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a b s t r a c t
The southern part of the Karoo Basin of South Africa contains a near complete stratigraphic record of the PermoTriassic boundary (PTB). Isotope- and magneto-stratigraphy conﬁrm that these predominantly ﬂuvial strata are
approximately the same age as zircon-dated marine PTB sections (252 Mya). By August 2013, our team had
found 579 in situ vertebrate fossils, mostly of the clade Therapsida, in PTB exposures at three widely separated
locations in the southern Karoo Basin. Biostratigraphic ranges of the various taxa found in each of the sections
reveal three separate phases of die-off within the same roughly 75 metre-thick stratigraphic interval displaying
the same sequence of sedimentary facies interpreted as indicative of climatic drying, increased seasonality and
the onset of an unpredictable monsoon-type rainfall regime. The three phases of an inferred ecologicallystepped mass extinction are: Phase 1 (45 m–30 m below PTB datum) brought on by lowered watertables,
which led to loss of shallow rooting groundcover in the more elevated proximal ﬂoodplain areas and the
disappearance of the smaller groundcover-grazing herbivorous dicynodonts and their attendant small carnivores. Phase 2 (20–0 m below PTB datum), is the main extinction that occurs in massive maroon/grey mudrock
culminating in an event bed of laminated reddish-brown siltstone/mudstone couplets. This facies reﬂects
progressively unreliable rainfall leading to vegetation loss in proximal and distal ﬂoodplain areas. The larger
tree-browsing herbivores and their attendant carnivores are conﬁned to watercourses before ﬁnally
disappearing. Phase 3 (25–30 m above PTB datum) occurs in massive maroon siltstone facies with evidence of
climatic aridity including the accumulation of mummiﬁed carcasses buried by windblown dust. All of the surviving Permian taxa disappear within 30 m of the PTB.
Temporal resolution based on accretion rates and pedogenic maturity of each stratigraphic section reveals that
Phase 1 and Phase 2 die-offs lasted 21 000 and 33 000 years separated by a short period of 7000 years where
no disappearances are recorded and this was followed by 50 000 years of stasis for the ﬁnal extinction phase, lasting only 8000 years, that removed all the Permian survivor taxa,. We propose that the recorded disappearances
are real (rather than preferential preservation failure) and that they represent drought-induced die-offs moving
progressively up the food chain as the terrestrial ecosystem collapsed; the latter mostly likely caused by
volcanogenic greenhouse gas emissions and rapid global warming.
© 2014 Elsevier B.V. All rights reserved.

1. Introduction
The Permo-Triassic mass extinction (PTME) is considered to be the
largest ecological catastrophe that life has endured with an estimated
90–95% loss of species (Erwin, 1994; Looy et al., 2001; Benton and
Twitchett, 2003; Benton and Newell, 2013) of plant and animal life
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from both marine and terrestrial realms. The extinction occurred over
a geologically short time variously estimated as 200 000 (Bowring
et al., 1998) to as little as 10 000 years (Ward et al., 2005). The latest
SHRIMP analysis of zircons recovered from marine PTB strata in China
dates the peak of extinction at 252.3 million years ago (Mya) (Shen
et al., 2011). Suggested causes of the extinction include extraterrestrial impact (Becker et al., 2001; Tovher et al., 2012), volcanism
(Renne et al., 1995), oceanic anoxia (Wignall and Twitchett, 1996;
Isozaki, 1997; Hotinski et al., 2001), oceanic overturn (Knoll et al.,
1996), excessive methane release (Krull et al., 2000; Sheldon and
Retallack, 2002), CO2-induced global warming (Ward et al., 2000;
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Smith and Ward, 2001; Schaller et al., 2011; Benton and Newell, 2013)
and ash induced cooling (Tabor et al., 2007), ecosystem collapse (Wang
et al., 1994; Ward et al., 2000, 2005), oxygen stress (Retallack et al.,
2003; Huey and Ward, 2005) and climatic extremes exacerbated by
the shear size of the Pangean continent and its interference with
ocean/atmosphere circulation (Erwin, 1994).
Conclusive evidence for any of these suggested causes has yet to be
found although there is growing consensus that the extinction event
was globally synchronous, geologically fast, but not instantaneous, and
that it involved a temporary breakdown of the ocean/atmosphere equilibrium leading to oceanic anoxia and rapid climate change (Erwin,
1994; Sephton et al., 2005). Recently Sidor et al. (2013) analysed the
distribution of vertebrates before and after the PTME and found that
climatic isolation of the Pangean faunas led to a dramatic decrease in
overall diversity, but also caused provincialisation of the separate populations. Hancox et al. (2013) reached similar conclusions by demonstrating provinciality amongst the Triassic anomodonts of southern
Africa. However, recent studies have found that various vertebrate
clades reacted differently to the PTME. For example, dicynodont therapsids passed through a bottleneck and experienced a temporary decrease
in diversity, but declining morphological disparity was found to reﬂect a
steady long-term trend and was not due to the event itself (Ruta et al.,
2013a). In contrast, archosauromorphs and cynodont therapsids appear
to have thrived in the aftermath of the PTME, increasing in both diversity and disparity through the Triassic (Nesbitt et al., 2012; Ruta et al.,
2013b).
The South African Karoo Basin contains the most complete terrestrial
sequence of the PTME, and as such, is able to provide the unique opportunity of studying changing tetrapod populations combined with ﬁnely
detailed stratigraphic data. The aim of this study is to provide detailed
ﬁeld documentation of the progressive disappearance of the tetrapod
fauna through the PTB sequence to determine the mechanisms of this
mass extinction and which of the possible causes best ﬁt the evidence.
The Karoo Basin covers an area of about 600 000 km2 some three
ﬁfths of the total surface area of South Africa, and is modelled as a
retro-arc foreland basin that developed behind an inferred magmatic
arc and fold-thrust belt (e.g. Catuneanu et al., 1998; Johnson et al.,
2006) between 300 and 200 Mya. However, there is a lack of tight synchronisation of the inﬁll with the timing of the orogenic thrusting, and
some stratigraphic relationships that are atypical of a ﬂexural foreland
basin. This has been in part explained by a reciprocal ﬂexure model
(Catuneanu and Elango, 2001) triggered by orogenic thrusting but an
alternative interpretation is that the large scale sag resulted from lithospheric deﬂection caused by mantle ﬂow from a distant subduction
zone (Pysklywec and Mitrovica, 1999; Tankard et al., 2009).
The Karoo Supergroup in the main Karoo Basin consists of up to 8500
m of clastic sediments and lavas, but pre-erosional thickness of over
10 000 m are thought to have been deposited in the deeper southern
part of the basin. From the time of the ﬁnal breakup of Gondwana
around 110 Mya the strata of the Karoo Supergroup have been eroded
and today the ﬂanks of numerous sandstone-capped mesas have
mudrock exposures that have become arguably the world's best
collecting grounds for therapsid fossils. In the southern Karoo Basin
well-exposed strata spanning the PTB have been shown to be
stratigraphically continuous (Smith, 1995) and contain an abundance
of tetrapod fossils, which facilitates the documentation of details of
the PTME in this part of western Gondwana, from before onset, through
the early to late phases of ecosystem collapse, into the early recovery
phase, and ﬁnally to a fully-developed Triassic ecosystem.
Previous palaeontological studies of the PTB sequences in South
Africa have highlighted an extinction event amongst the tetrapods
(Smith, 1995; Smith and MacLeod, 1998; Smith and Ward, 2001;
Ward et al., 2005), which is coincident with a ﬂoral extinction
(Gastaldo et al., 2005) and a “spike” in the abundance of fungal spores
(Steiner et al., 2003). Trophic network modelling (Angielzyk et al.,
2005; Smith et al., 2012) shows a dramatic transformation from the

multi-tiered Dicynodon Assemblage Zone trophic network to a simple
food chain in the earliest Triassic Lystrosaurus assemblage which is attributed to a 69–87% loss of surface vegetation and the consequent
straightening of river channels (Ward et al., 2000; Roopnarine et al.,
2007; Roopnarine and Angielczyk, 2012). Previous palaeopedogenic
analyses used the ped textures and nodule morphology (Smith, 1995),
depth to calcic horizons Retallack et al. (2003), and petrography and
soil chemistry (Tabor et al., 2007) as proxies for interpreting palaeoclimate. Despite a lack of consensus, they do accept an overall trend of
aridiﬁcation, but differ in the interpreted wetness of the early Triassic
ﬂoodplains. The sedimentological facies sequence through the PTB in
the southern Karoo Basin reﬂects a change from humid temperate
high sinuosity to semi-arid low sinuosity ﬂuvial environments, which
Ward et al. (2000) attributed to runaway greenhouse conditions
resulting from the basaltic eruptions in northern Pangea and perhaps
CH4-clathrate releases (Renne et al., 1995; Benton and Twitchett,
2003). An estimation of the sedimentation rates of the 5 m-thick
event beds that coincide with the ﬁnal disappearance of many Late
Permian taxa in the southern Karoo Basin has been estimated to be as
little as 10 000 years (Ward et al., 2005), however, the accuracy of this
estimate has been questioned (Gastaldo et al., 2009). They disagreed
with the Ward et al. (2005) use of the term “event bed” in reference
to the red laminated mudrocks that occur at the palaeontologically deﬁned extinction. Based on their own ﬁeld measurements and predicted
sedimentation rates they calculated the time represented by this facies
to be longer than what is generally regarded as a geological event. However, for clarity, we reiterate that Ward et al. (2005) used the term
“event bed” not as a time interval, but to describe a rapid and widespread environmental change, which they correlated, using bio-,
magneto- and chemostratigraphy, with the global Permo-Triassic
boundary (Ward et al., 2012).
The appearance of new Early Triassic taxa in the terrestrial ecosystem of the southern Karoo Basin occurred shortly after the PTME
(Smith and Botha, 2005; Botha and Smith, 2006), but pre-extinction diversity levels only returned around 5 My later during the Middle Triassic
Cynognathus B Assemblage Zone (Roopnarine et al., 2007; Chen and
Benton, 2012; Irmis and Whiteside, 2012; Irmis et al., 2013). The current
study collected palaeontological and sedimentological ﬁeld data from
three separate PTB outcrop areas in the southern Karoo Basin (Fig. 1)
to test the hypothesis that rapid global warming caused the PTME in
the terrestrial realm. It further documents the progressive stages of
collapse of the terrestrial ecosystem and how these changes affected
the resident tetrapod populations.
2. Field techniques and procedures
Google Earth satellite imagery was used to target extensive clean exposures of measurable and potentially fossiliferous PTB strata extending
at least 100 stratigraphic metres below the distinctive basal sandstones
of the Katberg Formation. Special care was taken to search for structural
features (mainly faults, folds and dykes) that could complicate the
lithostratigraphic correlation of exposures between adjacent gulleys.
Targeted exposures were systematically surveyed by a team of ﬁve
experienced fossil ﬁnders who walked back and forth along strike of
the exposed mudrock intervals taking care to apply equal “collecting
pressure” on every bed. All in-situ (i.e. still embedded) vertebrate fossils
found were ﬂagged, their positions logged into a handheld GPS
then carefully uncovered for further identiﬁcation and taphonomic
assessment. After ﬁeld data had been recorded a decision was made
whether to excavate and transport the specimen to the Iziko preparation laboratory in Cape Town or leave it behind. The considerations
favouring fossil recovery are numerous including all specimens that
are relatively complete and unaffected by recent weathering, specimens
that are taphonomically interesting (i.e. bones inside burrow casts,
skin impressions, skeletons associated with coprolites, bite marks
etc.), rare specimens and unidentiﬁable specimens that had potential
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Fig. 1. Location and stratigraphic position of the logged PTB sequences included in this study. The measured sections are grouped into three separate study areas Lo, Lootsberg
(Tweefontein, Lootsberg Pass and Old Wapadsberg Pass) Be, Bethulie (Fairydale/Bethel) and Nb, Nieu Bethesda (Krugerskraal and Ripplemead).

for identiﬁcation after preparation. A ﬁnal, but important consideration
was to ensure that we collected the stratigraphically highest and lowest
specimen of each taxon found to date, regardless of the state of preservation. Trace fossils such as coprolites, invertebrate and vertebrate burrow casts and trackways were also logged and collected. A 1.5 m × 2 m
Plaster of Paris cast was made of multiple tetrapod trackways on a sandstone palaeosurface just above the PTB in the Bethel section (see
Fig. 8B). A total of 80 days (approximately 3200 man hours) were
spent in the ﬁeld resulting in a total of 579 potentially identiﬁable in
situ specimens from 100 m below to 100 m above the PTB, most of
which required many hours of mechanical preparation to expose the
taxonomically diagnostic characters. The locality, identiﬁcation to at
least generic level, and stratigraphic position relative to the PTB datum
of each specimen have been entered into the PTB database (see Supplementary Table 1), plotted onto the sedimentological sections (Figs. 2, 3
and 4) and collated onto a biostratigraphic range chart to an accuracy of
0.5 m (Fig. 11). Supplementary Table 1 also includes in situ specimens
that could be conﬁdently identiﬁed, but were not collected due to extensive weathering (labeled “not collected” in notes column). Additionally numerous specimens were collected and prepared to the point of
identiﬁcation, but were not accessioned into the South African Museum
(SAM) collections as they were not of sufﬁcient quality. These are stored
in the collections under their RS ﬁeld number (RS numbers in ﬁrst column). Most of the specimens were collected and prepared and have
been accessioned into the collections of the SAM (SAM-PK-K) and a
few into the Karoo Palaeontology Collection at the National Museum,
Bloemfontein (NMQR).
The PTB datum in this study is taken as the top of the laminated
reddish-brown siltstone/mudstone couplets facies (red laminites
“event bed” of Ward et al., 2005), which in most of the sections is also
marked by a horizon of large brown-weathering smooth-surfaced
calcareous nodules. Every logged in situ fossil has been allocated a

stratigraphic distance in metres above or below the PTB datum at the locality (see supplementary Table 1). Detailed sedimentological logs were
recorded at every outcrop that yielded more than 10 fossils within the
three study areas situated +/−350 km apart (for convenience named
Bethulie, Lootsberg and Nieu Bethesda, see Fig. 1). The length of individual logs is limited by the extent of clean rock exposures, however, wherever possible, clusters of accurately correlated outcrops within a few
hundred metres of each other were selected to cover the stratigraphic interval from roughly 100 m below to 100 m above the palaeontologicallydeﬁned extinction event. In logging the sedimentological sections special
emphasis was given to climate sensitive features such as channel sandstone architecture, overbank splay sequences, palaeopedogenic modiﬁcation and evidence for vertical and horizontal movement of groundwater
in the ﬂoodplain facies. The latter is interpreted from the distribution
and morphology of pedogenic calcareous nodules, root moulds and
rhizoliths, and the colour mottling indicative of seasonally saturated
gley soil horizons. Taphonomic data were recorded for all in situ vertebrate fossils including ﬁeld identiﬁcation of taxa (commonly to generic
level), degree of skeletal disarticulation, skull position (i.e. dorsal-up,
ventral-up etc.). The degree of pre-burial bone-weathering and other
evidence of bone modiﬁcation (e.g. tooth marks, trampling fracture
patterns) as well as post-burial perimineralisation and compaction
were also noted.
Facies analysis allows for an estimation of the frequency and hydrodynamics of overbank ﬂows and the rates of deposition of each event.
Palaeosol analysis gives estimates of the duration of non-depositional
periods and groundwater movements. Taphonomic analysis qualiﬁes
both analyses with estimates of the duration of sub-aerial exposure of
skeletons. Estimates of ﬂoodplain accretion rates were gained from
studies of modern ﬂuvial environments that have been shown to accumulate similar sedimentological facies sequences and pedogenic proﬁles. Additional time estimates were gained from taphonomic studies
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Fig. 2. Sedimentological log with facies and in situ fossils from the Ripplemead PTB exposures in the Nieu Bethesda study area. (A) Oblique satellite image of section locality courtesy of Google Earth. Short vertical arrows indicate the base of the arenaceous Katberg
Formation. (B) View from the embedded new large cynodont specimen next to hammer
(RS 439 on log) up-section through the PTB outcrops. (C) New large cynodont skull after
excavation from the uppermost Permian approximately 22 m below the PTB. Skull is
16 cm long. (D) Dorsal view of the dicynodont Lystrosaurus murrayi from lowermost
Triassic rocks approximately 10 m above the PTB.

of modern bone burial that show comparable disarticulation ratios and
degree of bone weathering as the numerous tetrapod fossils recovered
in this study. All these sources of information are used to test the hypothesis that rapid climate change was the main reason for the global
die-off known as the PTME.
3. Description and interpretation of PTB facies sequence
A series of 150 m-thick stratigraphic sections through the PTB
interval were logged and systematically searched for in situ fossils at
three separate localities namely Bethulie, Lootsberg Pass (Type locality
of the Lootsbergian faunachron of Lucas, 2002) and Nieu Bethesda,
(see Figs. 1–4). At all the study sections the predominant channel
palaeocurrent direction is today's north to north east. The Lootsberg
and Nieu Bethesda sections lie approximately 800 km from the former
margin of the basin and some 200 km closer to the original catchment
area than Bethulie. Despite differences in thickness, the sequence of
sedimentary facies across the PTB in all these sections is comparable
(i.e. A–E of Fig. 5). From the lowest (A) to the highest (E) the sequence
is as follows:
A. Massive grey mudrock (Upper Permian) interbedded with stacked
metre-thick tabular beds of structureless bluish-grey and greenishgrey siltstone and rare, thicker (up to 6 m-thick) erosionallybased, ﬁne-grained sandstone bodies. The latter are structured by
trough-cross beds at the base, grading upwards into ripple crosslaminated sandstone stringers with low-angle (10–15°) lateral
accretion surfaces typical of large sand-dominated point bars
(Jackson, 1981; Labrecque et al., 2011). The siltstone beds commonly
host metre-thick horizons of oblate smooth-surfaced brownweathering nodules from 5–20 cm in diameter containing brecciated
siltstone clasts ﬂoating in micritic cement.
The interpreted depositional setting for the massive grey mudrock
facies is an expansive ﬂat generally dry, but seasonally wet
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ﬂoodplain between large Mississippi-sized meanderbelt ridges
(Smith, 1987b). Floodwaters periodically overtopped the meanderbelt
channel banks and inundated the proximal ﬂoodplain depositing a
layer of silt that buried the soil proﬁle deeply enough to temporarily
curtail pedogenesis and at the same time raise the water table. The horizons of oblate smooth-surfaced carbonate nodules are interpreted as
having been precipitated in pond margin environments on semi-arid
ﬂoodplains (Alonso-Zarza, 2003). The immature calcic vertisols
(Smith, 1990) and poorly developed horizonation suggest high
ﬂoodplain accretion rates resulting from regular, possibly seasonal,
overbank ﬂooding and seasonal temperature and moisture ﬂuctuations. Thus, the palaeoclimatic interpretation of the massive grey
mudrock facies is of a long relatively cool wet season and a short
warm dry season with watertables remaining relatively high
throughout the year resulting in surface seepage and evaporation
around shallow wet depressions, ponds and lakes especially along
the axis of the interchannel belt (distal ﬂoodplain).
B. Massive mottled maroon/grey mudrock (uppermost Permian) interbedded with thin tabular sandstone bodies displaying distinctively “gullied” basal contacts and climbing ripple cross stratiﬁcation
both of which are indicative of rapid scour-and-ﬁll sedimentation
(Fig. 6A, B). The mottled siltstones contain isolated brownweathering calcareous nodules some of which contain fossil bone
(Fig. 6C, D) along with claystone-lined root moulds, and the ﬁrst
occurrence of distinctive metre-long Katbergia burrow casts
(Fig. 7A). These burrow casts are straight and dip at a consistent
45° but are randomly orientated. They are assigned to an invertebrate scratch-digging decapod (Gastaldo and Rolerson, 2008)
possibly a callianassid-like shrimp (Smith and Botha, 2005). The
sandstone bodies are composed of two or three vertically stacked
units structured by horizontal lamination grading upwards into
climbing ripple cross-lamination. Some of the elongated basal
scours contain lenses of reworked mudrock pebbles and ﬂakes,
but with few pedogenic glaebules.
Three sedimentological features distinguish this facies from the
underlying massive grey mudrock. They are characterized by
the ﬁrst occurrence of patchy rubiﬁcation of the mudrocks, the
ﬁrst occurrence of vertically stacked sheet sandstones with ﬂuted
(Fig. 7C) and gullied basal surfaces and the ﬁrst occurrence of
Katbergia burrows. Collectively these new features are interpreted
as indicative of a relatively rapid change in ﬂuvial style from a few
large meandering channel belts to a network of more numerous
smaller low sinuosity channels. At the same time there was a switch
from seasonally ﬂuctuating perennial ﬂow to more ephemeral-type
“ﬂash ﬂood” hydrodynamics along with progressive lowering of the
ﬂoodplain watertables. As these changes affected the entire basin
synchronously within a relatively short time interval a climatic
rather than tectonic control is considered more plausible. We therefore interpret these sedimentological features as reﬂecting an
increase in the expression of climatic seasonality and intensity of
rainstorms such that might result from the onset of a monsoonal
rainfall regime similar in many respects to the Late Triassic “megamonsoon” of Dubeil et al. (1991).
C. Laminated reddish-brown siltstone/mudstone couplets (PTB
“event” beds) occur at the same position in the facies sequence in
all measured sections (Fig. 5). Ranging between 3–5 m thick, this
facies provides a distinctive marker bed (see Fig. 2 of Gastaldo
et al., 2009) that is sufﬁciently different from those above and
below to be used as a mappable unit (corroborated independently,
Botha-Brink et al., 2014) and a datum in the measured sections
(see Figs. 2–4 and Fig. 5A). The main sedimentological feature
of this facies is the presence of distinctive thickly-laminated
siltstone-mudstone couplets, each 1–3 cm thick, with a sharp ﬂat
basal surface and an upward ﬁning texture. Where the coarser
fraction contains more ﬁne sand-sized particles it gains a pale grey
colour whereas the mudstone portion is always dark reddish
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brown (Munsell 2.5YR 2.5/4). Individual 2 cm thick couplets
can be traced along strike for 20 m with no visible bioturbation,
pedogenisis or desiccation features; in fact it is the anomalous
absence of these features that makes this facies so distinctive.
Earlier ﬁeld parties (Smith and Ward, 2001) could not ﬁnd any body
fossils in this facies, but increasing the prospecting intensity has
recovered an impoverished Upper Permian tetrapod fauna in this interval (Ward et al., 2005). This was corroborated by an independent
study on a recently re-discovered PTB site that records a complete
sequence from uppermost Permian to Lower Triassic rocks, approximately 40 km north of the Bethulie site (Botha-Brink et al.,
2014). Retallack et al. (2003) also found evidence of incipient pedogenesis and root traces similar to those in uppermost Permian
strata in Antarctica. At Bethulie this facies interval coincides with a
negative stable carbon isotope anomaly (McLeod et al., 2000) and
a magnetostratigraphic reversal (Steiner et al., 2003; Ward et al.,
2005) both of which have been correlated with radiometricallydated Permo-Triassic boundary sections in China. We interpret the
occurrence of this facies in this stratigraphic position throughout
the southern Karoo Basin as indicative of a basin-wide environmental disturbance or climatic event associated with the PTME. The use
of the term climatic event refers to a climate induced perturbation
lasting 10 000–100 000 years rather than an instantaneous event
such as might result from bolide impacts or catastrophic volcanic
ash falls. We regard the common, but not ubiquitous, occurrence
of a horizon of large oblate micrite nodules at the top of this facies
as a workable lithological marker (“golden spike”) of the EndPermian in the southern Karoo Basin (Ward et al., 2012).
Ward et al. (2000) compared the PTB facies sequence in the
southern Karoo to modern ﬂuvial systems that have been subjected
to increased sediment load resulting from rapid devegetation of
their ﬂoodplains and source areas. They also drew comparisons
with pre-Silurian ﬂoodplain deposits that accumulated before land
plants had evolved and in the absence of true pedogenesis. We
generally agree with these ﬁndings and would add that the most
plausible cause for the loss of vegetation in the ﬂoodplains (and
probably an equally severe reduction in diversity and density
along the channel belts) was a rapid basin-wide drop in watertable
brought about by rainfall in the basin and hinterland becoming unreliable and concentrated into short duration monsoon-type downpours. The evident loss of vegetation would have lowered the
cohesive strength of the channel banks making them more easily
erodible and unable to maintain a highly sinuous course. Thus, the
sedimentological evidence suggests that the main rivers evolved
straighter, wider and shallower channel proﬁles as an ephemeral
ﬂash-ﬂood hydrological regime became the norm. Away from the
channel belts on devegetated ﬂoodplains torrential downpours
resulted in excessive surface run-off. Rills and gulleys scoured the
ﬂoodplain surface and ﬁlled the lowland depressions with temporary water bodies. Sediment laden run-off ﬂowed down the gulleys,
entered the playas and spread across the lake bed as turbidite ﬂows
depositing the sand-sized load as a turbid sand sheet. Soon after the
ﬂow ceased the sand was blanketed by a layer of suspension fall-out
silt and clay. It is proposed that these turbidites are preserved in the
PTB sequence as the laminated siltstone/mudstone couplets facies.
Similar laminated couplets resulting from successive sheetwash
events are found in terminal fandeltas issuing into playas of the
hyper-arid Lake Eyre Basin of Australia (Croke et al., 1998). We
conclude that the ubiquitous red laminated bed of the PTB facies
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sequence in the Karoo Basin is evidence of incremental overbank
sedimentation episodes with irregular periodicity, interspersed
with episodes of sheetwash erosion and rill formation that resulted
from rapid loss of vegetation, lowering of watertables and the
suspension of soil-forming processes. Interestingly, Newell et al.
(2010) record a similar laminated mudrock facies at the top of
the Permian succession in Russia, which they interpret as ﬂuvial/
playa deposits that were disrupted by braided stream channels in
the earliest Triassic as a result of devegetation of the upland source
areas. We record a similar landscape evolution in the southern
Karoo Basin, albeit with more transitional facies, such that a linked
cause such as rapid global warming, is a compelling explanation.
D. Massive maroon siltstone facies (lowermost Triassic) consisting of
massively-bedded maroon and olive-grey siltstone interbedded
with minor thin sandstone sheets with sharp ﬂat basal and upper
contacts (Fig. 8A), the latter preserving rippled palaeosurfaces,
which in some places display trackways with digit impressions
(Fig. 8B,C) of interpreted dicynodonts and cynodont therapsids.
Rough-surfaced irregularly shaped calcareous nodules, scattered
small spherical peloids with internal shrinkage cracks and isolated
Katbergia burrow casts occur in broad horizons within the rubiﬁed
siltstones beds. Articulated Lystrosaurus skeletons (Fig. 9A), some
in tubular burrow cast structures (Modesto and Botha-Brink,
2010) are relatively abundant in this interval and are commonly
thickly enveloped in dark reddish-brown nodular material.
A ﬁrst occurrence in this facies is that of distinctive medium-sized
sand-ﬁlled decline burrow casts ascribed to the burrowing activity
of therapsids in particular the scratch digging cynodonts Galesaurus
and Thrinaxodon (Fig 8A + insert).
The distinguishing sedimentological features of this facies is the reversion to massive siltstone dominated overbank facies, but by this
time the mudrocks are entirely and uniformally reddened to a lighter maroon or dark red (2.5 YR 3/6) compared to the dark reddish
brown (2.5 YR 2.5/4) of the lower facies and they contain evidence
of desiccation and aeolian sedimentation. The loessic origin is evidenced by the thick beds of red uniform textured silt with planar
or gently undulating contacts that are commonly veneered with
dark red clay (Giles et al., 2013) indicative of episodic rapid sedimentation. Weakly developed palaeosols with textural BCa horizons
showing claystone-lined shrink/swell planes and small peloidal
carbonate nodules are also characteristic of rapid sedimentation
events that bury the soils and curtail pedogenesis (Chan, 1999).
The palaeoenvironmental signiﬁcance of rubiﬁcation in these
mudrocks very much depends on whether the oxidation of iron
compounds is primary (pedogenic or early diagenetic) or secondary
(late diagenetic, metamorphic). In this case, the baking effects along
the margins of dolerite intrusions locally change the mudrock colour
in this facies to light grey (5Y7/2). We are conﬁdent that the reddening is primary and because it is distinctively massive compared to
the underlying facies we attribute this to an increase in loessic
dust settling on the dry ﬂoodplain surface containing iron oxide particles that were then remobilized and distributed throughout the
solum. Previous workers have interpreted the onset of reddening
in the PTB sequences of the southern Karoo variously as indicative
of warmer mean annual temperatures with generally wetter soil
conditions (Retallack et al., 2003) or as cooler temperatures with
generally wetter soil conditions (Tabor et al., 2007). We take the
view that this massive maroon siltstone facies is partially loessic in
origin and thus could only have been generated by cyclones moving

Fig. 3. Sedimentological log with facies and in situ fossils from Old Wapadsberg Pass in the Lootsberg Pass study area. Legend as in Fig. 2. (A) Oblique satellite image of the section locality
courtesy of Google Earth. Short vertical arrows mark the base of the Katberg Formation sandstones. (B) Embedded dorsal-up skull of the large Late Permian dicynodont Dinanomodon (RS
168 on log) approximately 25 m below the PTB in massive grey mudrock facies. (C) View up-section from the PTB boundary which is commonly marked by a layer of brown-weathering
micritic nodules (n). Note the change in mudrock colour and texture from blue-grey blocky weathering siltstone to dark red laminites across the PTB. (D) Two juvenile cynodont skeletons
(Thrinaxodon lihorhinus, SAM-PK-K 10017 = RS 167 on log) from the red mudrocks of the Lower Triassic basal Katberg Formation at 32 m above the PTB. The head-to-head juxtaposition of
identical skeletons is interpreted as members of the same brood having died whilst aestivating or hibernating.
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Fig. 5. Facies sequence A–E through the PTB on Bethel in the Bethulie study area illustrates
the sequence encountered at this stratigraphic level in all three study areas. (A) General
view of the PTB exposures on Bethel. (B) Closer view of the maroon laminated “event
bed” of Smith and Ward (2001) at the top of Facies C. (C) General view of outcrop style
of the Upper Permian massive grey mudrock facies lower down in the succession. Facies
A, Massive grey mudrock; B, Massive mottled maroon/grey mudrock; C, Laminated
reddish-brown siltstone/mudstone couplets; D, Massive maroon siltstone; E, Conglomeratic sandstone.

across dry ﬂoodplain surfaces suggesting that the palaeoclimate at
the time was semi-arid, dry for most of the year with a short, but
intensive wet season. Structural (i.e. non-geochemical) evidence of
mean annual temperature is difﬁcult to ﬁnd in the rock record, however the combination of loessic palaeosols with vertic shrink/swell
structures, iron rich pedogenic carbonate horizons and calcareous
perimineralisation of freshly buried bone, suggests that an evaporative capillary-pump was seasonally operative within the B horizon
of the soils some 1.5 m below the surface. From this it can be inferred
that the mean annual temperatures were probably higher (26–30 °C
of Smith, 1990) rather than lower (18–20 °C of Tabor et al., 2007).
Interestingly very similar massive to laminated to massive siltstone
facies transitions occur in Mid-Late Triassic rift bound red beds
of southern England, which have been attributed to loessic sedimentation on distal alluvial playas (Tucker, 1978) or alternatively
sheetwash deposits of reworked pedogenically modiﬁed mud aggregates (Talbot et al., 1994) by the same process as that described
from Lake Eyre Basin by Magee et al. (2004).
E. Conglomeratic sandstone facies (Lower Triassic) comprises the
lower strata of the Katberg Formation; composed of vertically
stacked tabular olive-grey medium-grained sandstone bodies
separated by upwardly thinning intervals of blocky weathering
light olive grey (5Y 6/2) siltstone, and ﬁssile dark red (2.5YR 3/6)
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mudstone beds. The thicker (3–5 m) multistoried channel sandstones commonly display elongate basal scours or gulleys (Fig. 9B)
eroded into the underlying mudrocks and ﬁlled with lenses of
glaebule conglomerate (Fig. 9C). The sandstone body contains several (2–5) irregular disconformity surfaces that are commonly
lined with lenses and stringers of mudstone clast conglomerate.
The basal conglomerates are a distinctive feature of this facies in
that they are composed of mud pebbles, reworked bone fragments
and numerous spheroidal pedogenic pisoliths many with internal
septarian shrinkage cracks (Fig. 9C). Mudrock dominated intervals comprise metre-thick alternating beds of massive olive
grey (5Y5/2) siltstone and dark-red ﬁssile mudstone interbedded
with sporadic thin (0.25–0.5 m thick), olive-grey, ﬁne-grained singlestoried sheet sandstone bodies that commonly display sand-ﬁlled
downward tapering desiccation cracks at the basal contact (Fig. 9D).
The vertically accreted multi-storied conglomeratic sandstone bodies
are interpreted as the preserved in-channel deposits of wide, shallow
low-sinuosity rivers with a highly ﬂuctuating discharge regime and periods when ﬂow ceased altogether similar in many aspects to the sandy
ephemeral stream channel ﬁlls described from the Mid-Devonian of
southern England by Tunbridge (1984). The intraformationallyderived conglomerates contain an interesting ﬁrst appearanceabundant spherical pea-sized calcareous pisoliths (or glaebules)
many containing outwardly tapering star-shaped septarian shrinkage
cracks. Their inclusion within a clast-supported melange of red
mudrock pebbles, rolled bone fragments and other pedogenic calcareous nodules (Fig. 9C) indicates that they too have been reworked
from the alluvium into which the channel has incised. The Katberg
Formation pisoliths are comparable to those described from Quaternary calcretes of western Australia occurring scattered within sandy
parent material (Arakel, 1982) as well as those described as pedogenic peloids from the semi-arid Indo-Gangetic alluvial plains of India
(Khadkikar et al., 2000). On the Indus ﬂoodplain they form shallow
B/Ca horizons some 0.25 m below surface in silt-dominated alluvium
around springs and playa lakes. They are the result of an evaporative pump driven by the rapid alternation between saturated and
dry soil moisture conditions under a warm climate monsoonal
rainfall regime. The appearance of similar septarian glaebules in
the PTB stratigraphic record in the main Karoo Basin serves to
strengthen the sedimentological facies interpretation for warm
climatic conditions with highly seasonal rainfall in this part of
western Gondwana in the earliest Triassic. The sudden appearance of pisolith-rich intraformational conglomerate at the onset
of the Katberg braidplain progradation suggests that a certain
amount of ﬂoodplain degradation (incision) was taking place upstream, possibly reworking a mature piedmont surface at the
base of the Gondwanide mountain chain.
4. Vertebrate taphonomy of the PTB facies sequence
4.1. Degree of disarticulation and fragmentation
The degree of disarticulation of fossil skeletons changes through the
PTB facies sequence from the massive grey mudrock facies that contain
mainly isolated postcranial elements (mostly humeri), lower jaws
and rare skulls through the onset of pedogenic rubiﬁcation within
the grey/maroon mudrocks where mainly skulls and isolated lower
jaws of the larger dicynodonts are found without any associated
postcrania. This facies gives way to an interval of maroon laminated
mudrocks that was initially thought to be barren of vertebrate

Fig. 4. Sedimentological log with facies and in situ fossils from the Bethulie study area. Legend as in Fig. 2. (A) Oblique satellite image courtesy of Google Earth of the “Bethel Canyon” showing the outcrops logged in this study. The Caledon River is in the foreground eroding Upper Permian strata and the more resistant sandstones of the Triassic Katberg Formation form the
upper plateau. Vertical arrow denotes base of Katberg Formation (B) Late Permian massive grey mudrock with ventral-up skull of Dicynodon lacerticeps (RS 51 = SAM-PK-K 9949). (C)
View of lowermost Triassic massive maroon siltstone facies. (D) Prepared specimen of an articulated Lystrosaurus declivis that was re-embedded for a photoshoot at the place it was
found in the “Bethel Canyon”.
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Fig. 6. Sedimentology of PTB massive mottled maroon/grey mudrock facies. (A) View of a low-sinuosity channel sandstone in the mottled siltstone facies on Bethel showing two vertically
stacked storeys: the lower dominantly structured with ripple cross-stratiﬁcation and the upper with horizontal lamination. (B) Close up of climbing ripples outlined in A showing a 30°
angle of climb indicative of rapid dumping of ﬁne sand from sediment laden-ﬂow. (C) View of massive mottled maroon/grey siltstone with an embedded Dicynodon skull (RS 60, arrowed)
approximately 7 m below the PTB. (D) Vertical view of the embedded Dicynodon skull shown in C.

remains, but systematic searches have succeeded in locating a few in
situ specimens that indicate the remnants of the Dicynodon Assemblage Zone (A.Z.) fauna. All of these specimens provide evidence of
increased pre-burial breakage with preferential preservation of the
more robust portions of dicynodont and therocephalian skulls, including the basioccipitals, caniniform processes and isolated cervical
vertebrae and phalanges. The overlying massive maroon siltstone
facies of the lowermost Triassic contains a relatively abundant
assemblage of articulated, semi-articulated as well as completely
disarticulated, but still associated skeletons of 1–2 m length dicynodonts and archosauromorphs.
We interpret the overall change in taphonomic style through
the PTB to generally reﬂect the changing ﬂoodplain conditions. The
disarticulated and scattered skeletons have been exposed on the ﬂoodplain surface for much longer than articulated specimens. On semi-arid
ﬂoodplains this residence time is mainly determined by the frequency
and volume of sedimentation events. As most of these events emanate
from overtopping of the channel banks the residence time on the ﬂoodplain (Rogers and Kidwell, 2010) decreases the closer the death site is to
a major channel. Taking this into account we interpret the increasing
disarticulation ratios and fragmentation of skulls leading up to the
PTB as an indication of decreased ﬂood frequency. The anomalous
occurrence of isolated skull fragments in the red laminites facies is
interpreted as an indication of very low ﬂoodplain accretion rates,
with increased pre-burial weathering exacerbated by lack of vegetation
and the dominance of sheetwash type sedimentation that has high

transportation, but low burial potential for all but the smallest therapsid
bones and bone fragments. Above the PTB this gives way to a semi-arid
monsoonal ﬂoodplain environment where drought induced die-off,
shelter-sharing (Abdala et al., 2006; Fernandez et al., 2013), and
group-huddling (Viglietti et al., 2013) were more common, and animals that died within depressions were buried en-mass by windblown dust within a year or so, some with their mummiﬁed skin
still intact (see below).
4.2. Description of taphonomically important PTB vertebrate fossils
4.2.1. Submerged Lystrosaurus maccaigi
In the middle of the massive maroon/grey mudrock facies in the
Bethulie section, approximately 11 m below the PTB a nearly complete
Lystrosaurus maccaigi skeleton (RS 74/SAM-PK-K9958) was excavated.
Preparation revealed a ventral-up pose with a skull lying left lateralup and limbs still articulated, but slightly displaced from their life position (Fig. 10A, B). This specimen is lying in a shallow depression
within the massive grey siltstone and was buried with slightly
more clay rich grey thickly laminated siltstone that still retained
some of the original bedding planes. Articulated skeletons are anomalous in this facies, which contain mainly isolated skulls and postcranial elements and we interpret this specimen as having been buried
beneath standing water in a pond or lake bed. The lack of pedogenic
carbonate perimineralization and the downward ﬂexure of the strata
beneath the carcass suggest that it came to rest on a wet substrate.
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Fig. 7. Massive maroon siltstone facies: (A) a single Katbergia arthropod burrow cast in massive siltstone. Note the outer surface of the ﬁne sandstone burrow cast is coated with claystone
veneer and displays a pustular texture. (B) Invertebrate burrow casts on a crevasse splay sandstone palaeosurface in the massive maroon siltstone facies. Note the meniscate backﬁlling of
the unlined Taenidium burrow indicative of scratch diggers such as beetles and shrimps. (C) Distinctive ﬂute casts preserved as sole marks on the base of a thin tabular crevasse-splay
sandstone in Facies E. (D) Close up of backﬁlled Taenidium burrow showing meniscae of thin arcuate mudstone/sandstone alternations.

The ventral-up attitude is a possible indication that the putrifying
carcass was ﬂoating with its bloated belly up and that after the gasses escaped it sank to the bed in that position. A similar scenario is interpreted
for the articulated Lower Cretaceous iguanadontid dinosaurs in the
Belgian Bernissart bonebeds (Baele et al., 2012).
4.2.2. Mired Moschorhinus
Approximately 1 km away from the submerged Lystrosaurus maccaigi,
in the same massive maroon grey mudrock facies, we excavated a
rare co-occurrence of carnivorous therocephalian and herbivorous
dicynodont taxa together that are clearly not associated with a
burrow structure yet they suggest more than a chance association
(Fig. 10C). The juxtaposition of two carnivorous Moschorhinus
kitchingi skulls and their semi-articulated skeletons alongside a
skull and scattered postcranial elements of a large herbivorous
L. maccaigi (RS 137/SAM-PK-K0015) is worth consideration as a
possible miring scenario. The anomalous anterior-up attitude of the
large L. maccaigi skull (Fig. 10C) and the chaotic three-dimensional
contortion of the skeletons suggest that the animals became bogged
down in waterlogged silt possibly at a seep or pond margin. The channel
facies in this stratigraphic interval are conglomeratic sandstone with
gullied bases and structured with discontinuity surfaces that reﬂect an
increasingly ephemeral hydrological regime. Such a regime would
have resulted in standing water pools in the main channels, and
temporary ponds and lakes out on the ﬂoodplains. It is likely that the
latter is where the therapsids congregated during the dry season and
is where miring is most likely to have taken place. The presence of
two juvenile therocephalians, which are normally rare carnivore taxa,

in juxtaposition to the Lystrosaurus skull suggests that they were
attempting to feed on the dicynodont carcass and that they too became
trapped in the thixotropic silt. A similar death trap scenario is
interpreted for the Pleistocene Rancho La Brea bonebeds (Spencer
et al., 2003) where patches of numerous disarticulated mammalian
long bones and skulls occur in bone-on-bone contact within a structureless ﬁne-sand matrix. They too are orientated at high angles and there is
an anomalous over representation of carnivores.
4.2.3. Mummiﬁed Promoscorhynchus
Approximately 5 stratigraphic metres above the PTB on Bethel an interesting disarticulated, but still associated skeleton of the therocephalian
Promoscorhynchus platyrhinus (RS 129/SAM-PK-K10014) displays textured surfaces in the surrounding siltstone that suggest the former presence of mummiﬁed skin (Fig. 11A). Before the fossil was prepared a
silicon mould was made of the possible skin impression which is now
stored with the specimen. After preparation (Fig. 11B) it was conﬁrmed
that this was the most completely preserved and youngest documented
occurrence of this genus (Huttenlocker et al., 2011).
A recently described specimen from 24 m above the PTB in the
Bethel study area is of two articulated specimens of different taxa apparently sharing a burrow (Abdala et al., 2006). The relatively high degree
of articulation of elements that normally fall away during decomposition (i.e. ribs) is attributed to the carcasses of the cynodont Galesaurus
planiceps and procolophonoid ‘Owenetta’ kitchingorum (possibly a
junior synonym of Saurodektes, S. P. Modesto, Pers. Comm., 2006)
having desiccated in the open burrow after death and before burial.
The effectiveness of desiccated skin in holding together parareptile
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Fig. 8. Ichnology of the PTB sequence in the Bethulie study area. (A) Partially excavated cynodont burrow cast in massive maroon siltstone facies on the farm Bethel. Similar casts excavated
in the same area have been shown to contain articulated remains of Thrinaxodon and Galesaurus. Note the thin tabular horizontally-laminated crevasse splay sandstone that most probably
provided the burrow ﬁll sediment. (B) A rare palaeosurface exposure in the massive maroon siltstone facies on Bethel (see log in Fig. 4) displays a range of trackways attributed to dicynodonts and cynodonts. LP, left pes; LM, left manus; RP, right pes; RM, right manus. (C) Reconstruction of the size and step cycle of the dicynodont trace maker. Metre-rule for scale.

and therapsid carcasses exposed in semi-arid ﬂoodplains has been
poorly documented yet is well illustrated by carcasses in the present
day Karoo (Fig. 11C). Here we propose that the increased incidence of
such mummiﬁed remains in the PTB sequence is corroborative evidence
for drought induced die-off.
5. Biostratigraphically-deﬁned phases of the Permo-Triassic
mass extinction
Figs. 2, 3 and 4 show the three outcrop areas studied with the sedimentological logs and fossils found in each study section. Before each
fossil was excavated, its position was recorded using a GPS, it was manually plotted onto a 1:50 000 topo-cadastral map and its stratigraphic
position plotted onto a measured sedimentological section. Supplementary Table 1 includes all the relevant biostratigraphic data compiled
from the logs and ﬁeld books. The separate sections are correlated
using the base of the Katberg Formation and the top of the Barberskrans
Member (where it was exposed) as rough correlation and the top of the

red laminites facies at the PTB as a third datum. A summary of the stratigraphic ranges of all 579 identiﬁable in situ fossils found in the sections
studied is shown in Fig. 12. The ranges of the individual taxa have been
positioned in order of disappearance of pre-existing taxa and appearance of new taxa to highlight the faunal die-offs recorded by
the vertebrate fossils in the strata of the upper Elandsberg and
Palingkloof members.
The following is a descriptive summary of the environmental changes and observed faunal turnover in the southern Karoo Basin based on
the identiﬁcation and stratigraphic distribution of 579 in situ fossils
found in this study.
Extinction Phase 1 (45 m–30 m below PTB datum – Massive grey
mudrock – upper Elandsberg Member). The rainfall regime became
more seasonal (+/− 1000 mm/year), watertables were lowered for
much of the year leading to a loss of pond environments in distal
ﬂood basins leaving evaporitic gypsum rosettes, and shallow rooting
groundcover in the more elevated proximal ﬂoodplain areas disappeared. With the loss of pond environments Uranocentrodon, the last
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Fig. 9. Conglomeratic sandstone facies: (A) Embedded curled-up articulated skeleton of Lystrosaurus murrayi in the massive maroon siltstone facies approximately 30 m above the PTB on
Tweefontein in the Lootsberg study area (B) View of distinctive gulleys at the base of a vertically-aggraded channel sandstone in the Bethulie area. Gulleying ﬁrst appears in the facies
sequence in the maroon/grey mottled siltstone facies approximately 10 m below the PTB. (C) Close up of micrite-cemented intraformational pedogenic glaebule conglomerate from
the base of a Lower Triassic channel sandstone in Facies E. Note the septarian shrinkage cracks in the reworked spherical calcareous glaebules and the limb bone of a juvenile dicynodont
(arrowed). (D) Successive layers of overbank splay sandstone ﬁlling desiccation cracks in maroon massive siltstones of the Lower Triassic Katberg Formation.

of the rhinesuchid amphibians, disappeared. As the groundcover diminished the small herbivorous dicynodonts including the previously
successful and at times very abundant taxon Diictodon disappeared
as well as their cohabitant medium-sized gorgonopsian carnivore
Sycosaurus.
Extinction Phase 2 (20–0 m below PTB datum – Massive maroon/
grey mudrock and laminated reddish-brown siltstone/mudstone
couplets – lower Palingkloof Member). Rainfall became progressively
more unreliable leading to die-off of vegetation in the proximal and
distal ﬂoodplain areas, Glossopteris trees and sphenopsid horsetails
continued to grow alongside and within ephemeral watercourses. At
the boundary, torrential monsoon driven rainstorms led to sheet ﬂows
that scoured the devegetated ﬂoodplains. The small (maximum skull
length 15 cm) herbivorous dicynodont Dicynodontoides and the relatively large dicynodonts (skull lengths 30–55 cm) such as Dinanomodon,
Aulacephalodon, Daptocephalus, Oudenodon, Pelanomodon, Dicynodon
and Lystrosaurus maccaigi became conﬁned to watercourses before
disappearing completely. Similarly, the larger carnivorous taxa such as
the gorgonopsian Rubidgea, and a new, as yet unnamed, large-bodied
cynodont also disappeared. This interval also heralded the end of the
armoured pareiasaurians with the disappearance of Pareiasaurus
serridens. The only taxa found to have survived this phase are the
herbivorous dicynodont Lystrosaurus curvatus and the carnivorous
therocephalians Moschorhinus and Promoschorhynchus.
Extinction Phase 3 (25–30 m above PTB datum – Massive maroon
siltstone facies – upper Palingkloof Member). Arid conditions prevailed
in this part of Gondwana as a sparcely-vegetated braidplain prograded
northwards to cover most of the basin.
Windblown dust buried mummiﬁed carcasses along the ephemeral
water courses and all of the surviving Permian taxa disappeared between

25 and 30 m above the PTB including the dicynodont Lystrosaurus
curvatus, and the therocephalians Moschorhinus and Promoschorhynchus.
The latter taxa can be termed ‘dead clade walking’ (Jablonski, 2002) as although they survived the extinction event itself, they soon disappeared
in the aftermath.
Early Recovery Phase (5–25 m above PTB datum – Conglomeratic
sandstone facies – lower Katberg Formation). The appearance of new
Triassic taxa began during continued arid conditions. Frequent droughts
restricted the range of the herbivorous dicynodonts, Lystrosaurus
murrayi and L. declivis as well as the predators and scavengers to stands
of vegetation (mainly horsetails) along ephemeral watercourses. This
resulted in a distinctive taphonomic style dominated by mummiﬁed
carcasses of L. murrayi and bonebeds of multiple disarticulated juvenile
Lystrosaurus declivis buried by loessic dust (Smith and Botha, 2005;
Viglietti et al., 2013).
At least half of the Lystrosaurus AZ taxa made their ﬁrst appearance
within the lowermost strata of the Triassic portion of the Palingkloof
Member, including amphibians, parareptiles, archosauromorphs,
and a variety of therapsids. The presence of the archosauromorph
Proterosuchus fergusi is of special note as it is the ﬁrst new genus to
appear above the PTB in both the Karoo and South Urals Basins and is
thus important in Pangean-scale palaeobiogeography. As far as we can
ascertain from our ﬁeld data the stratigraphic range of Proterosuchus
at two widely separated sections appears to be very short, conﬁned
to the lower Palingkloof Member between 5–14 m above the PTB.
The biostratigraphic range of the therocephalian Tetracynodon darti
is also noteworthy as it was previously considered to be a survivor
of the PTME. However, a revision of the genus has revealed that
Tetracynodon tenuis is known only from a single specimen and is limited
to the Permian (Sigurdsen et al., 2012) whereas T. darti is limited to
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Fig. 10. Taphonomy of PTB vertebrate skeletons. (A) Overhead view of an articulated Lystrosaurus maccaigi skeleton (RS 74 = SAM-PK-K 9958) excavated from massive grey siltstone
facies approximately 30 m below the PTB on Bethel. (B) Artist's reconstruction of the ventral-up partially disassociated L. maccaigi carcass shown in A, interpreted as having been buried
on the bed of a ﬂoodplain pond or lake. (C) L. maccaigi bonebed. Partially prepared block containing two Moschorhinus kitchingi skulls (arrowed) with partial skeletons in association with a
large L. maccaigi skull preserved in an unusual anterior-up attitude within in massive mottled maroon/grey siltstone facies on Bethel. This chaotic 3-dimensional mix of carnivore and
herbivore skeletons buried in a structureless silt substrate is interpreted as a miring scenario.

Triassic strata. The appearance of most of the taxa from the Lystrosaurus
AZ within 30 m of the PTB indicates a rapid radiation into niches left
vacant by Permian taxa. This rapid expansion so close to the boundary
suggests that the lineages of many of these taxa originated during the
Permian.
5.1. Temporal resolution of the extinction phases
The temporal resolution of each phase of extinction is difﬁcult to
determine accurately because ﬂuvial systems are an interconnected
network of several depositional environments, each with different sedimentary processes and long term accretion rates. Floodplain accretion
rates are especially difﬁcult to quantify because they are essentially
large ﬂat areas of non-deposition that are susceptible to episodic erosion
and sedimentation events. As a guide to the predicted accretion rates,
Holocene deposits in the arid continental basin of south central
Australia are considered to be a good modern analogue for the PTB
sections in the southern Karoo. Field studies of the modern Cooper
Creek system have measured normal ﬂoodplain aggradation rates

of 2–2.5 mm/year (Pickup, 1991; Knighton and Nanson, 2000). However, the observation that therapsid skulls were being completely
buried by overbank silt without signiﬁcant weathering under semiarid conditions indicates a minimum sedimentation rate of at least
4.5 mm/year for the fossil-bearing intervals (Behrensmeyer, 1991;
Smith, 1993). Calculating the temporal resolution of the 75 metrethick interval of rock strata that contains the palaeontologicallydeﬁned PTME on Ripplemead (Fig. 2, Table 1), using a compaction correction of three for the channel sandstones and ﬁve for silt-dominated
pedogenically modiﬁed ﬂoodplain facies (Baldwin and Butler, 1985;
Shelden and Retallack, 2001), an accretion rate of 10.5 mm/y for the
point bar deposits and 4.5 mm/year for the overbank facies, and adding
10 ky years of ﬂoodplain stasis (Leeder, 1975) for each Stage I and 15 ky
for each of the Stage II nodular horizons (Gile et al., 1965) gives an estimated total of 141.8.ky (see Table 1). Applying the same calculations to
each extinction phase demonstrates that phases 1 and 2 die-offs occurred over varying time intervals: Phase I lasted 26.6 ky followed by
a period of stasis lasting roughly 3 k where there were no recorded
disappearences before Phase II which lasted 42.2 ky followed by a
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Fig. 11. Mummiﬁed skin impression. (A) Disarticulated, but still associated skeleton of Promoschorhychus cf. P. platyrhinus (Huttenlocker et al., 2011) from 2.5 m above the PTB on Bethel
displaying an interpreted mummiﬁed skin impression (see insert). (B) Promoschorynchus skeleton (RS 129 = SAM-PK-K 10014) after preparation showing the taphonomic style of
desiccated carcasses that are mostly disarticulated but the bones have been held together with mummiﬁed cartilage and skin. (C) Mummiﬁed carcass of a modern bat-eared fox collected
from its lair beneath a sandstone overhang in the southern Karoo. It displays a passive death pose and shrunken skin with tendons still attached which is typical of an animal that died of
malnutrition in a drought-prone environment.

m

3

Recovery phase 1

Phase 2
1
m

Fig. 12. Summary of the biostratigraphic ranges of 579 in situ vertebrate fossils located and logged during the course of this study (see supplementary Table 1). Biostratigraphic ranges
supplemented with data from Botha et al. (2007) for Sauropareion anoplus, Proterosuchus and a personal observation of an in situ specimen of Tetracynodon darti from the farm
Barendskraal (NMQR 3720). “Owenetta” kitchingorum may represent a junior synonym of Saurodektes rogersorum (S. Modesto personal communication, 2007). Plotting the ranges in
the order of their disappearance highlights two phases of die-off in the latest Permian with the third occurring in the earliest Triassic at the same time as the ﬁrst wave of immigration
and radiation. Ranges that extend beyond the 120 m PTB interval are indicated with a broken bar.
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Table 1
Temporal resolution of the PTB sequences in the southern Karoo Basin. See text for explanation of how the time intervals were calculated from the sedimentary record.
Measured
section

Phase I extinction
45–30 m below PTB
(ky)

Stasis 30–20 m
below PTB
(ky)

Phase II extinction
20–0 m below PTB
(ky)

Stasis 0–25 m
above PTB
(ky)

Phase III extinction
25–30 m above PTB
(ky)

Total years recorded by 70 m
thick PTB extinction interval
(ky)

Ripplemead
Wapadsberg
Bethulie

26.6
28.4
10.5

2.9
7.0
11.1

42.2
29.0
28.0

54.5
52.8
43.7

15.6
7.0
3.5

141.8
124.2
96.8

Mean

21.8

7.0

33.1

50.3

8.7

120.9

longer gap of 54.5 ky years before the ﬁnal extinction phase lasting only
15.6 ky. Similar calculations made for the Wapadsberg and Bethulie sections are summarized in Table 1. We are conﬁdent that the vertebrate
fossil record in the southern Karoo Basin records the PTME as three
phases of die-off, the ﬁrst two lasting some 30 ky years and the last
much shorter at 9 ky years and each was separated by intervals of
7 ky and 50 ky years respectively when there were no recorded disappearances. We propose that the disappearances are real (rather than
preferential preservation failure or an expression of the Signor-Lipps
effect related to rareness) and because they are coincident with geological evidence of climatic drying, they most likely reﬂect drought induced
die-offs moving progressively up the food chain as the terrestrial ecosystem gradually collapsed under the pressure of rapid global warming.
One of the reasons why we interpret the stepped disappearances as
indicative of drought-induced ecosystem collapse is that on all the
sections, the small base herbivores and their attendant carnivores
disappeared before the larger animals. This is contrary to observations
of modern drought induced die-offs in savanna ecosystems which affect
the larger herbivores and their attendant predators ﬁrst. The difference
could well be attributed to which of the kill mechanisms of malnutrition
and dehydration predominated. Recent studies have shown the main
kill mechanism in modern savannas to be malnutrition caused by
over-grazing of vegetation in the area surrounding accessible drinking
water sources rather than thirst (Behrensmeyer et al., 2012). We
apply a similar kill mechanism to the PTB faunas in the Karoo Basin, except in the absence of grasses, the general lowering of groundwater
water tables caused by CO2-induced aridiﬁcation affected the shallow
rooting “groundcover” of ferns, mosses and horsetails. We propose
that they became over-grazed by the base herbivores, long before the
deeper rooting glossopterid shrubs and trees.
It has been proposed that the observed biostratigraphic ranges in the
PTB sequences may in fact be an artefact of the Signor Lipps effect (Ward
et al., 2005) whereby rare taxa are lost from the stratigraphic record
before their actual disappearance from the ecosystem. This results
in a characteristic convex curve in the biostratigraphic range chart.
If this is the reason for the observed ranges then the argument for a
much shorter extinction event is valid. However, our more detailed biostratigraphic ranges presented here do not show a progressive disappearance curve, but rather a distinctive stepped pattern, and one of the
ﬁrst taxa to disappear was the dicynodont Diictodon, which was up
until that point very well represented in the fossil record. We regard
our sample of 579 accurately logged in situ specimens to be sufﬁcient
to be able to make conﬁdent statements that the changes in fossil assemblages do in fact represent, to a large degree, changes in the once-living
populations.
The disappearance of the small herbivorous dicynodont Diictodon in
Phase 1 of the PTME is an unexpected result because it was up until that
point a very successful taxon. Diictodon appeared towards the end of the
Middle Permian (Smith et al., 2012) and maintained a presence in the
Karoo fauna for some 10 Ma, at times becoming very abundant (i.e. in
the Tropidostoma Assemblage Zone, Sullivan et al., 2003). There has
been some speculation as to how many Diictodon species originated
over this time period (King, 1993) and currently D. feliceps is proposed
as the only valid species (Sullivan and Reisz, 2005; Angielczyk and
Sullivan, 2008). Smith (1987a) attributed some of its resilience to the

effects of climate change to its ability to excavate underground burrows
for body temperature and moisture regulation. The occurrence of several individual burrows in close proximity strengthens the comparison in
size, body shape and life habit to modern ground dwellers in semi-arid
climes such as the ground squirrel and mongoose. However, Diictodon's
edentulate jaws and tortoise-like horny beak are adaptations for herbivory, and as such they would have been the ﬁrst to be affected by the progressive loss of low groundcover foliage (clubmosses, ferns and
glossopterid tree leaf litter) as a seasonal source of fodder. It is paradoxical that Diictodon's burrowing ability was not able to save the genus
from extinction at the end-Permian, whereas this same ability may
well have been pivotal in the success of the cynodonts in the earliest Triassic (Smith and Botha, 2005). We conclude that despite their long history of survivorship in the Karoo Basin, the small base herbivores such as
Diictodon and Pristerodon were probably entirely dependent on shallowrooted groundcover type vegetation, the disappearance of which was an
important factor in their extinction.
Botha-Brink and Angielczyk (2010) hypothesized that rapid growth
was a factor that contributed to survivorship amongst dicynodonts at
the end of the Permian. Many of the latest Permian dicynodonts they
sampled (particularly Dicynodon and Lystrosaurus) revealed highly
vascularized ﬁbro-lamellar bone, features which are consistent with
rapid growth rates (Amprino, 1947; Margerie et al., 2002). In contrast,
the small dicynodonts Diictodon and Dicynodontoides revealed moderate to poorly vascularised ﬁbro-lamellar bone that became parallelﬁbreed later in life, indicating relatively slower growth (Ray and
Chinsamy, 2004; Botha-Brink and Angielczyk, 2010). In a later study,
Huttenlocker and Botha-Brink (2013) found that the relatively large
therocephalian Moschorhinus also grew quickly as shown by the highly
vascularized ﬁbro-lamellar tissues in its' limb bones It is interesting to
note that all Permian therapsids that have undergone bone histological
analysis (Ray and Chinsamy, 2004; Botha-Brink and Angielczyk, 2010;
Chinsamy-Turan, 2012; Huttenlocker and Botha-Brink, 2013), exhibit
multiple growth rings (i.e. annuli or Lines of Arrested Growth indicating
a temporary decrease or cessation in growth, usually on an annual basis;
Francillon-Vieillot et al., 1990), indicating multi-year growth to somatic
maturity, regardless of body size.

6. Summary and conclusions
This project adds new ﬁeld data that documents changes in the depositional environments and faunal populations in the Karoo Basin
leading up to and during the Permo-Triassic mass extinction. It tests
the integrity of the fossil record and how, after taphonomic anomalies
have been identiﬁed, the fossil faunal assemblages may be accepted as
a robust indicator of original diversity. On the basis that appearance
and disappearance of fossil taxa in the PTB stratigraphic sections may
be interpreted as close approximations to the ﬁrst and last occurrence
of that taxon in this part of the Karoo Basin we recognize three separate
10–30 000 year-long intervals when taxon disappearances far outnumber appearances. Our detailed biostratigraphic range chart shows that
the Karoo vertebrate fauna underwent a three-phased or “stepped”
extinction event that affected different ecotopes at different times
(Fig. 13).
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Fig. 13. Summary of the PTB facies sequence and phases of vertebrate extinction in the southern Karoo Basin. Modern analogues for the interpreted palaeoenvironments are the IndoGangetic alluvial plain for the latest Permian, the Eyre Basin, Australia for the earliest Triassic and a sparcely-vegetated braidplain for the Katberg sandstone. Facies descriptions: A, Massive
grey mudrock; B, Massive mottled maroon/grey mudrock; C, Laminated reddish-brown siltstone/mudstone couplets; D, Massive maroon siltstone facies; E, Conglomeratic sandstone
facies. Lithostratigraphic members of the upper Balfour Formation: Barb'k, Barberskrans member; Elandsb'g m., Elandsberg member; Palingkl'f m., Palingkloof member.

We conclude that all three phases of vertebrate extinction in the
Karoo Basin occurred over some 120 000 years and were primarily driven by progressive climatic drying and increased expression of seasonality causing the groundwater tables to drop and ﬂoodplain vegetation to
progressively disappear. The rapidity of the onset of drought conditions
led to a breakdown of the terrestrial ecosystem which adversely affected the vertebrate communities from the bottom to the top of the food
chain. Interestingly, the radiation of new taxa after the main extinction
phase was almost as rapid as its loss, and appears most likely to have
been accelerated by waves of immigration of drought-adapted fauna
from the inter-tropical regions of Pangea (Sidor et al., 2013; Sahney
and Benton, 2008). Amongst the immigrant arrivals were the ﬁrst
archosauromorphs to inhabit the Karoo Basin, suggesting that along
with the surviving synapsids, they too were physiologically preadapted to coping in a stressful, unpredictable environment (BothaBrink and Smith, 2011; Botha-Brink et al., 2012). A similar migration
scenario has been proposed for the ﬁrst appearance in the Karoo succession of the dicynodont Kombuisia in the Middle Triassic Cynognathus

Assemblage Zone. The fossil record shows that this taxon originated
farther along the Gondwanide foreland in the Antarctic portion of
Gondwana in the Early Triassic and only later colonized the Karoo
Basin (Fröbisch et al., 2010). Tracing the ancestry of the immigrant
taxa is beyond the scope of this paper, but it suggests that there were
potentially more survivors of the extinction than are currently known
from the fossil record.
At this point we can compare the results of our ﬁeld-based microstratigraphic approach to the recent statistical analyses of specimens
in the various Karoo collections (Irmis and Whiteside, 2012; Fröbisch,
2013; Irmis et al., 2013). These workers used the numbers of specimens
housed in the various Karoo vertebrate collections, and their allotted
biozone, as an indicator of the relative abundance of taxa in the onceliving population. They were able to conﬁrm that the faunal turnover
between the Dicynodon Assemblage Zone and the Lystrosaurus Assemblage Zone does indeed reﬂect an extinction event. However their
stratigraphic and temporal resolution is at biozone-level, which is
considerably lower than the metre-level accuracy of the 579 specimens
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in the 120 metre-thick sections covered by our study. The main advantage of the collection-based studies is that they are better able to smooth
out regional effects caused by climatic and environmental gradients
within the main Karoo Basin so that the biozones become more useful
for inter-basinal and intercontinental correlation. However, our study
provides the intricate details of ﬁeld-based observations that can be
used to assess the ﬁner complexities of the event, data which tend to
be lacking in collections-based studies.
Our research continues with documenting the stratigraphic ranges
and mapping the taphonomic pathways of the earliest Triassic vertebrates in the southern Karoo Basin with the aim of establishing the timing
and rates of adaptive radiation of the survivor taxa and the effects of immigration and possible ecological displacement by archosauromorphs.
We also aim to conﬁrm whether adoption of a fossorial lifestyle was a
signiﬁcant contribution to the success of the Early Triassic cynodonts
(Smith and Botha-Brink, 2009) and their anatomical advancement towards a mammalian grade.
Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.palaeo.2014.01.002.
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