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The Beaufort Group of the main Karoo Basin of South Africa records two major extinction
events of terrestrial vertebrates in the late Palaeozoic. The oldest of these has been dated
to the late Capitanian and is characterized by the extinction of dinocephalian therapsids
and bradysaurian pareiasaurs near the top of Tapinocephalus Assemblage Zone. Faunal
turnover associated with the extinction of dinocephalians is evident in vertebrate faunas
from elsewhere in Pangaea but it can be best studied in the Karoo Basin, where exposures
of the upper Abrahamskraal and lower Teekloof formations allow continuous sampling
across the whole extinction interval. Here we present field data for several sections
spanning the Capitanian extinction interval in the southwestern Karoo and discuss
recent work to establish its timing, severity, and causes. A large collections database
informed by fieldwork demonstrates an increase in extinction rates associated with
ecological instability that approach that of the end-Permian mass extinction, and
shows significant turnover followed by a period of low diversity. Extinctions and
recovery appear phased and show similarities to diversity patterns reported for the
end-Permian mass extinction higher in the Beaufort sequence. In the Karoo, the late
Capitanian mass extinction coincides with volcanism in the Emeishan Large Igneous
Province and may have been partly driven by short-term aridification, but clear causal
mechanisms and robust links to global environmental phenomena remain elusive.

Keywords: Tapinocephalus Assemblage Zone, Endothiodon Assemblage Zone, Permian, Abrahamskraal, Teekloof,
dinocephalian

INTRODUCTION

The Capitanian (late Guadalupian) mass extinction is a relatively recent addition to the list of major
biodiversity crises of the Phanerozoic. During the establishment of the Big 5 marine mass extinction
events, Raup and Sepkoski (1982) grouped extinctions from the Guadalupian with those of the late
Permian and it was only later that Stanley and Yang (1994) recognised a separate, end-Guadalupian
crisis. Subsequent, higher-resolution stratigraphic studies and continually improving chronological
constraints have demonstrated that the marine extinctions associated with this event may have
occurred at different points clustered in the later part of the Capitanian stage, rather than at the
boundary between the Guadalupian and Lopingian series (Shen and Shi, 2009; Wignall et al., 2009;
Bond et al., 2010, Bond et al, 2015). Most data come from marine deposits of southern China, where
large losses are recorded among fusilinacean foraminiferans, calcareous algae, brachiopods, corals,
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and ammonoids (see Bond et al., 2010) but the extinction has also
been recorded outside of the former Tethys in Norway and
Canada (Bond et al., 2015; Bond et al., 2020).

The Capitanian mass extinction has received increasing attention
in the last decade because of likely causal links to volcanism in the
Emeishan Large Igneous Province (Wignall et al., 2009; McGhee
et al,, 2013; Bond and Wignall, 2014; Bond and Grasby, 2017; Bond
et al,, 2020). Estimates of its overall severity have varied, depending
on the calculations and datasets used, but one of the most recent
large-database estimates suggests it may have led to the extinction of
33-35% of marine genera, making it comparable in magnitude to the
Cretaceous/Palacogene mass extinction (Stanley, 2016). Even when
its severity in terms of taxonomic losses has been calculated to be low
(~25%), the Capitanian mass extinction appears to have been
characterised by ecological restructuring of reef systems that
exceeded those of the end-Ordovician (Hirnantian) mass
extinction (McGhee et al, 2013). Though a consensus has yet to
be reached, there is sufficient evidence to suggest the Capitanian
mass extinction may rank among the most notable extinction events
of the Phanerozoic.

In the terrestrial realm, the Capitanian mass extinction
manifests as a concentration of extinctions that drastically
reduced tetrapod diversity by removing early branching species
from most clades and entirely eliminating others, most notably the
taxonomically diverse dinocephalian therapsids (Day et al., 2015a;
Lucas, 2017). Non-marine sedimentary sequences of late
Capitanian/early Lopingian age that have produced tetrapod
fossils are known from basins across Pangaea (e.g., Olroyd and
Sidor, 2017; Lucas, 2017) but only in South Africa is this transition
clearly exposed in continuous sections. There, it corresponds to the
transition between the Tapinocephalus Assemblage Zone (AZ) and
the Tropidostoma-Gorgonops subzone of the Endothiodon AZ
(incorporating the former Pristerognathus AZ; see Day and
Smith, 2020), and is associated with an estimated 74-80% loss
of tetrapod generic richness (Day et al., 2015a). The extinction
interval is situated around the lithostratigraphic boundary between
the Abrahamskraal and Teekloof formations, within the lower
Beaufort Group (Figure 1). The Beaufort Group also records the
terrestrial end-Permian mass extinction, in the uppermost Balfour
Formation (e.g. Ward et al., 2005; Smith and Botha-Brink, 2014;
Botha et al., 2020), which provides an opportunity to compare
patterns of extinction between the two events.

Retallack et al. (2006) suggested a link between a period
of high extinction and turnover in terrestrial tetrapod faunas
and the marine Guadalupian mass extinction, but it was
only with improvements in biostratigraphic resolution and
geochronological constraints on the mid-late Permian
terrestrial sequence of the Main Karoo Basin in South Africa
that such comparisons could be directly supported (Rubidge
etal., 2013; Day et al., 2015a). Subsequent quantitative estimates
of diversity change associated with the Capitanian mass
extinction in the Karoo have relied mostly on species lists for
assemblages (e.g., Lucas, 2009), but the recent generation of a
database comprising occurrence information for museum
collections (specimens) constrained to one or more 50 m
stratigraphic bins in the Abrahamskraal and lower Teekloof
formations has allowed much higher resolution assessments
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FIGURE 1 | Stratigraphy of the Beaufort Group showing position of
mass extinction intervals. Subzone abbreviations: C-U, Cricodon-
Ufudocyclops; D-S, Diictodon-Styracocephalus; D-T, Dicynodon-
Theriognathus; E-G, Eosimops-Glanosuchus; L-E, Lycosuchus-
Eunotosaurus; L-G, Langbergia-Garjainia; L.m-M, Lystrosaurus maccaigi-
Moschorhinus; T-G, Tropidostoma-Gorgonops; T-K, Trirachodon-
Kannemeyeria. Other abbreviations: CME, Capitanian mass extinction;
Changh, Changhsingian; Fm., Formation; In, Induan; M, member; EPME, end-
Permian mass extinction. Lithostratigraphic units in grey found only in the
Eastern Cape. Stratigraphy and biozonation modified after Smith et al. (2020)
and position of end-Permian mass extinction after Botha et al. (2020). U-Pb
ages after: a, Rubidge et al., 2013; b, Day et al., 2015a; ¢, Gastaldo et al.,
2015; d, Botha et al., 2020; e, Gastaldo et al., 2020. Actual position of the
Permo-Triassic boundary is disputed.

of diversity change and rates of extinction (Day et al.,, 2015a;
Day et al.,, 2018a). The creation of this database was informed by
fieldwork that resulted in metre-level biostratigraphic data for
several sections in the southwestern Karoo, which document the
transition between the Tapinocephalus and Endothiodon AZs.
These sections provide more detailed glimpses of the sequence of
events comprising the extinction event, and we present the three
most informative sections here (Figures 2, 3).
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FIGURE 2 | Map showing the study area within the Beaufort Group in the southwestern part of the Karoo Basin of South Africa (A), and the three localities along the
contact of the Tapinocephalus and Endothiodon assemblage zones (B). 1, Puntkraal; 2, Muggefontein; 3, Vanvuurenskop.

Sedimentological research has sought evidence for
environmental change associated with the transition between
the Abrahamskraal and Teekloof formations but beyond
general trends toward greater aridity these have mostly
invoked tectonic or autogenic controls on any change in
depositional environment (e.g., Turner, 1985; Cole and
Wipplinger, 2001; Wilson et al,, 2014; though see; Retallack
et al, 2006). Most recently, Rey et al. (2018) studied the
carbon isotope geochemistry on fossilised vertebrate tissue and
found evidence of a short-lived period of greater aridity in the
upper Karelskraal Member and lowermost Poortjie Member but
neither this nor rock geochemistry have indicated meaningful
long-term shifts in climate across the extinction interval (see
Paiva, 2016). Palaeoenvironmental studies have not yet taken full
advantage of the continuity of the Karoo record.

This paper aims to summarise the current state of research on
the biotic and non-biotic aspects of the Capitanian mass
extinction in the Karoo Basin and to discuss these patterns
with respect to the end-Permian mass extinction. We also
discuss patterns from correlated tetrapod-bearing successions
elsewhere in the world.

MATERIALS AND METHODS

Fieldwork

Palaeontological and stratigraphic data from the Abrahamskraal and
overlying Teekloof formations has been collected by our team from
numerous localities over the past four decades. The stratigraphic
sections presented here were measured by MOD during three field
seasons between 2012 and 2014 using a Jacob’s staff and Abney level
at localities that expose outcrops spanning the upper Abrahamskraal
and lower Teekloof formations. Two of the three section localities
(Muggefontein and Vanvuurenskop) are located along the
Nuweveld escarpment in the Beaufort West district of the

Western Cape Province, whereas the third is located further
west, near Sutherland in the Karoo Hoogland district of the
Northern Cape Province (Figure 2). The lithostratigraphic
boundary between the Abrahamskraal and Teekloof formations
(and Karelskraal and Poortjie members, respectively) was taken
initially from the 1:250,000 metallogenic map of Sutherland
(Geological Survey, 1997) and the geological map of Beaufort
West (Geological Survey, 1979) but where they were not clear,
contacts between members were determined in the field.
Simultaneously, a team from the Evolutionary Studies Institute,
University of the Witwatersrand, collected vertebrate fossils in the
vicinity and recorded the coordinates of the finds using GPS
handsets. Sandstone bodies were traced out laterally from the
line of section, either in the field or subsequently on Google
Earth, to enable correlation of fossil occurrences. All material
collected is curated at the Evolutionary Studies Institute in
Johannesburg.

Taxon Abundance
Taxon abundance information through the extinction interval
was calculated from a dataset of fossil occurrences within the
Abrahamskraal and lower Teekloof formations outlined by Day
et al. (2018a), in which the occurrence of fossil specimens from a
number of museum collections are constrained to one or more
approximately 50 m stratigraphic bins (Supplementary Table
S1). Across the extinction interval this was practically
implemented by considering the wupper 50m of the
Moordenaars Member as one bin, two bins within the
Karelskraal Member (which varies in thickness between 70 m
and 116 m; Day and Rubidge, 2014), three bins for the Poortjie
Member (which varies in thickness between 150 m and about
180 m in the study area; Figure 2), and one for the lower third of
the Hoedemaker Member.

Treatment of the data follows a similar methodology as Day
et al. (2018a), whereby specimens that are not well constrained
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FIGURE 3 | Stratigraphic sections showing fossil occurrences at the three localities: Puntkraal, Muggefontein, and Vanvuurenskop (see Figure 2 for map).
Red star = date of 260.26 + 0.081 Ma (Day et al., 2015a). LDI, Low diversity interval; L-E, Lycosuchus-Eunotosaurus; D-S, Diictodon-Styracocephalus; H, Hoedemaker
Member; T-G, Tropidostoma-Gorgonops.

stratigraphically and those with uncertain identification have  been excluded due to concerns over the relationship between
been excluded. The dataset used here differs from that of Day  biostratigraphy and mapped lithostratigraphic units in that
etal. (2018a) mainly in that data from the Victoria West area have district (Day and Rubidge, 2019); fossil occurrences in this
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area are primarily of Diictodon and also fall outside the
immediate area of the sections presented here. We are thus
presenting a subset of the basin dataset that can be most
reliably tied to the lithostratigraphic sequence along the
escarpment, where continuous exposures are most readily
found (Supplementary Table S1). Several specimen
identifications and stratigraphic constraints have been updated
in light of recent work.

STRATIGRAPHIC SECTIONS

Puntkraal, Sutherland,
Northern Cape

Puntkraal is situated at the western end of the Nuweveld
mountains and has good outcrops of the upper
Abrahamskraal and lower Teekloof formations. Exposures
occur widely on the slopes between terraces, particularly the
lower Poortjie Member. Large dinocephalian fossils were
abundant in several horizons within the upper Moordenaars
Member and within the lower Poortjie Member, where a
titanosuchid, a  tentative anteosaurid, and two
tapinocephalid fossils recovered (Figure 3; see
Supplementary Table S2). The Poortjie dinocephalians all
occur within the 30 m interval above a tuff horizon that has
produced a CA-TIMS age of 260.26 Ma, which constrains them
to the late Capitanian (Day et al., 2015a). The upper Poortjie
Member produced few identifiable fossils but two specimens of
Endothiodon indicate the presence of the Lycosuchus-
Eunotosaurus Subzone of the Endothiodon AZ in the middle
part of the member. Helical vertebrate burrows similar to those
attributed to small dicynodonts from sites in the upper
Poortjie and lower Hoedemaker members (Smith, 1987) are
present in the upper part of the Poortjie Member at this
locality.

The stratigraphic thickness between the last occurrence of
dinocephalians and Endothiodon, which constrains the low
diversity interval at the top of the Tapinocephalus AZ in the
immediate aftermath of the Capitanian mass extinction (Day and
Rubidge, 2020), is less at Puntkraal than any other locality (20 m;
Figure 3). At this locality there is a noticeable abundance in the
lower Poortjie Member of the small dicynodonts Diictodon and
Pristerodon. Sampling of the upper Poortjie Member was low and
those specimens that were recovered from above 210 m were not
identifiable to a biostratigraphically meaningful level.

were

Muggefontein, Beaufort West, Western
Cape

Muggefontein is situated south of Teekloof Pass and provides
excellent and wide exposures of the Teekloof Formation,
particularly the Poortjie Member. Outcrop of the
Abrahamskraal Formation is more limited to the southern
part of the farm, where its lateral extent is constrained by a
large dolerite sill. Few fossils were found in the Abrahamskraal
Formation and although large bones were evident in places, these
were all too scrappy to be collected. A small therapsid skeleton

Capitanian Extinction in South Africa

identified as a basal anomodont similar to Galechirus (BP/1/7553)
was discovered in the basal sandstone of the Poortjie Member,
which established the presence of the Tapinocephalus AZ there.
In the Abrahamskraal Formation and lower Poortjie Member
the majority of fossils recovered belong to small dicynodonts such
as Diictodon and Pristerodon. The appearance of Endothiodon
about 1/3 of the way up the Poortjie Member establishes the base
of the Lycosuchus-Eunotosaurus Subzone of the Endothiodon AZ,
which at this locality produced the snout of the baurioid
therocephalian Ictidosuchoides (BP/1/7492; Figure 3). The base
of the Endothiodon AZ also coincides with the first occurrence of
a helical burrow, and a straight vertebrate burrow was found in
the upper Poortjie Member (at about 257 m). The base of the
Tropidostoma-Gorgonops Subzone of the Endothiodon AZ is
clearly defined by the appearance of Tropidostoma close to the
contact of the Poortjie and Hoedemaker members, above which
Tropidostoma becomes abundant. The kingoriid dicynodont
Dicynodontoides occurs 17 m above the base of Hoedemaker.
Diictodon is extremely abundant in the Teekloof Formation.

‘Vanvuurenskop’, Beaufort West,
Western Cape

This locality is spread across three farms whose boundaries meet
at the summit of a small mountain called Vanvuurenskop,
situated on a spur of the Nuweveld Escarpment. To the south,
the upper Abrahamskraal Formation and lowermost Teekloof
Formation crop out on the farms Wolwehoek and Brakleegte,
with the upper Abrahamskraal Formation being well-exposed on
the flats and on the lower slopes of the spur. To the north,
surrounding Vanvuurenskop itself, are good outcrops of the
upper Poortjie Member on the farm Losberg (part of cadastral
farm Balaauwkrans 216). The section presented is a composite as
the two farms are separated by a dolerite dyke, though the base of
the lower Poortjie does occur on the Losberg side of the dyke
(though did not produce fossils) so thicknesses were used to
correlate the major sandstone bodies.

On Wolwehoek and Brakleegte, the upper Abrahamskraal
Formation produced a diverse fauna of Tapinocephalus AZ
forms. These occurred into the upper part of the Karelskraal
Member, above a thick terrace-forming sandstone, where a small
dinocephalian snout was found (BP/1/7255) along with a
therocephalian cf. Lycosuchidae. Small dicynodonts increased
in abundance at this horizon and were the only fossils found
in the lower Poortjie Member. Endothiodon fossils were found in
the middle part of the Poortjie Member up to the base of the
Hoedemaker, which was not collected. A specimen of the
gorgonopsian Eriphostoma was found close to the top of the
Poortjie Member (Kammerer et al., 2015).

DISCUSSION
Stratigraphy and Extinction Patterns

The existence of unusually high turnover of fossil tetrapod species
between the Tapinocephalus AZ and succeeding Endothiodon AZ
had become increasingly apparent by the early 20th Century (e.g.,
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FIGURE 4 | llustrative section through the Abrahamskraal-Teekloof Formation boundary showing (A) the relative abundances of selected taxa, corresponding to
numbers of specimens (see Appendix 2), and (B) a summary of the stratigraphic ranges for individual genera. Genera shown in (B) taken from Day and Rubidge (2020)
and Day and Smith (2020) but excludes range-through taxa (Diictodon feliceps, Pristerodon mackayi, Emydops arctatus, Rhinesuchus whaitsi, Rhinesuchoides
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Moschognathus whaitsi, Galepus jouberti). Abbreviations: Ho, Hoedemaker; Karelsk, Karelskraal; Mo, Moordenaars.

Watson, 1914) but the first quantitative work on the horizon later
connected with the Capitanian extinction appeared only after the
Geological Survey of South Africa mapped the Merweville area
during the 1940s. The subsequent report by Rossouw and De
Villiers (1953) revealed that the relative abundance of pareiasaur
and dinocephalian fossils decreased in the uppermost part of the
Tapinocephalus AZ whereas dicynodonts became more
abundant. Boonstra (1969) went further and suggested that
very few species were present in the uppermost part of the
Tapinocephalus AZ and that pareiasaurs and dinocephalians
were not present at all. In their stratigraphic review of the
Beaufort Group, Keyser and Smith (1978) detached these
uppermost strata and recognized the extinction of the
dinocephalians as the upper boundary of their Dinocephalian
AZ, which they correlated with a chert horizon about 120 m
below the base of the Poortjie Member (Teekloof Formation).
Smith and Keyser (1995) considered the top of the
Dinocephalian AZ, then renamed the Tapinocephalus AZ, to
occur closer to the base of the Poortjie Member, and it was

this horizon that was first linked with Capitanian mass extinction
(Retallack et al., 2006). In this scenario, the extinction of the
majority of Tapinocephalus AZ taxa was assumed to be mostly
contemporaneous in a catastrophic event, although the exact
ranges of the constituent taxa were poorly understood. The
presence of dinocephalians in the basal strata of the Poortjie
Member was first reported by Day et al. (2015b) and, together
with the data from the Puntkraal locality presented here, suggests
that three dinocephalian genera survived beyond this horizon
(Anteosaurus, Criocephalosaurus, and Titanosuchus; Figure 4B).
Dinocephalians are not observed at this level at Muggefontein or
at Vanvuurenskop but at the latter locality the base of the Poortjie
Member was not clearly defined and its lower strata difficult to
access. While it remains a possibility that the base of the Poortjie
Member is not isochronous, we suspect that the absence of
dinocephalian fossils from the lower Poortjie at some localities
is likely to be an artifact of poor sampling.

The increasing resolution of fossil occurrences across the
Abrahamskraal/Teekloof Formation transition and taxonomic
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clarification of many tetrapod groups have demonstrated that the
highest occurrences of taxa associated with the main extinction
pulse are staggered between the base of the Karelskraal Member
and the lower Poortjie Member (Day et al., 2015a; Day and
Rubidge, 2020; Figure 4B). This pattern can be explained by the
Signor-Lipps effect (Signor and Lipps, 1982), especially given the
relatively small proportion of fossils of most taxa that can be
identified to genus or species level (only around 20% for
dinocephalians). Quantitative analysis using both constrained
optimization (CONOP) and gap-filler (GF) methods on
occurrence data at the resolution of approximately 50 m
intervals has suggested that the extinction rates peaked in the
uppermost Abrahamskraal Formation, within the Karelskraal
Member (Day et al, 2015a; Day et al, 2018a). A slightly
drawn-out extinction may therefore have been the case, with
the extinction of the last surviving dinocephalians occurring as
extinction rates were returning to normal. Nevertheless, the
actual extinction interval is likely more restricted than that
depicted in Figure 4B.

Above the last occurrence of dinocephalians, there is an
interval of varying thickness in which the only taxa present
are a few survivors of the main extinction pulse (Figure 3).
This interval corresponds best with the uppermost
Tapinocephalus AZ as presented by Boonstra (1969). Although
the number of therocephalian species is reduced, the abundance
of fossils attributable to therocephalians does not decline rapidly,
suggesting that at least one of the surviving taxa (Glanosuchus,
Lycosuchus or Pristerognathus) may in fact increase in abundance
compared to before the extinction event (Figure 4). The
dicynodont Diictodon feliceps is particularly abundant in this
interval, having become increasingly so from the onset of the
extinctions in the lower Karelskraal Member. The first
appearance of a new genus after this is Endothiodon, although
an indeterminate burnetiamorph (BP/1/7555) was recovered
from this interval at Muggefontein (Figure 3). This marks the
beginning of the recovery and base of the overlying Endothiodon
AZ (Day and Rubidge, 2020).

The upper part of the Poortjie Member produces mostly fossils
of dicynodonts, primarily Diictodon and Endothiodon with lesser
numbers of the survivor taxa Pristerodon and Emydops, but some
typically Lopingian taxa also occur. These are mostly carnivores
such as the small therocephalians (Ictidosuchoides and
Ictidostoma) and the moderately large gorgonopsian
Gorgonops. The appearance near the base of the overlying
Hoedemaker Member of the cryptodont dicynodont
Tropidostoma coincides with the appearance of a cohort of
early Lopingian taxa and the extinction of the surviving large
therocephalians, the reptile Eunotosaurus and the small
gorgonopsian Eriphostoma.

The sequence of events comprising the Capitanian mass
extinction in the Karoo can be summarized as a series of phases:

(1) Primary extinction phase. The main clustering of extinctions
eliminating the majority of species present in the upper
Tapinocephalus AZ occurs through the Karelskraal
Member of the Abrahamskraal Formation and into the
lowermost part of the Poortjie Member. Although most
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clades are affected, the biggest losses are among those that
achieved large body size (>2.5m total body length):
dinocephalians became altogether extinct and pareiasaurs
were extirpated from the basin with the extinction of the
three genera of the Bradysauria (Bradysaurus, Embrithosaurs
and Nochelesaurus; see Van Den Brandt et al., 2020).
Varanopids and basal anomodonts also disappeared.
Throughout this phase, the dicynodont Diictodon became
increasingly common (Figure 4A).

(2) Low diversity interval. This is characterized by only by a few
survivor taxa. The assemblage primarily comprises small
herbivorous dicynodonts, with Emydops arctatus and
Pristerodon  mackayi being greatly outnumbered by
Diictodon feliceps. The carnivore guild consists of three
genera of medium-large basal therocephalians and the
small gorgonopsian Eriphostoma. This interval varies
between 20m at Puntkraal in the west and 90m at
Vanvuurenskop in the east (Figure 3), though at
Muggefontein and Vanvuurenskop this may be exaggerated
by low sampling.

(3) Primary recovery phase. The first new genus to appear in the
primary recovery phase is Endothiodon, followed by a several
small therocephalians, the first large
gorgonopsian and the kingoriid dicynodont
Dicynodontoides. This phase remains low in taxic diversity
and like the preceding interval displays high unevenness in
the relative distribution of taxa (Day et al., 2018a).

(4) Secondary recovery phase. The appearance of cryptodont
dicynodonts characterizes the beginning of the secondary
recovery, along with at least two species of burnetiamorph
and several more species of therocephalians and
gorgonopsians. Pareiasaurs also reappear in the basin at
this time. These appearances coincide closely with the
extinction of the survivor taxa: the reptile Eunotosaurus
and the basal therocephalian families Scylacosauridae and
Lycosuchidae. The dicynodont Brachyprosopus may also have
survived to this point based on two specimens from the very
top of the Poortjie Member at two separate localities (BP/1/
7803, a small skull and lower jaw from Spinnekopkraal,
Fraserburg, and BP/1/7590, a small skull mixed in with an
assemblage on medium-sized postcranial bones belonging to
a different animal); however, for the time being it has not been
ruled out that they are in fact juvenile specimens of
Endothiodon. Diictodon becomes even more abundant and
overwhelmingly dominates the assemblage. Three species of
dicynodont (Diictodon feliceps, Pristerodon mackayi,
Emydops arctatus) and two species of temnospondyl
(Rhinesuchus whaitsi, Rhinesuchoides tenuiceps) range
through to this assemblage from before the primary
extinction phase.

carnivorous

The above pattern of faunal turnover during the Capitanian
mass extinction displays several similarities to the phased
extinction proposed by Smith and Botha-Brink (2014) for the
end-Permian mass extinction higher in the Karoo sequence. In
both cases, an initial period of extinction removes the majority of
species from the pre-existing ecosystem (Figure 4). This is

Frontiers in Earth Science | www.frontiersin.org

February 2021 | Volume 9 | Article 631198


https://www.frontiersin.org/journals/earth-science
www.frontiersin.org
https://www.frontiersin.org/journals/earth-science#articles#articles

Day and Rubidge

followed by a recovery period in which the first taxa characteristic
of the next assemblage appear, including opportunistic taxa that
capitalized on vacant ecospace and thus became at least initially
common. For the Capitanian extinction, this is the dicynodont
Endothiodon, whereas for the end-Permian extinction, these are
two species of the dicynodont Lystrosaurus: L. murrayi and L.
declivis.

Both extinction events are also characterized by the survival of
a few species that became extinct at the same time shortly after the
recovery had begun. The secondary extinction of these ‘dead
clades walking’ (Jablonski, 2002) define the end of the initial
recovery phase and, in the case of the end-Permian mass
extinction, represent the final extirpation of species-level taxa
present prior to the extinction event. This contrasts with the
Capitanian extinction, where several dicynodont genera and two
temnospondyl genera range through. One of these species,
Diictodon feliceps, increases in abundance during the primary
extinction phase to become the dominant taxon of the ecosystem
(Figure 4A; see also Day et al., 2018a) and remains so throughout
the recovery. Diictodon is therefore more comparable with
Lystrosaurus after the end-Permian mass extinction than is
Endothiodon.

Because several taxa range through the Capitanian mass
extinction in the Karoo, the relative species extinction rate is
lower than that for the end-Permian mass extinction (perhaps
84% as opposed to 100% across both primary and secondary
extinctions). Yet it is worth noting that species richness may have
been greater in the upper Tapinocephalus AZ than it was in the
upper Daptocephalus AZ at the onset of the end-Permian mass
extinction, given the uncertain presence of many species in the
latter biozone (17 out of 33; Viglietti, 2020).

Ecological Change

In the Karoo Basin, the Capitanian mass extinction is
characterized by a change from a dinocephalian-to a
dicynodont-dominated tetrapod fauna. The primary extinction
phase reduces diversity across most tetrapod clades except
rhinesuchid temnospondyls but it is the larger components of
the ecosystem that are worst affected: the only taxa that became
completely extinct were dinocephalians and bradysaurian
pareiasaurs, of which all species from the Tapinocephalus AZ
grew to over 2.5m and may have weighed between 700 to
1100 Kg (Lee, 1997; Romano and Rubidge, 2019). The vastly
different dental adaptations of pareiasaurs and herbivorous
dinocephalians suggests they had different diets, so body size
remains the main common attribute. The fauna immediately
succeeding the primary extinction phase displays the
characteristics of low diversity, small mean body size, and high
unevenness (species abundance distribution) when compared
with that preceding the extinction phase, which are consistent
with a post-extinction fauna experiencing one form of the Lilliput
effect (Urbanek, 1993; Harries and Knorr, 2009).

Within the carnivore guild of the Tapinocephalus AZ, the only
gorgonopsian species currently recognised is the relatively small-
bodied Eriphostoma microdon (Kammerer et al., 2015), compared
to eight therocephalian species (Day and Rubidge, 2020). During
the primary recovery, large species of gorgonopsians appeared for
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the first time in the form of Gorgonops torvus, and by the upper
part of the Tropidostoma-Gorgonops Subzone there were seven
gorgonopsian genera of which several were large, namely the
rubidgeines Aelurognathus and Smilesaurus (Day and Smith,
2020). At the same time, the therocephalians that appear
within the Endothiodon AZ are all relatively small, especially
compared to the lycosuchids. The taxic diversity of
therocephalians is initially higher than gorgonopsians during
the recovery up to the mid-Tropidostoma-Gorgonops Subzone,
but thereafter gorgonopsians are the more speciose clade (Day
and Smith, 2020). The Capitanian mass extinction thus caused a
shift in the body size distributions and relative diversity of the
predatory theriodonts, whereby therocephalians came to
dominate the small carnivore niches and gorgonopsians
diversified into the ecospace vacated by the large/medium-
sized predators Anteosaurus and basal therocephalians.

Prior to the to the mass extinction, dicynodonts in the
Tapinocephalus AZ all have relatively small body sizes.
Endothiodon bathystoma could achieve moderately large size
(e.g., in excess of 100 Kg with skull length over 50 cm; Aratjo
et al,, 2018; Maharaj et al.,, 2019) and it remained the only large
dicynodont until the appearance of Rhachiocephalus in the
Tropidostoma-Gorgonops Subzone; the other dicynodonts that
appear as part of the secondary recovery in the lower part of this
subzone are mostly medium-sized. The genus Endothiodon
possessed a complex masticatory system (see Cox and
Angielczyk, 2015) that has been linked to various forms of
specialised feeding and that may have played a role in its
success in the aftermath of the Capitanian mass extinction.
This was discussed by Rey et al. (2020), who determined that
Endothiodon bathystoma probably did not consume significant
quantities of seeds or roots, but rather fed on riparian vegetation.
They postulated Endothiodon bathystoma may have colonised the
Karoo Basin as riparian woodland was re-established there
following a period of aridity, which was associated with a
reduction in water-dependent plant species and the tetrapod
mass extinction event (Barbolini, 2014; Rey et al, 2018).
Current evidence is consistent with Endothiodon bathystoma
capitalizing on ecospace vacated by large herbivorous
dinocephalians and pareiasaurs, though it remains tempting to
ascribe its success, at least partially, to the specifics of its
masticatory adaptations.

A short-lived increase in aridity at the time of the primary
extinction interval (Rey et al., 2018) may have played a role in the
early success of Diictodon, and to a lesser extent Pristerodon, if, for
instance, riparian woodland was replaced by an expansion of
groundcover vegetation along watercourses. Diictodon survived
up until shortly before the P-T boundary, where its extinction has
been linked to the loss of such vegetation during the severe
droughts associated with that mass extinction (Smith and Botha-
Brink, 2014). Although Diictodon has been found associated with
vertebrate burrows, no such burrows have yet been found
stratigraphically lower than the base of the Lycosuchus-
Eunotosaurus Subzone of the Endothiodon AZ (Figure 3).
This suggests that such behaviour was a novel adaptation to
the new landscape rather than a characteristic that enabled it to
survive the Capitanian mass extinction.
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A predator-prey relationship between the predatory
scylacosaurid and lycosuchid therocephalians and the
gorgonopsian Eriphostoma on the one hand, and small
dicynodonts like Diictodon and Pristerodon on the other, is
implied by their survival through the primary extinction
phase. Lycosuchids and the larger scylacosaurids were large
enough to prey on animals such as juvenile dinocephalians
and Endothiodon. The continued abundance of Diictodon,
Pristerodon and Endothiodon into the Tropidostoma-Gorgonops
Subzone suggests that a reduction in food availability was not a
likely contributor to the disappearance of large predatory
therocephalians during the secondary extinction.

Dating

The application of U-Pb geochronology in the south African
Karoo sequence over the last decade has greatly improved age
constraints on the tetrapod biostratigraphy. U-Pb CA-TIMS
analysis of zircon from tuffaceous horizons has consistently
supported a Guadalupian-Lopingian age for the lower Beaufort
Group, incorporating the Eodicynodon to Daptocephalus
assemblage zones (Rubidge et al, 2013; Day et al, 2015a;
Gastaldo et al, 2015; Gastaldo et al, 2020). An age of
260.259 + 0.081 Ma was reported by Day et al. (2015a) from
the base of the Teekloof Formation at Puntkraal in the Northern
Cape Province, close to the top of the Tapinocephalus AZ. This
age was better constrained biostratigraphically and clarified the
position of the oldest three ages reported by Rubidge et al. (2013)
from the Eastern Cape Province, where such constraints were
poorer due to a paucity of index fossils surrounding the lower
horizons. At Puntkraal, the dated horizon occurs 29 m below the
highest occurrence of a dinocephalian and 49 m below the lowest
occurrence (LO) of Endothiodon (Figure 3).

The age of the Guadalupian/Lopingian boundary currently
accepted by the International Commission for Stratigraphy is
259.1 + 0.5 Ma (Zhong et al., 2014; Schneider et al., 2020), thus
being approximately 1 m.y. younger than the dated horizon at
Puntkraal. This is slightly younger than an age of 259.26 Ma for a
tuffaceous horizon in the lower Middleton Formation (=Teekloof
Formation) in the Eastern Cape (Rubidge et al, 2013). This
horizon is constrained only by the close occurrence of
Endothiodon, which is most abundant in the Lycosuchus-
Eunotosaurus Subzone of the Endothiodon Assemblage Zone
(formerly the Pristerognathus AZ; Day and Smith, 2020), and
led Day et al. (2015a) to conclude that the Guadalupian/
Lopingian boundary most likely lay in the upper part of this
assemblage zone. The mass extinction at the top of the
Tapinocephalus AZ is thus a late Capitanian mass event.

Capitanian Tetrapod Extinctions Outside
South Africa

Laurasia

Tetrapod body fossils of late Guadalupian or early Lopingian age
are known from France, Germany, Kazakhstan, and possibly
China (Olroyd and Sidor, 2017; Lucas, 2018) but these are
either too depauperate, isolated or poorly constrained
temporally to provide much information on nature of the
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Capitanian mass extinction. The exception is the west Urals
region of Russia, where three tetrapod assemblages (Isheevo,
Sundyr, and Kotelnich) record faunal changes surrounding the
dinocephalian mass extinction (Sennikov and Golubev, 2017).
The recently discovered Sundyr assemblage partially fills a
stratigraphic gap between the Isheevo and Kotelnich
assemblages that had been postulated in light of discrepancies
in independent dating (Day et al., 2015a; Lucas, 2017; Lucas,
2018), and this elucidates the progression of the dinocephalian
extinctions in Russia; however, the distinction between these
faunas and the absence of well-sampled localities of more than
one within the same section means that the sequence of events is
not as clear as in South Africa. Absolute age constraints on this
part of the Russian sequence are also less secure.

In Russia, the Isheevo fauna has been widely correlated with
the Tapinocephalus AZ because of the shared presence of
tapinocephalid and anteosaurid dinocephalians,
biarmosuchians, basal anomodonts and the possible
scylacosaurid therocephalian Porosteognathus (Rubidge, 2005;
Lucas, 2006; Lucas, 2018; Kammerer and Masyutin, 2018a),
although the oldest part of the Isheevo assemblage appears to
be Wordian and may therefore slightly older than the estimated
base of the Tapinocephalus AZ (Schneider et al., 2020). Significant
turnover occurred between the Isheevo assemblage and the
succeeding (until recently) Kotelnich subassemblage with the
loss of numerous clades including dinocephalians,
lanthanosuchid and bolosaurid parareptiles, archegosaurid
temnospondyls, and enosuchid anthracosaurs (Sennikov and
Golubev, 2017). The intervening Sundyr assemblage indicates
that extinctions and recovery began in aquatic communities first,
with the replacement of typically Guadalupian genera of
temnospondyls and anthracosaurs by late Permian forms,
while terrestrial faunas still resembled Guadalupian ecosystems
and included dinocephalians (Golubev, 2015; Sennikov and
Golubev, 2017).

The true diversity represented by collections from the Sundyr
assemblage is far from established. So far two large
therocephalians assigned to the genera Julognathus and
Gorynychus have been described (Suchkova and Golubev,
2019a; Suchkova and Golubev, 2019b). The descriptions
suggest these genera belong to the two Guadalupian families
of therocephalians, Lycosuchidae and Scylacosauridae,
respectively, although Gorynychus was originally considered
eutherocephalian by Kammerer and Masyutin (2018a). The
diversity of other taxa potentially comparable with South
Africa remains unclear, especially the dinocephalians.

The Kotelnich subassemblage is the next major assemblage
and is devoid of dinocephalians, being instead most clearly
characterized by the appearance of Gondwanan clades such as
pareiasaurs, dicynodonts and possibly gorgonopsians (depending
on the identity of Kamagorgon ulanovi; Kammerer et al., 2015), as
well as the diversification of theriodontian therapsids (Sennikov
and Golubev, 2017). Among the latter, the presence of small
gorgonopsians and a number of eutherocephalian taxa, including
baurioids, suggests similarities with the early recovery faunas in
the Karoo (Kammerer and Masyutin, 2018a; Kammerer and
Masyutin, 2018b). Guadalupian clades such as nycteroleter
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parareptiles and basal anomodonts of the Russian clade
Venyukovioidea are still present but became extinct within
this or the succeeding Ilinskoe subassemblage (Benton et al.,
2012; Tsuji et al., 2012; Sennikov and Golubev, 2017), perhaps
representing ‘dead clades walking’ in the Russian post-extinction
fauna similar to the scylacosaurid and lycosuchid therocephalians
or Eunotosaurus in the Karoo. These similarities support the
correlation between the Kotelnich subassemblage (as it occurs in
the lower Vanyushonki Member) and the early recovery fauna of
the lower Endothiodon AZ (previously the Pristerognathus AZ)
(Golubev, 2005; Benton et al., 2012; Day et al., 2018b; Kammerer
and Masyutin, 2018b). This is further reinforced by the
appearance of cryptodont dicynodonts (Australobarbarus) in
the upper part of the assemblage at Port Kotelnich, which
suggests a correlation with the Tropidostoma-Gorgonops
Subzone. The Russian record thus indicates a stepped
extinction pattern, but without better temporal constraints it is
not possible to tell if this occurred over a comparable period of
time to that in the Karoo.

In the low latitude basins of Europe the tetrapod body fossil
record is poor around the Capitanian-Lopingian boundary but
the ichnological record suggests the presence of dinocephalians in
the Guadalupian of France (La Lieude Formation) and their
absence in early Lopingian formations of Scotland and
Germany (Cornockle and Cornberg formations; Marchetti
et al., 2019). The Cornockle and Cornberg formations contain
the earliest record of tracks attributed to dicynodonts and
pareiasaurs, which matches the appearance of these clades in
the assemblages immediately succeeding the last occurrence of
dinocephalians in European Russia (Sennikov and Golubev, 2017;
Marchetti et al., 2019). This appearance of Gondwanan taxa may
have been related to low eustatic sea levels opening dispersal
routes along coastlines (e.g., Kemp, 2006). Although Diictodon
also penetrated into Laurasia, it is currently only known from the
late Permian Junggur Basin of China (Lucas, 2005) and so its
dispersal does not appear to have been closely related to the
Capitanian mass extinction.

Gondwana

Outside of South Africa, tetrapod assemblages surrounding the
dinocephalian extinction are known from Brazil, Tanzania,
Zambia, Zimbabwe, and possibly Niger (Olroyd and Sidor,
2017; Lucas, 2018). The Rio do Rasto Formation of Brazil has
produced fossils of typically Guadalupian taxa, such as
archegosaurid temnospondyls and tapinocephalid and
anteosaurid dinocephalians, but also Endothiodon. The fossils
come from localities across the outcrop of the Rio do Rasto
Formation but primarily from three areas: Posto Queimado,
Acegua, and Serra do Cadeado. The latter site, from which
Endothiodon is known, was for some time thought to expose a
younger horizon than those that produced dinocephalians further
south (see Boos et al, 2013); however, the discovery of a
tapinocephalid dinocephalian in the Serra do Cadeado area
suggests that either the dinocephalians and Endothiodon co-
occur or that stratigraphic horizons are so thin that the
assemblages from each of the localities may comprise non-
contemporaneous taxa (Boos et al., 2015).

Capitanian Extinction in South Africa

Closer to the Karoo, both the Madumabisa Mudstone
Formation of Zambia and the Ruhuhu Formation of Tanzania
record older assemblages that include dinocephalians and
younger assemblages that lack dinocephalians and include
Endothiodon (Olroyd et al, 2017; Olroyd and Sidor, 2017).
The temporal gap between these assemblages is not well
understood, but in the Ruhuhu Formation two assemblages
within the calcareous beds that were informally referred to as
R1 and R2 by Angielczyk et al. (2014) may lie close to the
extinction. The lowest horizon (R1) contains tapinocephalid
dinocephalians, fragmentary temnospondyls, and at least one
basal endothiodont dicynodont, Abajudon kaayai, and was thus
correlated broadly with the Tapinocephalus AZ (Simon et al.,
2010; Angielczyk et al., 2014; Sidor et al., 2014; Olroyd et al,
2018). The middle horizon (R2) contains a tusked species of
Endothiodon, E. tolani, and at least one other indeterminate small
dicynodont but no dinocephalians, which led Angielczyk et al.
(2014) to propose it that it was likely late Capitanian and
correlated with the former Pristerognathus AZ (lower subzone
of the new Endothiodon AZ), post-dating the extinction of
dinocephalians. The third and youngest horizon of the
Ruhuhu Formation contains occurrences of Dicynodont
huenei, Rhachiocephalus and Endothodon cf. bathystoma and is
posited to correlate with the Cistecephalus AZ in the Karoo
(Angielczyk et al, 2014; Cox and Angielczyk, 2015), thus
postdating the recovery discussed here.

Without independent means of constraining the age of the
East African tetrapod faunas, it is difficult to comment on the
patterns of extinction there and to disentangle them from
biogeographic shifts in the range of individual species or
genera (Olroyd and Sidor, 2017). Nevertheless, at least one
species of Endothiodon co-occurs with dinocephalians in
Tanzania and possibly Brazil, whereas at least one other is
present in post-dinocephalian faunas from across Gondwana,
indicating that the genus expanded its range sometime after the
extinction of dinocephalians. The occurrence of the endothiodont
Abajudon with dinocephalians in both Tanzania and Zambia, and
of E. tolani in Tanzania suggests that Endothiodon had evolved in
lower latitude and dispersed from there (Olroyd et al., 2017). The
data from South Africa shows that Endothiodon arrived in the
Karoo not long after the primary extinction phase there.

The most successful benefactor of the mass extinction in the
Karoo, Diictodon feliceps, is by contrast rare outside of South
Africa. We have mentioned that it occurs in the latest Permian of
China but in Gondwana (outside of South Africa) it is known only
from the Luangwa Basin of Zambia, where it is found in the upper
Madumabisa Mudstone Formation (Angielczyk and Sullivan,
2008). Angielczyk et al. (2014) have suggested that the fauna
known from this formation correlates best with the Cistecephalus
AZ, implying a gap in the Zambian record that includes the
recovery phase. Thus, there is no evidence that Diictodon was able
to enlarge its range outside of the Karoo Basin in the immediate
aftermath of the Capitanian mass extinction.

Causes
What were the proximal causes of vertebrate extinctions in the
late Capitanian?. Most work on potential mechanisms has come
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from studies of marine sections, where ocean acidification, anoxia,
cooling, particularly low eustatic sea level, and photosynthetic
shutdown from volcanic activity have all been implicated (Bond
et al, 2010; McGhee et al,, 2013; Bond et al,, 2015; Bond and
Grasby, 2017). The coincidence of volcanism in the Emeishan
Large Igneous Province (ELIP) of southern China with the marine
extinctions in nearby sections, as well as correlated sections
elsewhere, has led to suspicion that this was a likely ultimate
cause (e.g., Wignall et al,, 2009; Bond and Wignall, 2014). The
timing of marine extinctions varies depending on the section and
taxa in question (e.g., Shen and Shi, 2009; Bond et al., 2010) but
new U-Pb geochronology from the base of the Yinping Formation
near Chaohu in the Yangtze region of south China, which lies
outside the ELIP, suggests that most marine extinctions occurred
before 261.6 + 1.6 Ma (Zhang et al,, 2019). The ELIP itself is
thought to have been active between ~263 Ma and 259.1 + 0.5 Ma
(Sun et al.,, 2010; Zhong et al., 2014), which would constrain most
marine extinctions to the earlier part of its activity. There is thus the
possibility that the marine extinctions occurred earlier than the
tetrapod extinctions, of which at least some post-date 260.26 Ma
(Day et al., 2015a), although the age from Chaohu does fall within
error of the date from the base of the Poortjie Member. Both
marine and terrestrial extinctions nevertheless occur within the
window of ELIP volcanism.

How volcanism can lead to extinction is mostly discussed in
terms of global temperature changes related to the release of
CO,, that causes warming, and SO,, that forms sulfate aerosols
that cause cooling (Bond and Grasby, 2017). The ratio of stable
isotopes of carbon through the geological past record changes in
the carbon cycle and can thus provide evidence for large-scale
phenomena such as ELIP volcanism. A positive shift in §'°C has
been reported in the mid Capitanian, which was initially
associated with a period of global cooling and subsequent
eutrophication called the ‘Kamura event’ (Isozaki et al., 2007;
Bond et al., 2015), though recently this has become controversial
and may in fact be a result of global warning (Cao et al., 2018;
Zhang et al, 2020). Small positive §'°C shifts have been
recorded in the latest Capitanian (Chen et al, 2011;
Nishikane et al., 2014; Wei et al., 2018) but the marine
extinctions, at least in some sections, are associated with a
negative excursion in the mid-late Capitanian (e.g., Bond
et al,, 2010; Bond et al., 2015). Although volcanic outgassing
of CO, would be expected to introduce light carbon into the
atmosphere, the long duration and the inconsistency in the
magnitude, or indeed, presence of this negative excursion in
some sections, including the Capitanian-Wuchiapingian
boundary GSSP at Penglaitan, suggests that it was not related
to volcanogenic CO, (Jost et al., 2014; Zhang et al., 2020).
Instead, the negative excursion may more likely record the local
influence of an increased input of terrestrial organic material
resulting from regression (Zhang et al., 2020).

Another geochemical variable that has become increasingly
used as a proxy for volcanic activity is the concentration of
mercury in geological sections (e.g., Sial et al, 2016; Grasby
et al, 2016; Grasby et al, 2017; Percival et al, 2017;
Thibodeau and Bergquist, 2017; Kwon et al., 2019). This also
provides an additional extinction mechanism for several mass
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extinctions including the Capitanian (Grasby et al, 2016).
However, mercury is also found in organic material and so its
increased abundance in association with negative carbon may
simply reflect the increased terrestrial weathering (Bergquist,
2017; Grasby et al., 2017; Thibodeau and Bergquist, 2017).
Although these same authors show that Hg isotopes can be
useful in disentangling organic from volcanogenic mercury,
this has not yet been done for the Capitanian. Direct evidence
for the role of ELIP volcanism in the marine Capitanian mass
extinction outside of the ELIP itself is thus lacking at present.

In terrestrial environments, volcanism could drive extinctions
through temperature change, or defoliation resulting from acid
rain, toxicity, or suppressed photosynthesis due to particulate
matter in the atmosphere (Bond and Grasby, 2017). However,
evidence linking ELIP volcanism to the terrestrial extinctions is
similarly lacking for this as in the marine realm. In South Africa,
stable isotope geochemistry of vertebrate tissues has
demonstrated a positive shift in 8'°C across the extinction
interval in lowest Poortjie Member (uppermost Tapinocephalus
AZ), which was interpreted to represent an increase in aridity
resulting from regional tectonics (Rey et al., 2018). Importantly,
Rey et al. (2018) did not find a noticeable change in relative
abundance of oxygen isotopes, suggesting that there was no
significant change in temperature during the extinction
interval. A period of increased aridity in the uppermost
Karelskraal Member and lowermost Poortjie may be supported
by a particularly low (<1) chemical index of alteration (CIA)
value from the upper Karelskraal Member compared to
surrounding horizons sampled by Paiva (2016), although this
author concludes only that weathering rates and semi-arid
conditions appear mostly consistent between the upper
Abrahamskraal Formation and lower Teekloof Formation in
the southwestern Karoo. It is also uncertain if the Karoo
mudstones sample meet the criteria for the reliable use of CIA
presented by Goldberg and Humayun (2010).

In terms of sedimentology, the deposition of the Poortjie
Member has been linked to aridification and the reduction of
vegetation cover in the source area for the southwestern Karoo,
resulting in greater erosion and a consequent influx of arenaceous
sediment to the basin (Turner, 1985; Cole and Wipplinger, 2001),
or alternatively to tectonic activity in the source area (Paiva,
2016). In the southeastern Karoo, Catuneanu and Bowker (2001)
determined tectonic influences were predominantly responsible
for the arenaceous packages in the Koonap (=Abrahamskraal)
and overlying Middleton formations in that area, and that
sedimentological ~ evidence  suggested a  consistent
palaeoclimatic through the whole sequence that was temperate
to humid, in contrast to the southwest.

Palynology from the Abrahamskraal and Teekloof formations
in the southwestern Karoo suggests the extinction of some
hydrophytic and mesophytic plant species (Barbolini, 2014)
but the plant macrofossil record through the Abrahamskraal-
Teekloof transition is poor. Extinctions of plant species are
reported from the mid-late Permian of northern China, one of
which may be contemporaneous with the Capitanian mass
extinction in the Karoo (Stevens et al., 2011) but little other
data is available on palacobotanical change during this time.
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In summary, the causes of the Capitanian mass extinction of
vertebrates remain unclear. In the Main Karoo Basin of South
Africa, vertebrate extinctions may have been partly driven by
aridification resulting from regional tectonics; however, evidence
for a tectonic cause for this aridification is mostly circumstantial
and does not provide an explanation for terrestrial extinctions
outside of southern Gondwana. Volcanism in the ELIP is still a
candidate, and chemical signals of volcanism such as mercury
that can be traced to that province may yet be found. Another
cause could be a changed weather patterns associated with the late
Capitanian eustatic lowstand, which was the most pronounced of
the late Palaeozoic (Haq and Schutter, 2008; Zhang et al., 2019).
Assessing the role of climate change in the Capitanian tetrapod
extinctions will require higher resolution sampling for
geochemical climate proxies across the extinction interval.
Biotic factors such as competition can be ruled out on the
basis that new taxa do not begin to appear in the Karoo until
after the primary extinction phase.

CONCLUSION

(1) The Capitanian mass extinction was significant global event
in tetrapod evolutionary history with global effects, most
clearly evident in high latitude basins like the Karoo Basin
of South Africa.

(2) In the Karoo, it displays a similar phased pattern to the end-
Permian mass extinction, with a primary extinction phase
through the Karelskraal Member and lower Poortjie Member,
followed by a low diversity interval, then an early recovery
phase in the upper Poortjie Member, and ending with a
second set of extinctions associated with the appearance of
more recovery taxa at the base of the Hoedemaker Member.
Despite potentially greater absolute numbers of species
extinctions, the Capitanian mass extinction did not lead to
complete species-level turnover and had less of an impact at
higher taxonomic levels.

(3) The primary extinction phase can be tightly constrained to
around 260.26 Ma, although the age of the secondary
extinctions remains uncertain.

(4) Dinocephalian therapsids, varanopids, the Gondwanan basal
anomodonts and bradysaurian pareiasaurs became extinct
during the main phase of extinctions, along with many species
of dicynodonts and therocephalians. The therocephalian
families Scylacosauridae and Lycosuchidae, and the reptile
Eunotosaurus africanus became extinct during the secondary
extinction, along with the small gorgonopsian genus
Eriphostoma. The recovery begins before the secondary
extinction pulse.

(5) In Russia, a phased extinction is also evident but appears more
complex. Lanthanosuchid and bolosaurid parareptiles,
archegosaurid temnospondyls, and enosuchid anthracosaurs
became extinct first, followed by dinocephalians. The recovery
began first in the aquatic part of the ecosystem. Venyukovioid
anomodonts and nycteroleter parareptiles survived for a short
time into the terrestrial recovery fauna, typified by
gorgonopsians, therocephalians and derived parejasaurs.

Capitanian Extinction in South Africa

(6) The biogeographic effects of the Capitanian mass extinction
are partly obscured by uneven and geographically limited
sampling, particularly at lower latitudes, but it is clear
that following the dinocephalian extinction in Laurasia
there was an influx of tetrapod taxa previously limited
to Gondwana (e.g. pareiasaurs and dicynodonts). In
Gondwana, the dicynodont genus Endothiodon became
widespread.

(7) A mechanism driving the tetrapod extinctions at a global level
has not yet been clearly identified. The temporal coincidence
of volcanism in the Emeishan LIP and global regression may
suggest a causal relationship, but further work is required to
identify climate change or the direct volcanic influences, such
as mercury, in the extinction interval. Currently, geological
data from the Karoo suggests only minor climatic differences
between the time of deposition of the Abrahamskraal and
Teekloof formations, though a short-lived period of
aridification may have played a role in driving the tetrapod
extinctions locally.
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