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ABSTRACT

Until recently, the biotic crisis that oc-
curred within the Capitanian Stage (Middle 
Permian, ca. 262 Ma) was known only from 
equatorial (Tethyan) latitudes, and its global 
extent was poorly resolved. The discovery of 
a Boreal Capitanian crisis in Spitsbergen, 
with losses of similar magnitude to those in 
low latitudes, indicated that the event was 
geographically widespread, but further non-
Tethyan records are needed to confirm this as 
a true mass extinction. The cause of this crisis 
is similarly controversial: While the temporal 
coincidence of the extinction and the onset 
of volcanism in the Emeishan large igneous 
province in China provides a clear link be-
tween those phenomena, the proximal kill 
mechanism is unclear. Here, we present an 
integrated fossil, pyrite framboid, and geo-
chemical study of the Middle to Late Perm-
ian section of the Sverdrup Basin at Borup 
Fiord, Ellesmere Island, Arctic Canada. As 
in Spitsbergen, the Capitanian extinction 
is recorded by brachiopods in a chert/lime-
stone succession 30–40 m below the Permian-
Triassic boundary. The extinction level shows 
elevated concentrations of redox-sensitive 
trace metals (Mo, V, U, Mn), and contempo-
rary pyrite framboid populations are domi-
nated by small individuals, suggestive of a 
causal role for anoxia in the wider Boreal 
crisis. Mercury concentrations—a proxy for 
volcanism—are generally low throughout 
the succession but are elevated at the extinc-
tion level, and this spike withstands normal-
ization to total organic carbon, total sulfur, 
and aluminum. We suggest this is the smok-

ing gun of eruptions in the distant Emeishan 
large igneous province, which drove high-
latitude anoxia via global warming. Although 
the global Capitanian extinction might have 
had different regional mechanisms, like the 
more famous extinction at the end of the 
Permian, each had its roots in large igneous 
province volcanism.

INTRODUCTION

The Capitanian (Guadalupian Series, Middle 
Permian) crisis is among the least understood 
of the major mass extinctions. It has been in-
terpreted as extinction comparable to the “Big 
5” Phanerozoic crises (Stanley and Yang, 1994; 
Bond et al., 2010a, 2015; Stanley, 2016) or, al-
ternatively, as a gradually attained low point in 
Permian diversity of regional extent and there-
fore not a mass extinction at all (Yang et  al., 
2000; Clapham et al., 2009; Payne and Clapham, 
2012; Groves and Wang, 2013). Although there 
is no universally accepted definition of “mass 
extinction,” key criteria include the following: A 
mass extinction should have significant impact 
on a range of biota, it should be of geologically 
short duration, and it should be of global extent. 
Until recently, most studies have focused on 
equatorial (Tethyan) records, especially those 
from South China, where fusulinacean foramini-
fers and brachiopods lost 82% and 87% of spe-
cies, respectively (Jin et al., 1994; Shen and Shi, 
1996; Bond et al., 2010a), thus fulfilling the first 
criterion. These losses were originally ascribed 
to the Guadalupian-Lopingian Series boundary 
(end of Capitanian Stage), hence the widespread 
use of the term “end-Guadalupian extinction” 
in earlier literature. However, the South China 
benthic crisis has now been accurately dated to 
the Jinogondolella altudaensis–Jinogondolella 
prexuanhanensis conodont zones (Shen and Shi, 

2009; Wignall et al., 2009a, 2009b; Bond et al., 
2010a, 2010b), making this a mid-Capitanian 
crisis of short duration, fulfilling the second cri-
terion. Several other marine groups were badly 
affected in equatorial eastern Tethys Ocean, in-
cluding corals, bryozoans, and giant alatocon-
chid bivalves (e.g., Wang and Sugiyama, 2000; 
Weidlich, 2002; Bond et al., 2010a; Chen et al., 
2018). In contrast, pelagic elements of the fauna 
(ammonoids and conodonts) suffered a later, 
ecologically distinct, extinction crisis in the ear-
liest Lopingian (Huang et al., 2019). Although a 
severe extinction of Capitanian brachiopods has 
been found in the Boreal sections of Spitsbergen 
(Bond et al., 2015), evaluation of the true geo-
graphic extent of the crisis requires more evi-
dence from outside Tethys to resolve the third 
criterion.

The losses in China coincided with the onset 
of Emeishan large igneous province volcanism 
in the southwest of the country (Wignall et al., 
2009a; Huang et al., 2019), suggesting a role for 
large igneous province activity. The recent de-
velopment of mercury as a proxy for volcanism 
(Sanei et al., 2012) permits further evaluation of 
the large igneous province–extinction link in lo-
cations far removed from the site of volcanism.

Several large igneous province–driven kill 
mechanisms have been implicated in the Capi-
tanian crisis, especially marine anoxia, which is 
implicated in numerous other mass extinction 
scenarios (see reviews in Wignall, 2001; Bond 
and Wignall, 2014; Bond and Grasby, 2017). 
Notably, the Capitanian losses in Spitsbergen 
coincided with a phase of benthic oxygen deple-
tion (Bond et al., 2015). Other purported Capi-
tanian extinction mechanisms include cooling 
(Isozaki et al., 2007), death-by-photosynthetic 
shutdown at the onset of volcanism (Bond et al., 
2010a, 2010b), ocean acidification caused by 
volcanogenic CO2 (McGhee et al., 2013), and †d.bond@hull.ac.uk.
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volcanogenic toxic metal poisoning (Grasby 
et al., 2015).

Thus, controversy surrounds whether the 
Capitanian crisis was a true global extinction and 
whether (and how) the Emeishan large igneous 
province was responsible. We address this with 
a new record from the Sverdrup Basin (Arctic 
Canada). Our study presents brachiopod range 
data from the Degerböls and Lindström Forma-
tions of Ellesmere Island, Permian-aged mixed 
spiculitic chert/carbonate units that formed on 
a cool, siliciclastic ramp in the Boreal Ocean 
(Embry, 1988; Embry and Beauchamp, 2008, 
2019; Beauchamp et al., 2009). We assessed the 
role of redox changes during this interval using 
a combination of petrographic and geochemical 
approaches, and we further examined the link 
between these factors and the Emeishan large 
igneous province using the mercury proxy for 
volcanism. The precise ages of the Degerböls 
and Lindström Formations are unclear, and we 
investigated this through lithostratigraphic and 
chemostratigraphic comparison with better-
dated Boreal successions in East Greenland and 
Spitsbergen.

REGIONAL GEOLOGY

The rapidly subsiding Sverdrup Basin was 
infilled with up to 13 km of Carboniferous to 
Paleogene sediments. It extends ∼1200 km east-
west and 400 km north-south from present-day 
Ellesmere and Axel Heiberg Islands (Nuna-
vut, Canadian High Arctic) in the northeast to 
Melville Island in the west (Fig. 1; Balkwill, 
1978; Embry and Beauchamp, 2008). The ba-
sin margins lay to the west, south, and east of 
our study area on Ellesmere Island and opened 
to the north into the Boreal (Arctic) Ocean, 
although connection was likely limited by the 

presence of Crockerland, a structural high that 
formed the northern basin rim (Embry, 1988, 
1989). The Middle to Late Permian succession 
at Borup Fiord (81°00′33.4″N, 81°30′51.0″W; 
Fig. 2) formed at around 40°N on a shallow, 
open-marine siliceous ramp near the basin’s 
northeastern margin and belongs to the De-
gerböls and Lindström Formations (but shares 
lithological similarities with their more distal 
equivalents, the van Hauen and Black Stripe 
Formations, respectively; Beauchamp et  al., 
2009; Embry and Beauchamp, 2019). The suc-
cession is composed of white to pale-gray spic-
ulitic cherts and numerous limestone interbeds 
(Beauchamp and Grasby, 2012). The Lindström 
Formation is overlain conformably by the latest 
Permian–Early Triassic Blind Fiord Formation 
(Grasby and Beauchamp, 2008; Proemse et al., 
2013) at Borup Fiord, while an unconformity 
marks this contact in more proximal settings. As 
in other regions, notably the lithostratigraphi-
cally similar Svalbard and Barents Sea, the 
Permian-Triassic boundary lies a few meters 
above the major lithological change at the for-
mational contact (Beauchamp et al., 2009). The 
Blind Fiord Formation is a thick succession of 
offshore mudstones, siltstones, and shelf-slope 
sandstones that record major flooding, as well as 
the famous Permian-Triassic mass extinction, at 
its base (Embry, 1988; Embry and Beauchamp, 
2008; Grasby and Beauchamp, 2008; Beau-
champ et al., 2009).

The complete succession was uplifted during 
the Eurekan orogeny (the Paleogene conver-
gence of Greenland and the Canadian Arctic; 
Harrison et al., 1999), and the resistant Perm-
ian outcrops are particularly well exposed in the 
poorly vegetated Arctic desert. The Degerböls 
and Lindström Formations thus preserve an 
excellent, but little-studied, archive of Permian 

environmental and biotic changes on the NW 
margin of Pangea.

MATERIAL AND METHODS

Facies and Fossils

Sedimentary logging was undertaken through 
∼100 m of the Degerböls and Lindström Forma-
tions and the basal meters of the Blind Fiord For-
mation at Borup Fiord, which was accessed by 
helicopter in July 2015. The outcrop lies along-
side an east-west–trending glacier and provides 
a continuous exposure of fresh surfaces polished 
by ice movement. Facies, and trace and body 
fossils (principally brachiopods) were identified 
in the field. The field observations were supple-
mented with analysis of 24 thin sections.

Redox Proxies

The concentrations of redox-sensitive trace 
metals in marine sediment provide a measure of 
ancient depositional conditions, because the re-
duced forms of many metals (e.g., Mo, U, V, and 
Mn) are insoluble in seawater; therefore, these 
elements are scavenged by sediment under anox-
ic conditions. The U, Th, and K concentrations 
of individual beds were measured in the field for 
3 min per bed using a Radiation Solutions RS-
230 handheld gamma-ray spectrometer (Fig. 3) 
that assays a parabola of rock ∼1 m in diameter. 
Forty-two samples (BF2 to BF43) were collected 
from the same levels for additional trace metal 
assays (a full suite, including Mo, Al, U, Th, V, 
and Mn), which were performed at Acme Labo-
ratories, where powdered samples digested in a 
2:2:1:1 acid solution of H2O:HF:HClO4:HNO3 
were analyzed using a PerkinElmer mass spec-
trometer with ±2% analytical error. Our mass 

Figure  1. Regional paleogeog-
raphy of the Sverdrup Basin in 
the Middle Permian (modified 
from Beauchamp and Grasby, 
2012). The Borup Fiord sec-
tion lies at the convergence of 
several facies on this map and 
records interbedded cherts and 
limestones.
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spectrometry results provided an independent 
test of the validity of field-based, handheld 
gamma-ray spectrometry (Fig. 4).

Pyrite framboid analysis is a useful inde-
pendent proxy for ancient redox conditions. In 
modern environments, pyrite framboids form in 
the narrow iron-reduction zone developed at the 
redox boundary, but they cease growing in the 
more intensely anoxic conditions of the underly-
ing sulfate-reduction zone (Wilkin et al., 1996). 
During euxinic conditions (i.e., free H2S occurs 
within the water column), framboids develop in 
the water column but are unable to achieve di-
ameters much larger than 5 µm before they sink 
below the iron-reduction zone and cease to grow 
(Wilkin et al., 1996). Euxinia is therefore char-
acterized by populations of tiny framboids with 
a narrow size range, whereas dysoxic or weakly 
oxygenated seafloors produce framboid popula-
tions that are larger and more variable in size 
(Bond and Wignall, 2010). Twenty-four field 
samples from Borup Fiord were examined using 
carbon-coated polished chips viewed in back-
scatter mode at a magnification of ∼2500× on 
a Zeiss EVO-60 scanning electron microscope 
(SEM) at the University of Hull to determine 
the size distribution of pyrite framboids (where 
present). Where possible, at least 100 framboids 
were measured from each sample (levels bearing 
statistically robust numbers of pyrite framboids 
are shown on Fig. 4). Framboid size distributions 
were plotted with mean diameter versus standard 
deviation within each sample, which allowed a 
comparison of framboid populations in ancient 
sediments with modern euxinic, anoxic, and dys-
oxic populations.

Mercury, Total Organic Carbon, and Total 
Sulfur

Mercury (Hg) emissions associated with large 
igneous province emplacement were first recog-
nized by Sanei et al. (2012), who identified a 
large Hg spike with probable origin in the erup-
tions of the Siberian Traps, i.e., the end-Permian 
killer. Mercury has since become a popular 
proxy for volcanism, and similar Hg anomalies 
are associated with other large igneous province 
events such as the Triassic–Jurassic Central At-
lantic Magmatic Province (e.g., Thibodeau et al., 
2016; Percival et al., 2017) and the Cretaceous–
Paleogene Deccan Traps (e.g., Sial et al., 2013, 
2014; Silva et al., 2013; Font et al., 2016). The 
42 samples taken for trace metal analysis were 
analyzed for Hg at the Geological Survey of 
Canada (GSC) Atlantic facility using a LECO 
AMA254 mercury analyzer (±10%; Hall and 
Pelchat, 1997). Hg concentrations are typically 
normalized to total organic carbon (TOC) be-
cause of the propensity for Hg to bind to organic 

B

A

Figure 2. Location maps of the Borup Fiord section on Ellesmere Island within Arctic Canada.

Figure 3. Field photograph of the upper part of the Borup Fiord section, showing pale lime-
stones of the upper Degerböls Formation (foreground) overlain by pale-gray and white cherts of 
the Lindström Formation. The instrument resting on the bedding plane (a Radiation Solutions 
RS-230 handheld gamma-ray spectrometer) rests on a surface that records the extinction level, 
marked by the last appearance of brachiopods including Liosotella sp. and Linoproductus sp.
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matter during sedimentation. We measured TOC 
at GSC-Calgary using Rock-Eval 6©, with ± 5% 
analytical error of reported value, based on re-
peats and reproducibility of standards run after 
every fifth sample (Lafargue et al., 1998). It is 
common practice to normalize Hg to TOC only 
where the latter exists in concentrations >0.2% 

(e.g., Grasby et al., 2016), since normalizing to 
smaller values magnifies errors to an unaccept-
able level. All of our samples had TOC >0.37%, 
and thus we normalized all of our Hg data to 
TOC. We also present Hg values normalized to 
both Al and total sulfur (TS), the concentrations 
of which were ascertained by mass spectrometry, 
for reasons discussed below.

Chemostratigraphy

The 42 samples taken for trace metal and Hg 
analysis were also analyzed for their organic 
carbon isotope (δ13Corg) values at the Univer-
sity of Calgary by continuous flow–elemental 
analysis–isotope ratio mass spectrometry, us-
ing a Finnigan Mat Delta + XL mass spectrom-
eter interfaced with a Costech 4010 elemental 
analyzer, with standards run every fifth sample. 
Combined analytical and sampling error for 
δ13Corg was ± 0.2‰ (1σ). Grasby et al. (2013) 
demonstrated a high degree of correspondence 
between carbon isotope records from the Sver-
drup Basin and those from the Tethys and Neo-
Tethys Oceans. As such, we can use chemostrati-
graphic correlation to relate our section to other 
Middle to Late Permian Boreal records (e.g., 
Spitsbergen), as well as to records from further 
afield (e.g., Tethys).

RESULTS

Facies and Fossils

The Degerböls Formation at Borup Fiord is 
dominated by pale cherts, limestones, and cherty 
limestones. The contact with the overlying Lind-
ström Formation is uncertain, but Beauchamp 
et al. (2009) considered the latter to lack carbon-
ates, and so we tentatively placed this formation-
al contact at ∼65 m section height (Fig. 4). The 
Lindström Formation cherts are abruptly suc-
ceeded by shales of the Blind Fiord Formation at 
the top of our studied section (Fig. 4). The lower 
24 m of strata consist of interbedded pale-gray 
limestones and white cherts that are intensely 
burrowed by Zoophycos. Brachiopods, including 
Costinifera arctica, Megousia weyprechti, Spir-
iferella sp., and Rhynchopora sp., are common 
in both lithologies (Fig. 5A; Table 1), and bryo-
zoans are seen on some limestone bedding sur-
faces. Pyrite is visible in the field at several levels 
(Fig. 4). These beds are overlain by 20 m of pale, 
cherty limestones that contain abundant brachio-
pods (the previously mentioned taxa, plus Lino-
productus sp., Neospirifer sp., Waagenoconcha 
sp., and Derbyia sp.). The inarticulate brachiopod 
Lingula freboldi was also seen in abundance on 
bedding surfaces at BF30 and BF29 (Fig. 5B). 
Again, some levels were visibly pyritic.

The fossiliferous cherty limestones pass into 
20 m of pure, spiculitic, white to dark-gray 
cherts that lack visible macrofossils. The inter-
val between 54 m and 44 m section height is 
deformed, with some folding and small-scale 
faulting seen in the field. Brachiopods (Lino-
productus sp. and Liosotella sp.) were observed 
again in our youngest Permian limestone, a 
2-m-thick unit at around 65 m section height 
(samples BF15 and BF14). These were the last 
occurrences of brachiopods in the section, and so 
the extinction of brachiopods lies between BF14 
and BF13b.

A

B

Figure  5. Field photographs showing (A) 
abundant brachiopods on a bedding sur-
face at BF38 at Borup Fiord, where taxa 
include Costinifera arctica, Spiriferella sp., 
and Rhynchopora sp. (the coin is 22 mm in 
diameter); and (B) abundant Lingula fre-
boldi on a bedding surface at BF29 (the coin 
is 20 mm in diameter).

Figure  4. Log of the Borup Fiord section 
(81°00′33.4″N, 81°30′51.0″W, North Ameri-
can Datum 1983 [NAD83]), showing the up-
per part of the Degerböls Formation and the 
Lindström Formation up to the contact with 
the overlying Blind Fiord Formation (BFF) 
at 97 m height. The contact between the 
Middle Permian Degerböls Formation and 
the Upper Permian Lindström Formation 
is uncertain, but Beauchamp et  al. (2009) 
considered an absence of carbonates to be 
diagnostic of the younger formation. The 
log shows lithologies, brachiopod-rich lev-
els, sample positions, carbon isotope values 
(δ13Corg), pyrite framboid box-and-whisker 
plots, trace metal redox proxy data, and 
Hg concentrations. Pyrite framboid box-
and-whisker plots show the 25th and 75th 
percentiles of framboid diameters in each 
sample (horizontal extent of black box), 
mean framboid diameter (central vertical 
line), and maximum and minimum fram-
boid diameter (long horizontal line). The 
U/Th panel (yellow) was measured using in 
the field using a Radiation Solutions por-
table gamma-ray spectrometer (GRS; black 
circles), and in the laboratory by mass spec-
trometry (MS; open squares). There is re-
markable correspondence between the two 
data sets, corroborating the application of 
field portable gamma-ray spectrometry. The 
extinction level (between samples 14 and 
13b) is marked by populations of tiny pyrite 
framboids, and high V/Al and U/Th values, 
indicating that oxygen-poor conditions de-
veloped at this level. The concurrent marked 
increase in Mn concentrations is suggestive 
of proximity to sulfidic, deeper basinal wa-
ters (creating a “bathtub ring” of Mn at the 
redox boundary; Frakes and Bolton, 1984). 
The extinction level also records an increase 
in Hg concentrations that withstand nor-
malization to total organic carbon (TOC), 
Al, and total sulfur (TS), which we inter-
pret to be linked to distant volcanism in the 
Emeishan large igneous province. The bio-
stratigraphically defined Permian-Triassic 
boundary lies a few meters above the Lind-
ström–Blind Fiord formational contact at 
the top of our succession.

TABLE 1. BRACHIOPOD DISTRIBUTIONS IN THE 
DEGERBÖLS AND LINDSTRÖM FORMATIONS 

AT BORUP FIORD, ARCTIC CANADA

Sample Taxa

BF14 Linoproductus sp., Liosotella sp.
BF23 Linoproductus sp., Neospirifer sp.
BF29 Lingula freboldi
BF30 Derbyia sp., L. freboldi
BF31 Costinifera arctica, Megousia weyprechti, 

Waagenoconcha sp.
BF36 M. weyprechti
BF38 C. arctica, Rhyncopora sp., Spiriferella sp.

Note: See Figure 4 for sample positions.
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Above 65 m section height, the strata con-
sist of 32 m of mostly white, spiculitic cherts 
(becoming dark gray in the uppermost meters) 
with occasional thin marly layers. Carbonates 
are absent from this part of the succession, 
which we ascribe to the Lindström Formation. 
Although shelly benthos was absent, some bed-
ding planes in these cherts showed complex bur-
row networks (including Planolites, Rosselia, 
Zoophycos, and a trace resembling Muensteria; 
Figs. 6A and 6B). The dark cherts found in the 
topmost meters of the Lindström Formation are 
overlain by poorly exposed orange-weathering, 
pyritic, dark shales of the Blind Fiord Formation 
at 97 m section height. As in other regions in the 
Boreal Realm (e.g., Spitsbergen and Greenland), 
the Permian-Triassic boundary lies a few meters 
above this formational contact in Arctic Canada 
(Grasby and Beauchamp, 2008; Beauchamp 
et al., 2009).

Redox-Sensitive Trace Metals

The redox-sensitive trace metal ratios Mo/
Al and V/Al reveal strikingly similar trends 
(Fig. 4), with the highest ratios (suggestive of 
poorly oxygenated conditions) occurring to-
gether between 20 m and 40 m section height 

and from ∼60 m section height through to the 
top of the section. Peak Mo/Al and V/Al values 
are around 2 and 50, respectively. We calcu-
lated U/Th from data obtained by mass spec-
trometry as well as by field portable gamma-ray 
spectrometry (Table 2). The two data sets are 
in remarkably close accordance, corroborating 
the application of the field portable gamma-ray 
spectrometry tool. As with Mo/Al and V/Al, the 
highest ratios, of ∼1, occur between 20 m and 
45 m section height, and from ∼60 m to 67 m 
(i.e., around the extinction interval; Fig. 4). The 
concentration of Mn at Borup Fiord is also of 
interest. The generally low values (<50 ppm 

Mn) seen in this sequence are interrupted by 
three intervals of elevated Mn concentrations 
(>100 ppm), from 8 m to 18 m (samples BF40 
to BF36), 41 m to 43 m (BF23 and BF22), and 
finally precisely at the extinction level (65 m, 
BF14 and BF13b; Table 2). The highest Mn 
concentrations, >200 ppm, were found in these 
latter two samples.

Pyrite Framboids

Given the pale color of the chert and lime-
stone facies, pyrite framboids are surprisingly 
common in the Borup Fiord samples (Table 3). 

A

B

Figure  6. Field photographs showing (A) 
complex burrow networks on a bedding 
surface at BF8 (hammer for scale); and (B) 
Zoophycos traces on a bedding surface of 
chert near the top of the section (the lens cap 
is 5 cm in diameter).

TABLE 2. COMPILATION OF KEY GEOCHEMICAL DATA FROM THE DEGERBÖLS AND 
LINDSTRÖM FORMATIONS AT BORUP FIORD OBTAINED USING MASS SPECTROMETRY, 

PORTABLE GAMMA-RAY SPECTROMETRY, MERCURY ANALYZER, AND ROCKEVAL

Sample
Mo

(ppm)*
Mn

(ppm)*
Al

(%)*
V

(ppm)*
U

(ppm)*
Th

(ppm)*
U

(ppm)†
Th

(ppm)†
Hg

(ppb)§
TOC
(%)#

TS
(%)*

BF2 4.5 48 2.52 75 2.2 5 3.2 5.1 9 0.65 0.1
BF3 0.9 40 2 64 2.4 4.4 4.1 5.6 10 0.51 0.06
BF4 0.2 50 1.53 60 2.1 3.4 4.9 6.2 10 0.60 0.11
BF5 0.5 64 1.68 64 2.8 4.9 1.4 3.3 7 0.53 0.18
BF6 0.7 55 1.43 39 1.5 3.6 3.9 6.2 6 0.44 0.16
BF7 0.3 35 1.9 56 1.5 3.8 1.8 4.3 9 0.60 0.25
BF8 1.2 35 2.27 83 1.9 4.5 2.1 4.1 8 0.66 0.16
BF8 0.4 36 2.19 55 1.2 3.3 1.5 4.3 5 0.58 0.08
BF9 0.6 61 1.36 47 1.8 2 2 2.9 8 0.49 0.38
BF10 0.3 78 0.88 27 1.2 1.6 1.5 2.9 8 0.43 0.17
BF11 0.2 36 0.8 21 0.8 1.4 1.3 2 5 0.60 0.16
BF12 <0.1 18 0.42 10 0.5 0.7 1.1 2.6 6 0.44 0.04
BF13 0.4 214 0.97 26 1.3 1.8 2.4 2.5 11 0.42 0.05
BF13b 0.7 210 1 30 1.6 1.9 1.1 3.4 9 0.44 0.08
BF14 0.7 86 1.74 64 3 3.2 2.4 3.9 12 0.49 0.1
BF15 0.2 87 0.83 29 1.8 1.7 1.6 2.9 <5 0.41 0.08
BF16 0.3 15 0.37 10 0.6 0.7 1.9 1.9 <5 0.37 0.02
BF17 0.6 25 0.88 23 0.8 1.5 0.7 3.1 6 0.44 0.08
BF18 0.1 21 1.48 52 1.6 2.4 1.5 2.5 <5 0.49 0.1
BF19 <0.1 21 0.52 14 0.9 1.2 1.7 3.7 <5 0.41 0.03
BF20 0.1 21 0.56 18 0.6 0.8 2.5 1.9 6 0.40 0.17
BF21 0.2 126 0.61 18 2.2 0.9 0.7 1.1 <5 0.50 0.19
BF22 0.6 166 0.31 8 0.5 0.5 3 3.6 <5 0.47 0.14
BF23 <0.1 39 0.29 8 0.3 0.7 8.7 10.1 <5 0.62 0.03
BF24 0.3 81 1.43 41 2.3 3.3 4.2 5.1 9 0.53 0.25
BF25 1.2 63 1.59 61 8 8.2 2.7 3.9 18 0.51 0.37
BF26 0.6 24 1.28 62 3.6 4.5 2.4 3.9 10 0.42 0.22
BF27 1.6 14 1.72 93 5.5 4.8 1.8 3.2 16 0.51 0.35
BF28 0.5 34 1.17 47 3 3.1 2.8 5.3 7 0.38 0.55
BF29 0.2 32 1.88 66 1.2 3 1.8 2.7 7 0.51 0.25
BF30 <0.1 89 0.57 25 2.2 0.7 4.1 3.4 7 0.66 0.13
BF31 0.9 15 2.18 57 1.7 5.6 1.9 2.9 18 0.50 0.39
BF32 0.1 44 1.3 63 2.5 2.7 0.5 1.8 <5 0.46 0.06
BF33 <0.1 21 2.01 71 2.7 3.4 0.4 1.7 <5 0.44 0.11
BF34 2.5 32 2.92 111 3.4 4.7 1.1 1.7 18 0.41 0.51
BF35 0.4 102 0.96 37 0.4 1.3 0.5 1.9 5 0.43 0.05
BF36 0.3 120 0.65 35 0.4 1 0.7 1.7 <5 0.50 <0.02
BF37 <0.1 11 0.23 6 <0.1 0.3 1 3.1 <5 0.40 <0.02
BF38 <0.1 200 0.65 11 0.2 0.9 2.2 2.8 <5 0.48 0.05
BF39 0.2 135 0.39 11 1.1 0.5 3.2 5.1 <5 0.65 0.05
BF40 0.1 38 0.85 44 0.4 1.6 4.1 5.6 <5 0.51 <0.02
BF41 <0.1 14 0.9 29 0.5 1.5 4.9 6.2 <5 0.60 0.04
BF42 <0.1 20 1.25 42 0.5 2 1.4 3.3 <5 0.53 <0.02
BF43 4.5 48 2.52 75 2.2 5 3.9 6.2 9 0.44 0.1

Note: See Figure 4 for sample positions. TOC—total organic carbon; TS—total sulfur.
*Mass spectrometry.
†Portable gamma-ray spectrometry.
§Mercury analyzer.
#Rockeval.
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Of the 24 samples examined under SEM, 18 
had common framboids, while 6 had few or 
no framboids (Table 3). The smallest framboid 
populations occurred in levels enriched in re-
dox-sensitive trace metals (e.g., those with Mo/
Al > 0.5, V/Al > 30, and U/Th ∼ 1; Fig. 4). Sam-
ples from the white limestone and chert beds in 
the basal part of the section (BF40, BF38, and 
BF36) did not yield framboids. Above this lev-
el, small framboids became common between 
18 m and 37 m (samples BF35 to BF25), where 
they had mean diameters between 5.8 µm and 
7.0 µm. Framboids were found to be absent 
from the overlying 20 m of cherty limestones 

and white cherts, before returning in abundance 
from the level of BF18 through the remainder 
of the Degerböls Formation and up to the top 
of the Lindström Formation (58 m to 96 m sec-
tion height). Mean framboid diameters through 
this interval ranged from 5.6 µm to 7.8 µm. The 
smallest-sized framboid populations in the se-
quence were found around the extinction level 
in samples BF14 to BF12, where they attained 
mean diameters of 5.6 µm and 5.8 µm, respec-
tively (Table 3; Fig. 4). These populations plot 
in the euxinic-anoxic fields defined by the dis-
tribution of framboids in modern sediments 
(Fig. 7; e.g., Wilkin et al., 1996).

Mercury, TOC, and TS

Mercury concentrations were generally low 
throughout the section, but some levels of no-
table enrichment were found. Samples from the 
lower meters of the section were below the limit 
of detection (<5 ppb Hg). However, two intervals 
recorded significant Hg content: samples BF32 
to BF25 (Hg up to 18 ppb) and samples BF15 to 
BF13b (Hg up to 12 ppb, around the extinction 
level; Table 2; Fig. 4). Mercury was present in 
all analyzed samples above the extinction level 
(BF13b to BF 2), where it varied in concentration 
between 5 ppb and 10 ppb; the highest postex-
tinction values were found in the topmost me-
ters of the Lindström Formation (Fig. 4). TOC 
values throughout the section were remarkably 
consistent, ranging from 0.37% (BF21) to 0.66% 
(BF35 and BF8). The mean of TOC values in 
our samples was 0.49%, with a standard devia-
tion of 0.08. The consistency of the TOC values 
in our samples means that the Hg-enriched in-
tervals described above were still present after 
normalization. Thus, samples BF32 to BF25 
had Hg/TOC values of 13.3–36.3 ppb/wt%, and 
samples from BF15 to the top of the section var-
ied between 9.0 and 22.3 ppb/wt% (the highest 
of these being at the extinction level).

It can also be informative to normalize mer-
cury to aluminum, as is standard for the redox-
sensitive metals Mo and V (Fig. 4). In modern 
aquatic settings, Hg has been found to accumu-
late in sediments as organic compounds, sul-
fides, and/or oxides following various pathways 
dependent on the oxidation state of Hg, inor-
ganic and organic complexation of Hg, the pres-
ence of humic substances and sulfides, and pH 
(Ullrich et al., 2001). In contrast, aluminum is 
not actively involved in these reaction pathways 
and might therefore be an appropriate chemical 
species for normalizing mercury (Sanei et al., 
2012; Sial et al., 2013). Our Al-normalized data 
followed a similar pattern to Hg/TOC, with the 
exception that the highest Hg/Al values occurred 
at, or immediately after, the extinction level in 
samples BF13b and BF13 (Hg/Al of 11.3 and 
14.1 ppb/wt%, respectively; Fig. 4). Intriguing-
ly, sample BF13b also recorded the highest Mn 
concentration of the entire sequence (214 ppm; 
Table 2; Fig. 4); the origin of this Mn spike is 
discussed below.

TS values were found to be low in the basal 
15 m of the section (≤0.05% or below the limit 
of detection at 0.02%) before rising to mod-
est values (0.02% to a maximum of 0.55% in 
sample BF29; Table 2). The mean of TS values 
in our samples was 0.16%, with a standard de-
viation of 0.13. We also normalized Hg to sul-
fur to evaluate whether the Hg spike was driven 
by sulfide drawdown under increased anoxic 

TABLE 3. PYRITE FRAMBOID SIZE DISTRIBUTIONS FROM THE DEGERBÖLS 
AND LINDSTRÖM FORMATIONS AT BORUP FIORD

Sample n
Mean diameter

(µm)
Standard 
deviation

Minimum diameter
(µm)

Maximum diameter
(µm)

BF2 57 7.3 2.4 3 14
BF4 65 6.1 2.2 2 11.5
BF6 102 5.8 2.9 2 19
BF8 105 6.8 2.7 3 21
BF11 96 7.0 2.8 3 20
BF12 102 5.8 1.9 2.5 14
BF13 83 6.2 2.3 3 15
BF13b 109 6.0 1.7 3 13
BF14 122 5.6 1.9 1.5 11.5
BF15 100 6.1 2.3 2.5 20
BF16 49 7.8 2.9 4 18
BF18 103 7.3 2.2 3.5 14
BF20 0 N/A N/A N/A N/A
BF22 1 N/A N/A 11.5 11.5
BF25 102 7.0 2.2 3 14.5
BF27 103 6.9 3.7 2.5 30
BF28 103 5.8 2.4 3 20
BF30 101 6.3 2.3 2.5 21
BF32 7 N/A N/A 5 20
BF34 51 7.0 2.3 2.5 14
BF35 107 5.9 3.2 2 20.5
BF36 0 N/A N/A N/A N/A
BF38 0 N/A N/A N/A N/A
BF40 0 N/A N/A N/A N/A

Note: See Figure 4 for sample positions; n—number of framboids counted per sample; N/A—not applicable.

Figure 7. Plot of mean framboid 
diameter vs. standard deviation 
for Borup Fiord samples. The 
separation of the euxinic-anoxic 
field from the anoxic-dysoxic 
field is based on data from mod-
ern environments that span this 
range of oxygenation regimes 
(Bond and Wignall, 2010). 
Numbers represent sample lev-
els shown in Figure 4.
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 conditions rather than enhanced loading of Hg 
to the basin (e.g., Sanei et al., 2012; Them et al., 
2019). While Hg/TS was generally <50 ppb/wt% 
through most of the succession, there was a clear 
peak where values rose markedly to >100 ppb/
wt% between samples BF15 and BF13, and a 
further peak of ∼100 ppb/wt% was found in the 
topmost meters of the Permian part of the section 
(samples BF4 to BF2). The highest value was 
219 ppb/wt% in sample BF13b, precisely at the 
Capitanian extinction level (Fig. 4).

The clearest signals in this data set are that: 
(1) both Hg/TOC and Hg/Al were higher in sedi-
ments that also recorded elevated concentrations 
of redox-sensitive trace metals and abundant 
populations of small pyrite framboids (BF32 to 
BF25 and BF15 upward); and (2) Hg/TS showed 
a clear peak around the Capitanian extinction 
level, where it was around twice as high as the 
next-most-enriched interval.

Carbon Isotopes

The δ13Corg values from Borup Fiord were 
generally very stable around –25‰ to –26‰ 
(Fig. 4), except in the interval between 10 m and 
30 m height, where values fluctuated between 
–23‰ and –28‰ in a double positive-negative 
shift (although the first positive shift of this pair 
was recorded by only one sample). The upper-
most ∼18 m section of the Lindström Formation 
showed a gradual shift toward lighter δ13Corg 
values, from –25‰ to –27‰. This probably 
represents the onset of the prominent negative 
carbon isotope shift seen across the Permian-Tri-
assic boundary observed in the Sverdrup Basin 
(Grasby et al., 2011) and globally (e.g., Holser 
et al., 1991; Holser and Magaritz, 1995; Wignall 
et al., 1998).

DISCUSSION

Boreal-Wide Capitanian Extinction

Brachiopods are common and diverse taxa in 
the Borup Fiord succession, where, alongside 
bryozoans, they are the dominant benthos. Both 
groups disappear abruptly around 32 m below 
the Lindström–Blind Fiord formational contact, 
at a level that also sees the cessation of carbon-
ate deposition (which we interpret to be the 
Degerböls-Lindström contact), a feature that is 
also seen in Greenland and Spitsbergen (Bond 
et al., 2015). No brachiopods are found above 
this extinction level within the Permian succes-
sion at Borup Fiord, indicating a severe crisis for 
shelly benthos, although a low-diversity popula-
tion of brachiopods and bryozoans persisted into 
the early part of the Changhsingian elsewhere in 
Arctic Canada (Beauchamp, 1994; Baud et al., 

2008). The loss of brachiopods and bryozoans is 
not a function of facies: These fauna are found in 
cherts below the extinction level, and this facies 
type dominates above that level. The extinction 
clearly had less impact on the burrowing fauna 
because intense Zoophycos bioturbation per-
sists across the extinction horizon up to the lat-
est Permian.

What was the extinction timing? In the ab-
sence of biostratigraphically useful taxa such 
as conodonts, regional and global correlation 
of the extinction losses relies on chemostrati-
graphic and lithostratigraphic comparisons. The 
Borup Fiord section is remarkably similar, litho-
logically, to age-equivalent strata in Spitsbergen, 
which lay (paleogeographically) ∼1000 km to 
the northeast. In both localities, the Middle to 
Late Permian succession is dominated by a suc-
cession of cherts and cherty limestones with a 
few thin limestone beds (Fig. 8), and the main 
extinction of shelly benthos coincides with the 
end of Permian carbonate deposition. At Borup 
Fiord, the extinction level is 32 m below the lat-
est Permian formational contact; at the Festnin-
gen section in Spitsbergen, it is 40 m below the 
Kapp Starostin–Vardebukta formational contact 
(Fig. 8; Bond et al., 2015).

Comparison of the δ13Corg record from 
Borup Fiord with that from Festningen (Bond 
et al. 2015) revealed similar patterns in δ13Corg 
values (Fig. 8), in which shifts toward light or 
heavy values occur at approximately the same 
distance beneath the latest Permian formational 
contacts. These include a prominent negative 
excursion in both sections (larger at Borup 
Fiord), which is followed by a positive-negative 
couplet in both (again, larger at Borup Fiord) 
and then a long, stable interval with δ13Corg 
values around –25‰ in the ∼25–30 m of strata 
leading up to the extinction. The extinction 
level itself is marked by a small, brief, posi-
tive-negative couplet in the order of 1‰–2‰ 
at Borup Fiord and Festningen. Following the 
extinction, there is a gradual positive excur-
sion through 15–20 m of strata, succeeded by 
a gradual negative shift over a similar distance 
up to the top of the cherts that mark the respec-
tive formational contacts in both sections (Fig. 
8). The similarity of these records implies con-
temporaneous extinction losses in both regions. 
Our δ13Corg record is not sufficiently resolved to 
permit detailed chemostratigraphic correlation 
with more distant regions, but it is notable that 
the Capitanian extinction is also associated with 
carbon isotope shifts of similar magnitudes in 
Tethys (China; e.g., Wignall et al., 2009a; Bond 
et al., 2010b) and Panthalassa (Japan; Isozaki 
et al., 2007). This suggests widespread destabi-
lization of the carbon cycle through the Capita-
nian extinction interval.

East Greenland (the Wandel Sea Basin, which 
lay ∼1000 km southeast of the Sverdrup Basin) 
provides additional support for a Boreal-wide 
Capitanian crisis. There, abundant and diverse 
brachiopods and bryozoans disappear at the top 
of the Wegener Halvø Formation (Stemmerik, 
2001), and the overlying Schuchert Dal Forma-
tion contains a depauperate fauna (Sørensen 
et al., 2007). The age of this formational contact 
is unclear, but the most recent conodont work 
on the Ravnefjeld Formation (an offshore lateral 
equivalent of the Wegener Halvø Formation) 
identified mesogondolellids of intra-Capitanian 
age (e.g., Nielsen and Shen, 2004; Sørensen 
et al., 2007; Legler and Schneider, 2008). This 
suggests that the brachiopod and bryozoan loss-
es at the top of the Wegener Halvø Formation 
record a mid- to late Capitanian crisis. Taken to-
gether, the lithostratigraphic similarities, δ13Corg 
record, and limited biostratigraphic data suggest 
that a synchronous annihilation of shelly benthic 
faunas occurred across the Boreal Realm within 
the Capitanian Stage.

Causes of the Capitanian Extinction

A causal role for marine anoxia in the Capi-
tanian extinction has been tentatively suggested 
(Clapham and Bottjer, 2007; Clapham et  al., 
2009) on the basis that taxa more tolerant of oxy-
gen stress (i.e., mollusks) replaced the brachio-
pods as the dominant shelly benthos in the ex-
tinction aftermath. Pyrite petrographic and trace 
metal data from Borup Fiord (Figs. 4 and 7) pro-
vide clear evidence that the extinction coincided 
with the deterioration of seafloor oxygenation, 
lending support to an anoxia kill hypothesis in 
higher latitudes. In addition to an increase in 
Mo, V, and U concentrations and a prolifera-
tion of small pyrite framboids, the extinction 
level at Borup Fiord also shows a marked in-
crease in Mn. Manganese (II) is soluble in an-
oxic waters but precipitates as a “bathtub ring” 
where the redox boundary intercepts the seafloor 
(Frakes and Bolton, 1984). The Mn enrichment 
at Borup Fiord therefore implies that anoxic 
conditions were developed in the deeper waters 
of the Sverdrup Basin at the time of extinction. 
Age-equivalent strata in Spitsbergen record a 
remarkably similar redox history, in which the 
main extinction event coincided with a phase of 
oxygen-poor deposition (Bond et al., 2015). Bio-
turbation persists through the extinction horizon 
in both Ellesmere Island and Spitsbergen, indi-
cating that full seafloor anoxia did not develop; 
instead, our geochemical proxies suggest that 
dysoxia, which is lethal for most benthos, was 
the likely kill mechanism in the Boreal Realm.

The role of acidification in the Capitanian cri-
sis finds support in the record from higher-latitude 
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regions (which are more susceptible because of 
the greater solubility of CO2 in colder waters; 
Beauchamp and Grasby, 2012; Bond et  al., 
2015). Thus, the brachiopod losses coincide 
with the cessation of carbonate deposition in 
the Boreal Realm, and limestones are rare above 
the extinction level in the Lindström Formation 
in Arctic Canada, the Kapp Starostin Formation 
in Spitsbergen, and the Wegener Halvø Forma-
tion in East Greenland. These observations are 
consistent with ocean acidification being a driver 
for the Capitanian crisis in cooler-water settings, 
but testing awaits a reliable deep-time pH proxy.

Climate change (both cooling and warming) 
has been implicated in the Capitanian crisis, and 
the observation that the extinction was equally 
abrupt but more severe for brachiopods in the 
Boreal Realm (100% at Borup Fiord; 87% in 
Spitsbergen) and high southerly latitude Gond-
wanan realms (Shi and Shen, 2000; Shen and 
Shi, 2002, 2004) than in the Paleoequatorial 
Realm (Shen and Shi, 1996, 2002) suggests that 
warming is at least partly implicated in the crisis. 
Marine organisms living in warmer (lower-lati-
tude) regions generally have higher thermal lim-
its than those living in cooler (higher-latitude) 
regions (for a summary, see Song et al., 2014).

Ultimate Cause of Extinction: Is Mercury 
Enrichment a Proxy for Emeishan 
Volcanism?

Our mercury record provides a tentative link 
between the Boreal brachiopod extinction and 
distant volcanism in the Emeishan Traps of 
southwest China, where the onset of eruptions 
was coincident with mass extinction in that re-
gion (Wignall et al., 2009a). Thus, there are two 
clear spikes in Hg/TOC and Hg/Al, the second 
and largest of which coincides with the loss of 
brachiopods and cessation of carbonate deposi-
tion. The Sverdrup Basin was very far removed 
from South China, but it is not inconceivable 
that mercury was transported this great distance 
by atmospheric processes, including the strong 
midlatitude stratospheric winds invoked by 
Grasby et al. (2011) for latest Permian mercury 
anomalies in the region. The concentrations of 
Hg in our samples were relatively small (up to 
20 ppb), perhaps due to the distance between 
the site of Hg deposition and its potential source 
area in China. Interestingly, Hg/TOC also rises 
abruptly to around 100 ppb/wt% at the Capitani-
an extinction level in Spitsbergen (Grasby et al., 
2016). This is significantly higher than values we 
recorded in the Sverdrup Basin (∼40 ppb/wt%), 
but it again illustrates a similar pattern of Hg en-
richment coincident with extinction.

It is also noteworthy that our Hg anoma-
lies—normalized to both TOC and Al—occur 

Figure 8. Lithostratigraphic and chemostratigraphic correlation of the Borup Fiord 
section with Kapp Starostin on Spitsbergen (78.0950°N, 13.8240°E; after Bond et al., 
2015), showing the Degerböls and Lindström Formations up to contact with the over-
lying Blind Fiord Formation (BFF, Canada) and the Kapp Starostin Formation up to 
the contact with the overlying Vardebukta Formation (Vard. Fm). The Permian-Tri-
assic boundary (PTB) lies a few meters above this formational contact in both areas. 
Colors in the lithology column indicate white, pale-gray, dark-gray, and yellow beds. 
The three organic carbon isotope (δ13Corg) curves from Spitsbergen were generated 
in Erlangen (red and green circles) and Calgary (blue circles). In both locations, the 
brachiopod extinction is associated with a small (1‰–2‰) positive-negative carbon 
isotope couplet and occurs in strata around 32 m (Canada) and 40 m (Spitsbergen) 
below the prominent formational contact, which is used as a tie point here.
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at dysoxic levels (i.e., 18–38 m section height 
and around the extinction level), suggesting 
either that Hg concentrations increased dur-
ing oxygen-poor deposition or that there was a 
common cause. Thus, the Hg enrichments seen 
at Borup Fiord might be a product of distant 
volcanism (which induces oxygen restriction 
through warming), a function of local anoxia, or, 
of course both. However, the Hg/TS record has a 
clear peak around the extinction level, where it is 
around twice as high as the next-most-enriched 
interval. This suggests that the Hg spike is de-
coupled from effects of redox on Hg concentra-
tions and reflects enhanced loading of Hg to the 
basin, because Hg/TS is significantly lower in 
the strata between 18 and 38 m section height, 
which we also interpret to have been deposited 
under dysoxic conditions. In their assessment of 
marine Ordovician-Silurian boundary succes-
sions in South China, Shen et al. (2019) found 
mercury to be overwhelmingly associated with 
pyrite, and they suggested that Hg concentra-
tions should be normalized to total sulfur (as 
a proxy for pyrite). The fact that our Hg spike 
at the extinction level withstands normalization 
thus supports a volcanic origin. Intriguingly, the 
Hg/TS spike in the topmost meters of the Lind-
ström Formation might be a tantalizing record 
of the onset of eruptions in the Siberian Traps. 
Unfortunately, study of the Permian-Triassic ex-
tinction in our Borup Fiord section is hindered 
by poor exposure of the basalmost shales of the 
Blind Fiord Formation.

Given our overall observations, we envisage 
a volcanogenic extinction scenario for the Bo-
real Realm in which the distant Emeishan Traps 
drove oxygen depletion by driving global warm-
ing (see compilations that reveal the Capitanian 
as an interval of accelerating warming—Korte 
et al., 2008; Chen et al., 2013; Song et al., 2019). 
Warming in turn enhanced stratification of the 
water column, leading to the deadly expansion of 
oxygen minimum zones into shelf habitats. The 
Capitanian extinction increasingly appears to 
have been a global crisis on par with the “Big 5” 
of the Phanerozoic, and, as with the other mass 
extinctions from the time of Pangea, it had its 
origins in volcanism.

CONCLUSIONS

A diverse and abundant benthic fauna, domi-
nated by brachiopods and bioturbators such as 
Zoophycos trace makers, was found in the Mid-
dle to Late Permian Degerböls and Lindström 
Formations of the Sverdrup Basin. The brachio-
pods, but not the burrowers, went abruptly ex-
tinct at a level interpreted to be of intra-Capi-
tanian age, and the younger Permian strata are 

devoid of shelly fauna. Redox proxies (Mo, V, 
and U and pyrite framboid populations) indicate 
that the extinction level coincides with oxygen-
poor (dysoxic) deposition, while Mn enrichment 
suggests that more intensely anoxic conditions 
occurred in contemporaneous, deeper waters.

This Boreal Capitanian extinction record 
strengthens the case for this crisis being a global 
event rather than one confined to equatorial wa-
ters. In South China, the extinction coincided 
closely with the eruption of the Emeishan flood 
basalts (Wignall et al., 2009a), and the associated 
enrichment of Hg (and Hg/Al and Hg/TOC val-
ues) in the Sverdrup record further supports this 
link. The Hg peak also coincides with the devel-
opment of dysoxic conditions (which could have 
been driven by volcanogenic climate change), 
making it difficult to disentangle whether the 
enrichment directly records volcanism or the 
changes driven by the volcanism.
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