associated environmental stresses, and the
urgency of curbing modern greenhouse gas emissions before the
Earth tips into an anthropogenically-driven hothouse state.

Conclusion

The results of this study offer the following conclusions:

1. Anoxic conditions persisted across the entire study interval, from
the upper Fantasque Formation, across the Griesbachian-
Dienerian Grayling Formation, and through the Smithian-
Spathian portion of the Toad Formation. Most of the Anisian
succession was similarly anoxic, with dysoxic conditions in one
horizon permitting temporary colonization by epifaunal
ophiuroids. Anoxic conditions during the Early Triassic were
driven by global hothouse conditions, which led to the
production of warm, saline bottom waters and sluggish ocean
circulation. Anisian anoxia was likely due to the return of
wind-driven upwelling and high coastal productivity as global
temperatures decreased.

2. Productivity rose across PTME, perhaps as the result of a brief
period of nutrient input following the extinction. Productivity
was low during the earliest Triassic (EFs typically <1 from 19.6 to
25.6 m), but began a slow, steady increase across the remainder of
the study interval. The formation of phosphate nodules in the
Anisian portion of the Toad Formation indicates a return tomore
typical upwelling behaviour along the western margin of the
supercontinent at the beginning of the Middle Triassic.

3. Anoxic to euxinic conditions were present offshore of the WCSB
for the entire recovery interval and provided a stress from below,
that, when coupled with high SSTs from above, squeezed
habitable zones and controlled the timing and shape of biotic
recovery from the PTME.

4. Hyperthermals are long-lived and associated with a variety of
environmental stresses that can cause mass extinctions and delay
the subsequent biotic recovery. Study of past hyperthermals
reveal that it is imperative to curb modern greenhouse gas
emissions before the planet enters a modern hothouse state.
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