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Abstract. Marine anoxia has been implicated as a key
environmental driver of the end-Permian mass extinction
(EPME) and the subsequent prolonged recovery. However,
the spatial and temporal extent of oxygen limitation during
the EPME interval remains contentious. Here, we present
iron speciation, pyrite framboid and molybdenum–uranium
(Mo–U) covariation data from two palaeogeographically dis-
tinct settings: the Tethyan Chibi section (South China) and
the Panthalassian Ursula Creek section (Western Canada) to
evaluate redox dynamics across the Permian-Triassic tran-
sition. Our data suggest that bottom waters were predomi-
nantly dysoxic during the late Changhsingian at both sites.
Later, the prevalence of small pyrite framboids, elevated
Mo and U enrichment factors (MoEF and UEF), and high
MoEF /UEF ratios near the EPME horizon implicate seafloor
anoxia as a key trigger for marine extinctions in the Ursula
Creek section. In the post-extinction Early Triassic, iron spe-
ciation and MoEF–UEF covariation data reveal a shift to per-
sistently ferruginous conditions in both locations. A global
compilation of iron speciation data indicates redox variation
between ferruginous and euxinic conditions in epicontinental
seas during the Permian-Triassic crisis, with ferruginous con-
ditions expanding significantly in the earliest Triassic. The
expansion of a ferruginous seafloor would have limited phos-
phorus bioavailability, suppressing primary productivity in
the immediate aftermath of the EPME, thereby contributing
to the slow recovery.

1 Introduction

The end-Permian mass extinction (EPME), ca. 252 Ma,
stands as the Phanerozoic’s most profound biodiversity crisis
and results in a major turnover from Paleozoic to Mesozoic
ecosystems (Sepkoski, 1981; Erwin, 2006; Fan et al., 2020).
An extreme greenhouse climate prevailed during the Early
Triassic (López-Gómez et al., 2005; Joachimski et al., 2012;
Sun et al., 2012; Medici et al., 2019), accompanied by exten-
sive oxygen depletion (Isozaki, 1997; Lau et al., 2016; Wu
et al., 2024). The post-extinction recovery of marine ecosys-
tems was protracted and punctuated by a series of aborted re-
coveries, initially characterized by low-complexity commu-
nities dominated by calcimicrobes and sparse, low-diversity
metazoans. Opportunistic taxa (e.g., small gastropods and bi-
valves) proliferated globally (Pruss et al., 2006; Chen and
Benton, 2012; Foster and Twitchett, 2014; Pietsch et al.,
2019).

Marine anoxia has been widely considered a primary
mechanism driving the EPME and the subsequent slow,
punctuated biotic recovery (Wignall and Hallam, 1992;
Grasby et al., 2013; Lau et al., 2016; Hülse et al., 2021).
Several hypotheses describe the spatio-temporal patterns of
oxygen depletion during the EPME. These include the devel-
opment of global “superanoxia” (Isozaki, 1997; Wignall and
Twitchett, 2002; Isozaki, 2009), the stratification of oceans
into oxic surface waters and euxinic (H2S-rich) deep waters
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(e.g., Kump et al., 2005; Meyer et al., 2008), the expansion
of euxinic oxygen minimum zones (OMZs) at intermediate
water depths (∼ 200–1000 m) while deep-ocean redox condi-
tions remained largely unchanged (Algeo et al., 2010, 2011;
Winguth and Winguth, 2012), and the expansion of ferrug-
inous [Fe(II)-rich, non-euxinic] conditions (Clarkson et al.,
2016; Zhang et al., 2024). In deep-water settings of Pantha-
lassa (e.g., the rare records from Japan and New Zealand),
evidence such as small pyrite framboids (mean diameters
< 5 µm), significant enrichment of redox-sensitive trace ele-
ments (e.g., Mo), and negative pyrite sulfur isotope shifts has
been interpreted to indicate either persistent euxinia (Shen et
al., 2011; Takahashi et al., 2021) or euxinia largely restricted
to OMZs, with bottom waters remaining dysoxic to suboxic
(Algeo et al., 2010, 2011). Numerous studies demonstrate
that euxinic waters invaded shallow epicontinental basins ex-
tensively around the Permian–Triassic (P–T) boundary, in-
cluding equatorial Tethys (e.g., the South China Craton), the
Gondwanan margin in mid to high latitudes, and the Pangaea
northwestern margin (Wignall and Twitchett, 1996; Grasby
and Beauchamp, 2008; Nielsen et al., 2010; Lau et al., 2016;
Zhang et al., 2017; Stebbins et al., 2019; Xiang et al., 2020).
In addition, studies of the Nhi Tao section in Vietnam docu-
mented multiple recurrent incursions of euxinic water masses
onto a tropical shallow-marine carbonate platform during the
earliest Triassic, likely linked to episodic upwelling of sul-
fidic deep waters (Algeo et al., 2007, 2008). Biomarker ev-
idence from chlorobactene (indicative of green sulfur bac-
teria) also suggests that euxinic waters expanded into the
photic zone (Grice et al., 2005; Cao et al., 2009).

Iron proxies provide additional redox information, dis-
tinguishing euxinic and ferruginous conditions during the
EPME. Along the margins of equatorial Tethys (e.g., South
China), iron proxies document a shift from the Changhsin-
gian euxinic to Griesbachian ferruginous conditions, as in-
dicated by the decreased ratio of pyrite iron over the highly
reactive iron pool (Fepy /FeHR) in multiple sections (Xiang
et al., 2016, 2020; Lei et al., 2017; Ge et al., 2022; Yang et
al., 2024). Conversely, strata from the northwestern Pangaea
margin reveal a different redox trend, with ferruginous con-
ditions transitioning to euxinic environments across the P–
T boundary (e.g., Nielsen et al., 2010; Mettam et al., 2017;
Schobben et al., 2020). Meanwhile, Panthalassa experienced
predominantly euxinic conditions across the EPME, with in-
termittent ferruginous intervals developing during the earliest
Triassic (Takahashi et al., 2021).

Evidence increasingly suggests that anoxia may have been
largely confined to slope settings, with periodic redox oscil-
lations driving transient anoxic episodes in shallow marine
environments (Algeo et al., 2007, 2008; Shen et al., 2012,
2016; Zhang et al., 2017). Independent proxies – including
bioturbation, depletion of FeHR, absence of pyrite framboids,
rare earth element anomalies, and Mo and Tl isotope signa-
tures – indicate intervals with sustained oxygenation of bot-
tom waters regionally around the EPME (Beatty et al., 2008;

Proemse et al., 2013; Garbelli et al., 2016; Newby et al.,
2021; Chen et al., 2022; Ge and Bond, 2022; Taniwaki et al.,
2022; Yang et al., 2024; Frank et al., 2025). These findings
suggest that oxygen restriction during the EPME was spa-
tially heterogeneous. While oxic refugia can be reconciled
with U-based modelling that suggests only ∼ 20 % of the
seafloor was anoxic at that time (Lau et al., 2016), there re-
mains an issue that the residence time of U in seawater would
not capture transient anoxic events (Grasby et al., 2021).

To better constrain marine redox dynamics in epicontinen-
tal seas during the P–T transition under extreme climatic con-
ditions, this study investigates two Upper Permian to Lower
Triassic successions from contrasting palaeogeographic set-
tings: Chibi (equatorial Tethys) and Ursula Creek (north-
western margin of Pangaea). Specifically, this study aims to:
(i) characterize the spatio-temporal evolution of redox con-
ditions across this transition using integrated iron speciation,
framboid morphology, and Mo–U covariation data; and (ii)
evaluate regional differences and broader patterns in redox
shifts (euxinic vs. ferruginous).

2 Geological settings

The P–T interval corresponds to the final assembly of Pan-
gaea, which was centered near the equator and extended
across nearly all latitudes, surrounded by the Panthalassa
Ocean (Scotese, 2014). This large-scale continental amalga-
mation marked the termination of the Late Paleozoic Ice Age
and the transition to greenhouse climatic conditions (Crow-
ell, 1995; Chen et al., 2018). Contemporaneously, exten-
sive large igneous province volcanism, including the Emeis-
han Large Igneous Province and the Siberian Traps, peaked
around the P–T boundary (He et al., 2007; Burgess and
Bowring, 2015).

Paleogeographic reconstructions indicate that the South
China Craton was situated in the equatorial eastern Tethys
and remained tectonically isolated during the P–T interval
(Scotese, 2014; Fig. 1A). And it’s bounded by several ma-
jor tectonic units, including the Ailaoshan–Songma suture
zone, the Jinshajiang suture, the Longmenshan Thrust Belt,
and the Qinling–Dabie–Sulu orogen (Wan, 2012; Cawood et
al., 2018). This tectonic regime persisted until the Middle
Triassic, when collision with the Simao–Indochina blocks
initiated orogenesis (e.g., Wang et al., 2018). The well-
preserved P–T boundary successions in South China have
been linked to this relatively stable, extension-dominated set-
ting. During the latest Permian (Changhsingian), sedimen-
tation across the South China Craton was characterized by
a pronounced platform-basin differentiation, with shallow-
water carbonate deposition dominating the Yangtze Platform
and siliceous deep-water sediments accumulating along its
margins (Feng et al., 1996; Fig. 1B). The Chibi section
(29°45′5.33′′ N, 113°57′6.75′′ E) is exposed in the northern
marginal basin of the middle Yangtze Platform. It records a
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Figure 1. (A) Palaeogeographic reconstruction of Pangaea in the Late Permian (modified from Scotese, 2014). (B) Palaeogeographic recon-
struction of the South China Craton during the Changhsingian (modified from Feng et al., 1996). (C) Locations of the Ursula Creek section
(modified from Wignall and Newton, 2003).

continuous P–T stratigraphic succession, encompassing the
Wuchiaping and Talung formations (Upper Permian) and ex-
tending upward into the Daye Formation (Lower Triassic)
(Yang et al., 2022). The Wuchiaping Formation comprises
grey, thick-bedded wackestones and packstones containing
abundant benthic calcareous bioclasts and chert nodules. It
is overlain by the Talung Formation, which is characterized
by thin-bedded cherts interbedded with siliceous mudstones,
wackestones, and shales and commonly yields radiolarians
and sponge spicules. The overlying Daye Formation consists
mainly of thin-bedded wackestones interlayered with marls,
and the P–T boundary is located 83 cm above its basal con-
tact (Yang et al., 2022).

On the northwestern margin of Pangaea, the Canadian
Cordillera developed from remnants of Rodinia (∼ 750 Ma)
and attained its present configuration by the Late Cretaceous
(Monger and Price, 2002). During the Late Permian, this re-
gion was situated at mid-latitudes (∼ 30° N) along a passive
continental margin facing the Panthalassa Ocean (Fig. 1A;
Zelt et al., 2006). The Ursula Creek section (55°59′36.54′′ N,
123°10′27.18′′W) is located on the north shore of Willis-
ton Lake, a hydroelectric reservoir in British Columbia in
the Canadian Rocky Mountains (Fig. 1C). Previous studies
have documented the stratigraphic characteristics of the Ur-
sula Creek section, a deep marine succession that exposes

near-vertically dipping strata spanning the Middle Permian
to Middle Triassic (Henderson, 1997; Woods et al., 2023).
Upper Permian-Lower Triassic strata are assigned to the Fan-
tasque and Grayling formations. The Fantasque Formation is
composed predominantly of thin-bedded cherts intercalated
with shale layers, and its faunal assemblages are character-
ized by abundant radiolarians and sponge spicules. The over-
lying Grayling Formation comprises thinly bedded shales.
The P–T boundary was identified at ∼ 80 cm above the base
of the Grayling Formation (Wignall and Newton, 2003).

3 Methods

3.1 Pyrite framboids

Size distributions of pyrite framboids were determined from
37 prepared thin sections at Ursula Creek using a scanning
electron microscope (SEM) at the State Key Laboratory of
Geomicrobiology and Environmental Changes, China Uni-
versity of Geosciences (CUG Wuhan). All polished thin sec-
tions were sputter-coated with carbon powder to enhance
imaging quality. The SEM was operated in backscattered
electron mode at 2500× magnification. The chemical com-
position of framboids was qualitatively characterized using
energy-dispersive spectroscopy (EDS).
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3.2 Iron speciation

For iron proxies, 97 bulk rock samples from the Chibi and
Ursula Creek sections were crushed with a jaw crusher and
ground by a mixer mill. Total iron (FeT) concentrations were
determined using X-ray fluorescence (XRF) at the ALS Min-
erals laboratory located in Guangzhou, achieving a repro-
ducibility better than 0.1 wt % (1σ ). Of these, 54 samples
showing FeT values above 0.5 wt % were used in subse-
quent Fe speciation extractions. Iron phases associated with
carbonates (Fecarb), (oxyhydr)oxides (Feox), and magnetite
(Femag) were sequentially extracted following Poulton and
Canfield (2005). Fecarb was removed using 1M Na-acetate
(pH 4.5) at 50 °C for 48 h, Feox with Na-dithionite (pH 4.8) at
room temperature for 2 h, and Femag with a solution of 0.2 M
ammonium oxalate and 0.17 M oxalic acid at room tempera-
ture for 6 h. Fe concentrations were determined using atomic
absorption spectrometry at the State Key Laboratory of Ge-
omicrobiology and Environmental Changes, CUG Wuhan.
The Fepy was quantified stoichiometrically determined by
the weight of precipitated Ag2S following chromous chloride
distillation, as described by Canfield et al. (1986). Replicate
extractions of the WHIT international reference material (Al-
cott et al., 2020) gave a relative standard deviation below 5 %
for each step.

3.3 Trace elements and enrichment factors calculation

For trace elements, 103 powdered samples were treated
with a mixture of H2O, HF, HClO4, and HNO3 (2 : 2 : 1 : 1)
for digestion at the Geological Survey of Canada. Analy-
ses of the resulting solutions were quantified by ICP-MS
(PerkinElmer), and replicate measurements showed a relative
deviation below 2 % (2σ ). Enrichment factors (EF) for trace
elements were obtained by normalizing the X /Al ratios in
samples to those of the Post-Archean Average Shale (PAAS;
Taylor and McLennan, 1985), with X referring to Mo and U.

3.4 Framework for redox interpretations

Three redox methods, including pyrite framboid mean size,
iron speciation, and Mo–U covariation, are applied in our
study (e.g., Wilkin and Barnes, 1996; Algeo and Tribovil-
lard, 2009; Poulton and Canfield, 2011). The abundance of
pyrite framboids typically increases as anoxia develops, ac-
companied by a decrease in mean diameter and a narrowing
of the size distribution. Specifically, the absence of framboids
typically indicates local oxic conditions; abundant fram-
boids with mean diameters ranging from 6 to 10 µm suggest
dysoxic conditions while abundant framboids with mean di-
ameters below 6 µm reflect anoxic environments, with those
below 5 µm pointing to euxinic settings (e.g., Wilkin and
Barnes, 1996; Bond and Wignall, 2010).

Iron speciation [e.g., Fe(II), Fe(III), and sulfide-associated
phases] has been widely applied as a proxy to reconstruct
palaeo-redox states (e.g., Poulton and Canfield, 2011). To

ensure analytical reliability, these proxies are typically ap-
plied only to samples with FeT concentrations > 0.5 wt %
(Clarkson et al., 2014). Oxic marine sediments typically ex-
hibit low FeHR /FeT ratios (< 0.22), reflecting limited au-
thigenic Fe accumulation under well-oxygenated conditions
(Poulton and Raiswell, 2002). By contrast, under anoxic en-
vironments, sediments commonly show substantial enrich-
ment of FeHR (FeHR /FeT > 0.38; Poulton, 2021). Accumu-
lation of H2S in anoxic bottom waters promotes pyritization
of FeHR, driving Fepy /FeHR> 0.8, a threshold for euxinic
settings. Conversely, Fepy /FeHR< 0.6 is indicative of fer-
ruginous settings, where H2S availability is limited. When
Fepy /FeHR falls between 0.6 and 0.8, the redox classifica-
tion becomes ambiguous and further evidence is required
(e.g., from independent proxies) to make accurate redox in-
terpretation (Poulton and Canfield, 2011).

Molybdenum–uranium covariation is widely used to re-
construct palaeo-redox states in ancient depositional environ-
ments, owing to their distinct redox-sensitive geochemical
behaviors (e.g., Algeo and Tribovillard, 2009). The applica-
tion of MoEF and UEF to non-siliciclastic rocks is subject
to potential artifacts, as low detrital Al content can result in
abnormally high ratios (Tribovillard et al., 2006). Neverthe-
less, the consistent trends in EFs, concentrations, and their
ratios in this study support their reliable application in redox
analysis (Figs. 2 and 5). Generally, both Mo and U show lit-
tle or no enrichment under oxic and dysoxic condition, and
low ratio in MoEF /UEF (Algeo and Tribovillard, 2009; Tri-
bovillard et al., 2012). While, under oxygen-depleted, non-
euxinic conditions, both elements exhibit stronger enrich-
ment (EFs> 10), with MoEF /UEF< 1× seawater. In con-
trast, under euxinic conditions, both elements could show
strong enrichment (EFs> 10), and Mo is preferentially ac-
cumulated, leading to elevated MoEF /UEF ratio (Algeo and
Tribovillard, 2009; Tribovillard et al., 2012).

4 Results

4.1 Pyrite framboid analysis

At Ursula Creek, abundant pyrite framboids were observed in
20 of the 37 samples (54.1 %; Fig. 2), totaling 2140 individu-
als measured for this study (see Supplement). The remaining
17 samples contained either none, or rare pyrite framboids
and euhedral pyrite.

Mean framboid diameters generally decrease upward in
the Fantasque Formation (Fig. 2). Within the lowermost 3 m
of the study section, three samples yield mean framboid di-
ameters of 7.9–9.6 µm, with standard deviation (1σ ) rang-
ing from 2.0 to 3.2 µm (Fig. 3). At section height 3–10 m,
pyrite framboids are mostly absent except for one sample
containing a small quantity (n= 55) of larger framboids
(mean= 10.4 µm), a wide size distribution (3.6–25.3 µm),
and a standard deviation of 4.7 µm. Numerous framboids
are observed within the upper interval of the Fantasque
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Figure 2. Stratigraphic log of the Ursula Creek section with total iron (FeT), FeT /Al, iron proxies [FeHR /FeT, Fepy /FeHR,
(Fepy+Feox) /FeHR, Feox /FeHR], Mo and U concentrations, enrichment factors (MoEF, UEF) and their ratios (Mo /U, MoEF /UEF),
and pyrite framboid “box-and-whisker” plots. The “box” represents the interquartile range (25th–75th percentiles) of framboid diameters,
the “whiskers” show the minimum and maximum values, and the central lines mark the median and the mean.

Formation (10–13 m section height), with mean diameters
ranging from 6.8 to 9.6 µm and standard deviations be-
tween 2.1 and 3.5 µm. Mean diameters decrease slightly
at the top of the Fantasque Formation (13–14.3 m section
height), ranging from 5.7 to 6.5 µm, with narrow size distri-
bution (1σ < 3.0 µm). Within the basal∼ 2.7 m of the overly-
ing Grayling Formation shales (earliest Griesbachian), fram-
boids are absent. Above this interval, numerous small pyrite
framboids exist in the Grayling Formation (17.5–31.6 m sec-
tion height), with mean diameters between 5.3 and 6.5 µm
and 1σ from 1.2 to 2.8 µm. EDS analysis detected about
25 wt % oxygen content in pyrite framboids from the Ursula
Creek section (Fig. 4A and B), suggesting partial oxidation
rather than stoichiometric FeS2.

4.2 FeT, FeT /Al and Fe proxies

At Ursula Creek, FeT contents range from 0.2 wt % to
4.7 wt % (mean= 1.3 wt %), with 46 out of 59 samples ex-
ceeding 0.5 wt % (Fig. 2). Samples exhibiting FeT< 0.5 wt %

occur exclusively in the lower Fantasque Formation (Fig. 2).
FeT concentrations in the upper Fantasque Formation
show a slight increase, varying from 0.5 wt % to 1.1 wt %
(mean= 0.7 wt %). The Grayling Formation exhibits gen-
erally higher FeT (0.5 wt %–4.7 wt %, mean= 2.2 wt %). In
samples with FeT> 0.5 wt %, the FeHR /FeT is generally
above 0.6 (mean= 0.9), with one exception of 0.3. The
Fepy /FeHR are low, varying from 0 to 0.7 (mean= 0.1). The
Fantasque Formation shows consistently low Fepy /FeHR ra-
tios (mean= 0.2) while the Grayling Formation has more
variable Fepy /FeHR ratios (0–0.5, mean= 0.1). Notably, the
Ursula Creek section records elevated Feox contents, and
Feox /FeHR ratios span 0.1–0.9, with 28 of 35 values exceed-
ing 0.5. The (Feox+Fepy) /FeHR ratios fall within 0.6–0.9
(mean= 0.8), with only two samples displaying values below
0.6. The total Fe relative to aluminum (FeT /Al) ratios vary
from 0.1 to 2.7 (mean= 0.5), averaging 0.4 in the Fantasque
Formation and 0.5 in the more variable Grayling Formation.

At Chibi, FeT concentrations vary from 0.1 wt %–
5.7 wt % (mean= 1.1 wt %), with 25 samples showing val-
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Figure 3. Mean diameter versus standard deviation of framboid size
distributions for the Ursula Creek samples. The dashed line sep-
arates anoxic-euxinic from oxic-dysoxic conditions (cf. Wilkin et
al., 1996).

ues > 0.5 wt % (Fig. 5). Among these, 19 samples were an-
alyzed for iron speciation. Most samples from the lower to
middle Talung Formation (C. subcarinata and C. changxin-
gensis zones) yield FeT< 0.5 wt %. FeT concentrations in-
crease markedly in the upper Talung Formation (C. yini-H.
praeparvus Zone), ranging from 0.9 wt % to 5.7 wt %. The
Daye Formation generally contained higher FeT concentra-
tions than the Talung Formation, with most samples ranging
from 0.5 wt % to 2.6 wt % and two samples showing lower
values. For samples with FeT> 0.5 wt %, FeHR /FeT ratios
fall between 0.4 to 1.0 (mean= 0.7). The Fepy /FeHR ratios
in this section span 0.1–0.9 (mean= 0.4), with most values
< 0.6 (14 out of 19 samples). Feox contents are low, with
Feox /FeHR rations < 0.1 in all samples. The FeT /Al ratios
fall between 0.4 and 6.7 (mean= 1.0), averaging 2.1 in the
Talung Formation and a more stable 0.6 in the lower Daye
Formation.

4.3 Molybdenum and uranium concentrations,
enrichment factors and ratios

At Ursula Creek, Mo and U concentrations, their enrich-
ment factors (MoEF, UEF), and corresponding ratios (Mo /U,
MoEF /UEF) display similar variations, generally rising from
the Late Permian into the Early Triassic (Fig. 2). In the
Fantasque Formation (n= 34), Mo concentrations fall be-
tween 0.1 and 4.8 ppm (mean= 0.7 ppm), with correspond-
ing MoEF values span 0.6 to 25.6 (mean= 4.3); most samples
(n= 31) show only modest Mo enrichment (MoEF< 10).
For U, concentrations fall in the range of 0.2–2.2 ppm
(mean= 1.0 ppm), and UEF values range from 1.6 to 17.7
(mean= 6.1). MoEF /UEF ratios are generally low (0.2–2.2,
mean= 0.6), with 25 samples exhibiting values below 0.1

times that of modern seawater, and the remainder falling in
the range of 0.1 to 0.3 times seawater (Fig. 6A). In contrast,
Mo /U ratios are relatively higher than MoEF /UEF ratios,
spanning 0.2–2.4 (mean= 0.7).

In the Grayling Formation (n= 41), all proxies exhibit
significantly higher values. For Mo, concentrations and en-
richment factors show significantly greater variation from
0.6 to 146.8 ppm (mean= 20.0 ppm) and 2.2 to 175.2
(mean= 29.1), respectively. Most samples (n= 36) show
high Mo enrichment (MoEF: 11.0 to 57.0). One sample dis-
plays an extremely high enrichment (MoEF> 100), and four
samples show low to modest enrichment (MoEF< 10). In
contrast to Mo, U concentrations and enrichment factors
exhibit modest variability, with concentrations varying nar-
rowly from 1.3 to 15.0 ppm (mean= 6.0 ppm) and UEF val-
ues ranging from 4.6 to 23.4 (mean= 9.9). MoEF /UEF ra-
tios fall between 0.4 and 8.9 (mean= 2.9). All but one sam-
ple have MoEF /UEF ratios between 0.1 and 1 times that
of modern seawater (Fig. 6A). Mo /U ratios span 0.5–9.8
(mean= 3.1).

At Chibi, Mo, U, MoEF, UEF, Mo /U, and MoEF /UEF
generally decrease from the Late Permian into the Early Tri-
assic, displaying an opposite trend to those at Ursula Creek
(Fig. 5). In the Talung Formation, Mo exhibits stronger en-
richment relative to U. Mo concentrations range from 13.8 to
67.6 ppm (mean= 19.7 ppm), and corresponding MoEF val-
ues range from 29.8 to 788.7 (mean= 229.7). U concentra-
tions range from 2.3 to 15.1 ppm (mean= 6.3 ppm), with UEF
values between 16.8 and 428.8 (mean= 96.2). The Mo /U
and MoEF /UEF ratios range from 0.4 to 9.6 (mean= 3.6)
and from 0.4 to 8.8 (mean= 3.3), respectively. Most sam-
ples exhibit MoEF /UEF ratios between 0.1 and 1 times that
of modern seawater, whereas two samples exceed the mod-
ern seawater value and one sample falls below 0.1 times the
modern seawater value (Fig. 6B).

In contrast, the Daye Formation is characterized by rel-
atively stronger U enrichment compared to Mo. Mo con-
centrations range from 0.1 to 9.6 ppm (mean= 0.9 ppm),
whereas U concentrations range from 0.6 to 43.0 ppm
(mean= 5.3 ppm). MoEF values vary from 0.2 to 107.0
(mean= 8.7), and UEF values range from 3.6 to 271.9
(mean= 35.5). The Mo /U and MoEF /UEF ratios are con-
sistently low and show limited variability, with both mean
values and standard deviations of 0.2. All samples show
MoEF /UEF ratios < 0.1 times the modern seawater value
(Fig. 6B).

5 Discussion

5.1 Redox evolution

Redox proxies from the Ursula Creek section indicate pro-
longed water-column deoxygenation during the Changhsin-
gian at the northwestern margin of Pangaea. Abundant
pyrite framboids with relatively large mean diameters (7.9
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Figure 4. Mineral composition of pyrite framboids in samples from the Ursula Creek and Chibi sections. (A) SEM image and EDS spectrum
at the red cross of a pyrite framboid from the lower Fantasque Formation, Ursula Creek; (B) SEM image and EDS spectrum at the red cross
of a pyrite framboid from the lower Grayling Formation, Ursula Creek; and (C) SEM image and EDS spectrum at the red cross of a pyrite
framboid from the lower Talung Formation, Chibi.

to 9.6 µm), and low MoEF /UEF ratios (< 0.1× seawater)
in the basal ∼ 3 m of the studied Fantasque Formation indi-
cate dysoxic conditions prevailed during deposition (Figs. 2
and 6; Bond and Wignall, 2010; Tribovillard et al., 2012).
Though this interval is characterized by low MoEF (1.0 to
3.8) and low to modest UEF (2.3 to 13.4), the low detri-
tal Al component (0.6 to 2.4 wt %) typical for (bio)chemical
sediments (e.g., chert and pure carbonate) results in EF val-
ues that appear higher than those in siliciclastic sediments
(Tribovillard et al., 2006). From 3 to 8.5 m section height
(Fantasque Formation), intense bioturbation, including ich-
notaxa belonging to Diplocraterion, Teichichnus, and Plano-
lites, along with low MoEF (0.7 to 9.0) and UEF (1.9 to
7.1) values, low Al contents (0.6 wt % to 2.5 wt %), low
MoEF /UEF ratios (< 0.1× seawater), and a general lack
of pyrite framboids suggests that oxic to dysoxic bottom
waters were established during this part of the Changhsin-

gian (Wignall and Newton, 2003; Fig. 2). Several samples
that lack pyrite framboids at a height of 8.5–10 m exhibit
FeHR /FeT> 0.38, moderately elevated MoEF (17.4 to 25.6)
and UEF (11.7–17.7), with MoEF /UEF ratios spanning 0.1
to 0.3 times that of seawater, suggestive of anoxic condi-
tions. Considering partial pyrite oxidation detected by EDS
(Fig. 4A), it is possible that using Fepy /FeHR could re-
sult in an underestimation of the presence of euxinic con-
ditions, and therefore (Feox+Fepy) /FeHR is used to de-
tect potential H2S accumulation on the seafloor. Consistently
low (Feox+Fepy) /FeHR values and elevated FeHR /FeT in
this interval are indicative of ferruginous conditions (Poul-
ton, 2021; Fig. 2). In the upper Fantasque Formation (10.0
to 14.3 m section height), pyrite framboids reappear and
decrease in size up-section. Between 10 and 13 m, rela-
tively large mean framboid diameters (6.8 to 9.6 µm) and
modest trace metal enrichment suggest a return to pre-
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Figure 5. Stratigraphic log of the Chibi section with total iron (FeT), FeT /Al, iron proxies [FeHR /FeT, Fepy /FeHR, (Fepy+Feox) /FeHR,
Feox /FeHR], Mo and U concentrations, enrichment factors (MoEF, UEF) and their ratios (Mo /U, MoEF /UEF), and pyrite framboid “box-
and-whisker” plots. Data of framboids from Yang et al. (2022).

Figure 6. Covariation of Mo and U across the P–T transition at the Ursula Creek (A) and Chibi (B) section. The “redox variation” pathway
represents progressive redox shifts from dysoxic to euxinic conditions (modified from Algeo and Tribovillard, 2009).
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dominantly dysoxic conditions. In the uppermost Fantasque
Formation (13.0 to 14.3 m), populations of smaller fram-
boids (mean diameters 5.7 to 6.5 µm) and iron speciation
results [FeHR /FeT< 0.38; (Feox+Fepy) /FeHR< 0.8] point
to fluctuating dysoxic to episodically anoxic, ferruginous
conditions immediately preceding the P–T transition.

In the lower Grayling Formation of Ursula Creek, the ma-
jority of samples lack pyrite framboids, defining a short-lived
Early Triassic “framboid gap”, a phenomenon observed else-
where and linked to ferruginous conditions or reoxygena-
tion (e.g., Yang et al., 2024). At Ursula Creek, evaluated
FeHR /FeT values (> 0.38) during this gap suggest the pres-
ence of anoxic conditions. While Fepy concentrations are
near zero, (Feox+Fepy) /FeHR values are generally beyond
0.8. These iron data, combined with trace metal enrichments
and MoEF /UEF values ranging from 0.1 to 1.0× seawater,
indicate that ferruginous conditions (oxygen-depleted and
sulfide-free) prevailed in the earliest Triassic at Ursula Creek,
punctuated by brief episodes of dysoxia (Fig. 2).

Previous work on the Chibi section has shown that the
Upper Permian Talung Formation accumulated in predom-
inantly dysoxic settings with intermittent anoxic/euxinic
episodes, as indicated by abundant siliceous sponge spicules
and radiolarians, rare calcareous benthic fossils, and pyrite
framboid distributions (Yang et al., 2022; Fig. 5). In this
study, our new iron speciation data and Mo–U covariations
further confirm this dynamic redox framework. Most sam-
ples exhibit MoEF /UEF ratios between 0.1 and 1× seawa-
ter, suggesting predominantly dysoxic to anoxic conditions,
whereas a few samples show MoEF /UEF ratios > 1× sea-
water, indicative of intermittent euxinic conditions (Fig. 5).
Elevated FeHR /FeT values, coupled with comparatively low
Fepy /FeT values and MoEF /UEF ratios< 1× seawater, fur-
ther suggest episodically ferruginous conditions (Fig. 5).
SEM observation found that framboids at Chibi are well-
preserved (Fig. 4C), showing convincing result of Fe prox-
ies. Although the Lower Daye Formation (0 to 2.7 m section
height) lacks pyrite framboids, other redox indicators includ-
ing the presence of laminated, fossil-poor facies, evaluated
FeHR, and pyrite depletion collectively suggest the develop-
ment of Fe(II)-rich, oxygen-limited environments during the
framboid gap interval (Yang et al., 2022; Müller et al., 2023;
Fig. 5). The reoccurrence of populations of small framboids
(mean diameters 5.6 to 7.2 µm) together with our iron speci-
ation constraints, suggests that ferruginous settings persisted
into the earliest Triassic (Yang et al., 2022; Fig. 5). Addi-
tionally, declined MoEF /UEF ratios (< 0.1× seawater) also
suggest weak Mo enrichment under oxygen-restricted but
non-euxinic conditions during this interval (Figs. 5 and 6B).
Overall, the Daye Formation at the Chibi section records pre-
dominantly ferruginous depositional conditions.

5.2 P–T oceanic redox variation: causes and
consequences

To investigate global redox evolution across the P–T transi-
tion, we compiled iron speciation records from slope to basi-
nal sections across Panthalassa, Tethys and the northwest-
ern margin of Pangaea (Figs. 7 and 8). The P–T transition in
each section is defined by the initial occurrence of the con-
odont species Hindeodus parvus or, alternatively, the mini-
mum value of the well-known first major P–T negative car-
bon isotopic excursion (e.g., Yuan et al., 2014; Yang et al.,
2022).

The Waiheke section of New Zealand provides one of
the few available records from Panthalassa. Iron speciation
and trace elements indicate fluctuating ferruginous and eux-
inic conditions during the P–T crisis. The elevated FeHR but
low Fepy and Mo /Al collectively suggest ferruginous con-
ditions occurred during the upper Changhsingian in this area
(Grasby et al., 2021; Takahashi et al., 2021; Fig. 7). In bed-
ded cherts of the P–T transition, high FeHR /FeT and U /Al
ratios, coupled with strong pyritization and elevated Mo /Al
values, indicate the presence of euxinic settings (Takahashi
et al., 2021; Fig. 7). Two distinct intervals characterized by
evaluated FeHR /FeT, low Fepy /FeHR and Mo /Al values
are suggestive of recurring ferruginous episodes during the
P–T transition. In contrast, low FeHR /FeT values (< 0.22)
during the earliest Triassic suggest episodes of reoxygena-
tion (Takahashi et al., 2021; Fig. 7).

Stratigraphic records from the northern marginal slopes
and basins of South China consistently document a transi-
tion from dysoxic/euxinic to ferruginous settings from the
Late Permian to Early Triassic (Cao et al., 2009; Xiang et
al., 2020; Yang et al., 2024; Fig. 8). The Meishan GSSP
section offers a particularly well-resolved example. There,
evidence of green sulfur bacteria based on biomarkers sug-
gests that euxinic conditions were widespread during the
latest Permian (Cao et al., 2009). Several samples from
the upper Changhsingian part exhibit evaluated FeHR /FeT
(> 0.38) and reduced Fepy /FeHR values (< 0.6), indicating
episodic ferruginous conditions (Xiang et al., 2020). In the
earliest Triassic, a marked decline in Fepy /FeHR values fur-
ther supports stable ferruginous conditions at Meishan (Xi-
ang et al., 2020; Fig. 7). This redox pattern is corroborated
by iron speciation data from multiple well-documented sec-
tions including Ganxi, Xibeixiang, Chibi, Xiakou, Shangsi
and Ruichang, which collectively support the development
of regionally extensive ferruginous states in the earliest Tri-
assic with episodic intervals of reoxygenation (Shen et al.,
2016; Lei et al., 2017; Xiang et al., 2016; Ge et al., 2022;
Yang et al., 2024; Figs. 7 and 8c).

Iron speciation constraints from the Arabian Margin
(Oman and the United Arab Emirates) in western Neo-
Tethys, and from the Xiang-Qian-Gui Basin of South China,
similarly point to iron-rich, oxygen-depleted marine environ-
ments prevailing from the end of the Permian into the earliest
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Figure 7. Palaeo-redox reconstruction via iron proxies across various sections situated in different palaeogeographic settings. Data sources:
Waiheke, Takahashi et al. (2021); Arabia Margin, Clarkson et al. (2016); Ehtan and Ruichang, Yang et al. (2024); Penglaitan, Xiang et al.
(2022); Ganxi, Lei et al. (2017); Xibeixiang, Ge et al. (2022); Xiakou, Shen et al. (2016); Shangsi, Xiang et al. (2016); Meishan, Xiang et al.
(2020); Fiskegrav, Mettam et al. (2017); Festningen and Deltadalen, Schobben et al. (2020). Gri. – Griesbachian; H. p. – H. parvus; I. i. – I.
isarcica.

Triassic, interrupted by short-lived oxygenation pulses dur-
ing the Changhsingian (Clarkson et al., 2016; Xiang et al.,
2022; Yang et al., 2024).

The redox evolution along the northwestern margin of
Pangaea exhibits significant spatial heterogeneity. The Ur-
sula Creek section records a transition from dysoxic condi-
tions in the Changhsingian to ferruginous conditions in the
Griesbachian. In contrast, sections in Spitsbergen (Festnin-
gen, Deltadalen) and Greenland (Fiskegrav) document an op-
posing trend: a shift from ferruginous conditions to euxinia

(Bond and Wignall, 2010; Mettam et al., 2017; Schobben et
al., 2020; Fig. 7).

These compiled records reveal a spatially heterogeneous
and temporally dynamic global redox landscape across the
P–T transition. During the latest Permian, ferruginous condi-
tions intermittently developed across different ocean basins.
In the earliest Triassic, however, ferruginous conditions ex-
panded significantly, particularly within Tethys. This expan-
sion may have been driven by a combination of processes:
(1) extensive deposition of Upper Permian evaporites and in-
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Figure 8. Distribution of ferruginous conditions across the P–T transition, based on the data from Fig. 7.

tensified anoxia accompanied by enhanced pyrite burial drew
down the oceanic sulphate reservoir (Luo et al., 2010; War-
ren, 2010); (2) strong ocean stratification and sluggish circu-
lation suppressed nutrient upwelling and marine primary pro-
ductivity, thereby reducing organic-carbon fluxes and lim-
iting microbial sulphate reduction (e.g., Song et al., 2014;
Clarkson et al., 2016; Sun, 2024); and (3) intense weather-
ing of Fe-bearing silicate minerals under the Early Triassic
extreme greenhouse delivered abundant FeHR to the oceans,

resulting in a marked rise in FeHR input over sulphate (e.g.,
Poulton and Canfield, 2011).

The widespread development of ferruginous conditions in
the Early Triassic may have significantly impacted nutrient
dynamics, with phosphorus (P) cycling being a key media-
tor – consistent with observations from past oceanic anoxic
events (Papadomanolaki et al., 2022). Enhanced chemical
weathering on land in the aftermath of the P–T transition
likely boosted detrital delivery to the oceans (Sheldon, 2006;
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Algeo and Twitchett, 2010; Sun et al., 2018). However, de-
spite the enhanced detrital delivery, marine primary produc-
tivity did not increase globally during the P–T transition;
instead, it exhibited strong regional heterogeneity (e.g., Al-
geo et al., 2013; Grasby et al., 2016, 2020; Müller et al.,
2022; Zhang et al., 2023; Sun, 2024). In South China, pri-
mary productivity underwent a catastrophic collapse across
the EPME, as indicated by sharp declines in total organic car-
bon concentrations and organic carbon accumulation rates,
together with evidence for restricted P recycling and nega-
tive cadmium isotopic excursions, while productivity in other
Tethyan regions remained relatively stable or showed only
modest increases (Algeo et al., 2013; Schobben et al., 2015;
Shen et al., 2015; Müller et al., 2022; Zhang et al., 2023).
Some sections from the northwestern margin of Pangaea and
deep-water Panthalassic settings record substantial increases
in organic carbon fluxes and marine productivity during the
Early Triassic (Algeo et al., 2013; Schobben et al., 2020).
In the study area, indicators from the phosphorus cycle and
trace elements document a reduction in primary productiv-
ity (Müller et al., 2022; Woods et al., 2023). The contradic-
tion between enhanced continental weathering and reduced
marine primary productivity likely reflects multiple environ-
mental stresses during the P–T transition, including reduced
vertical mixing and nutrient upwelling due to strong thermal
stratification, disrupted nutrient recycling, intensified redox
instability, and extreme temperature stress on marine ecosys-
tems and primary producers (e.g., Grasby et al., 2016; Ge and
Bond, 2022; Knies et al., 2022). The observed covariation be-
tween redox conditions and primary productivity across the
P–T transition – where productivity was lower under ferrug-
inous conditions and higher under euxinic conditions – sug-
gests that the widespread ferruginous conditions in the Early
Triassic further support the redox constraint on primary pro-
duction (e.g., Schobben et al., 2020; Müller et al., 2022; Ge et
al., 2022; Woods et al., 2023). Ferruginous conditions could
have promoted the sequestration of P into authigenic Fe(II)-
bearing minerals such as vivianite, as well as through in-
corporation into green-rust phases and co-precipitation with
iron oxides (Bjerrum and Canfield, 2002; Zegeye et al., 2012;
Xiong et al., 2019). Such enhanced P retention in sediments
would have reduced the return flux of recycled P to the wa-
ter column, potentially weakening the positive feedback be-
tween P recycling, primary productivity, and anoxia in an-
cient ferruginous marine systems. Therefore, oxygen deple-
tion, together with the potential linkage between ferruginous
conditions and nutrient limitation, may have played a key
role in triggering the EPME and delaying the recovery.

6 Conclusions

Permian-Triassic records from the equatorial eastern Tethys
(Chibi, South China) and the northwestern margin of Pan-
gaea (Ursula Creek, western Canada) document distinct re-

dox evolutions across this major transition in Earth history. A
multi-proxy approach integrating pyrite framboid size distri-
butions, Mo–U covariation, and iron speciation indicates that
bottom waters at both locations were predominantly dysoxic
during the Late Permian. In the Early Triassic, however, the
Ursula Creek section records a marked intensification of oxy-
gen depletion, as reflected by smaller pyrite framboid sizes
and stronger Mo and U enrichments, together with enrich-
ment of FeHR and limited pyritization of FeHR, indicating
the development of predominantly ferruginous anoxic condi-
tions. Although the Chibi section exhibits weaker Mo and U
enrichments, iron speciation signatures suggest that bottom
waters were under oxygen-depleted ferruginous conditions.
The transition from predominantly dysoxic conditions in the
Late Permian to ferruginous conditions in the Early Triassic
in epicontinental seas suggests that marine ecosystem col-
lapse during the EPME may have been linked to combined
oxygen and nutrient stress under expanding ferruginous con-
ditions.
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