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Abstract

Coalsack Bluff was the first discovery site in Antarctica for the latest Permian to earliest Triassic reptile Lystrosaurus. This
together with discovery of Permian Glossopteris leaves during the heroic age of Antarctic exploration, indicated not only that
Antarctica was part of Gondwanaland, but also that Antarctic rocks recorded faunas from the greatest of all mass extinctions at the
Permian–Triassic boundary. Pinpointing the exact stratigraphic level of this life crisis has recently become possible using δ13C
values in terrestrial organic matter. Multiple, short-lived events of 13C depletion may reflect carbon cycle crises, with the isotopic
change a measure of terrestrial and atmospheric disequilibrium. Additional evidence for ecosystem reorganization came from
changes in paleosol types and their root traces. Such studies previously completed at the Antarctic localities of Graphite Peak,
Mount Crean, Portal Mountain, Shapeless Mountain and Allan Hills, are here extended to Coalsack Bluff. Carbon isotopic values
in Permian rocks at Coalsack Bluff average −23.08±0.25‰, but begin to decline within the last coal with leaves (Glossopteris),
roots (Vertebraria) and permineralized stumps (Araucarioxylon) of glossopterids. The low point in ä13C values is −27.19‰ at
5.6 m above the last coal, which is capped by unusually abundant pyrite, and a claystone breccia with common clasts of redeposited
clayey soils. Above this are massive quartz-rich sandstones of braided streams, considered a geomorphic response to deforestation
and soil erosion following the mass extinction. Distinctive berthierine-bearing paleosols (Dolores pedotype) within these
sandstones have unoxidized iron taken as evidence of severe groundwater hypoxia. Other paleosols at this stratigraphic level are
like those in other Early Triassic rocks of Antarctica, which indicate unusually warm and humid conditions for such high
paleolatitude lowlands. Waterlogging is also indicated by newly discovered kinds of paleosol (Ernest pedotype) with groundwater
calcretes. The lack of peat accumulation in such waterlogged lowlands, berthierine in paleosols and large negative carbon isotopic
shift at Coalsack Bluff support the idea of atmospheric pollution with methane from submarine and permafrost clathrates as a cause
for the Permian–Triassic mass extinction. Hypoxic soils would have killed lowland plants by preventing root respiration and
hypoxic air would have challenged vertebrates with pulmonary edema. Causes for catastrophic methane release remain unclear.
Flood basalt eruptions, dolerite intrusions into coal measures, submarine landslides, tectonic faulting, and bolide impact suggested
for episodes of methane release at other times are also plausible for the Permian–Triassic boundary.
© 2006 Elsevier B.V. All rights reserved.
Keywords: Lystrosaurus; Glossopteris; Permian; Triassic; mass extinction; Antarctica
⁎ Corresponding author. Department of Geological Sciences, University of Oregon, Eugene, Oregon 97403, USA.
E-mail address: gregr@darkwing.uoregon.edu (G.J. Retallack).

0921-8181/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.gloplacha.2006.06.017

mailto:gregr@darkwing.uoregon.edu
http://dx.doi.org/10.1016/j.gloplacha.2006.06.017


91G.J. Retallack et al. / Global and Planetary Change 55 (2007) 90–108
1. Introduction

Could there be greater evidence of dedication to
scientific exploration than the 35 lb of Glossopteris
fossils manhauled by Robert Falconer Scott's party to
their fatal last camp on the Antarctica's Beardmore
Glacier in 1913? Fossil wood, probably also from the
Permian Buckley Formation in moraines of the Beard-
more Glacier near Buckley Island at 85° S (Fig. 1), had
been collected in 1909 by Ernest Shackleton's party.
When British paleobotanist Albert Seward (1914)
described these hard-won fossils it was clear that
Permian–Triassic rocks were present in Antarctica.
The likelihood of informative Permian–Triassic bound-
ary sequences seemed remote until discovery by James
A. Jensen on December 4, 1969 of the South African
earliest Triassic therapsid Lystrosaurus murrayi on the
slopes of Coalsack Bluff in the central Transantarctic
Mountains (Fig. 2). A team of experienced bone-hunters
including Edwin H. Colbert, William J. Breed and Jon S.
Powell, had been sent to Antarctica following Peter
Barrett's 1967 discovery of labyrinthodont bone scrap at
Graphite Peak (Barrett et al., 1968), where eventually
further specimens of Lystrosaurus and other early
Triassic vertebrates were found (Colbert, 1974, 1983).
Other central Transantarctic Mountain localities also
yielded fossil vertebrates of the earliest Triassic Ly-
strosaurus zone (Fig. 1): Halfmoon Bluff, Collinson
Ridge, Shenk Peak, Thrinaxodon Col (Colbert, 1983;
Hammer, 1990). Additional vertebrates of the late Early
Triassic Cynognathus zone have been found in Gordon
Valley (Hammer, 1995), as well as earliest Jurassic
dinosaurs on nearby Mt Kirkpatrick (Hammer and
Hickerson, 1994). Discovery of Late Permian pollen
(Tasch, 1978; Farabee et al., 1991), glossopterid
reproductive structures (Schopf, 1976) and perminer-
alized peats (Taylor et al., 1992; McManus et al., 2002)
also encouraged the view that Antarctic sections might
reveal details of the Permian–Triassic boundary, despite
stratigraphic studies postulating a long disconformity at
the boundary in Victoria Land (Isbell and Cuneo, 1996).
The discovery in Austrian (Holser et al., 1989) and
Chinese marine sequences (Xu and Yan, 1993) that the
Permian–Triassic boundary could be recognized by a
marked carbon isotopic (δ13C) depletion was then
applied to non-marine rocks of Australia (Morante,
1996) and Antarctica (Krull and Retallack, 2000).
Antarctic Permian–Triassic fluvial sediments not only
formed at high southern paleolatitudes, but were well
inland within the Gondwana supercontinent (Collinson
et al., 1994), remote from paleotropical marine strato-
type sections for the Permian–Triassic boundary in
China (Jin et al., 2000). With the aid of carbon isotopic
chemostratigraphy and renewed fossil plant collecting,
the Permian–Triassic life crisis in Antarctica was found
to be a marked extinction of paleosol pedotypes
(Retallack and Krull, 1999). With new techniques of
carbon isotope chemostratigraphy and new understand-
ing of Antarctic paleosols, we returned to Coalsack
Bluff, which remains an important and informative
section for understanding the greatest of all mass
extinctions at the Permian–Triassic boundary.

2. Materials and methods

Our expedition to Coalsack Bluff in December 2003
remeasured the section in the southwestern ridge (Fig. 3),
using the method of eyeheights and a Brunton compass as
a leveling device. The sequence dips at 29° to the west
into the slope, and eyeheights were trigonometrically
corrected for this dip. This remains the most informative
section of the Permian–Triassic boundary on Coalsack
Bluff, because it is well exposed (Fig. 1). The section is
short because of Jurassic dikes above and below. Fossil
plant and bone collections were made, and the location of
old fossil quarries noted. Paleosols were classified using
the pedotype classification outlined by Retallack and
Krull, 1999 for other central Transantarctic sections.
Color is from a Munsell color chart. Field testing for
carbonate with dilute HCl revealed calcareous paleosols
of a type not previously seen in Antarctica, and here
designated the Ernest pedotype. This paleosol and the
disctinctive Permian–Triassic boundary beds were stud-
ied by point counting petrographic thin sections in the
Oregon laboratory of Retallack in order to quantify mine-
ral and grain size variation. Unweathered samples of all
carbonaceous lithologies were collected for bulk carbon
isotopic determinations. In the Baltimore laboratory of
Jahren these samples were macerated in HF and HCl, and
rinsed. Organic carbon residues were prepared for stable
isotope analysis by combustion in sealed tubes containing
Cu, CuO, and Ag (Minagawa et al., 1984). Released CO2

was purified cryogenically, and collected for 13C/12C
measurement on an Isoprime Stable Isotope Ratio Mass
Spectrometer, with all isotope values reported in permil
(‰) relative toVPDB (Vienna PeeDee Belemnite). There
is no clear correlation between isotopic value and carbon
abundance in the sample (Fig. 3). Nor is their any clear
perturbation of carbon isotopic composition or carbon
abundance with proximity to dolerite dikes at the top and
bottom of the section, supporting the findings of Horner
and Krissek (1991) that contact metamorphism of organic
matter by these relatively anhydrous intrusions was
spatially limited. Antarctic Permian coals are thermally



Fig. 1. Geological map (above) and location maps (below) for Coalsack Bluff, central Transantarctic Mountains, Antarctica. Maps modified from
Collinson and Elliot (1984a,b).
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Fig. 2. Field photographs of Coalsack Bluff, central Transantarctic Mountains, Antarctica: A, view from base of measured section (Fig. 3), showing
Late Permian shales in foreground overlain by cliff-forming Triassic sandstone; B, oblique airphoto of light-colored sediments of the measured
section between thick dark dolerite dikes; C, view south along outcrop to Permian–Triassic boundary trenches and discovery site of Lystrosaurus
murrayi (Colbert, 1974).
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mature (bituminous to sub-bituminous, with local anthra-
cites near dolerite intrusions (Coates et al., 1990), but
regional burial alterationwas not in excess of zeolite grade
(Vavra et al., 1981; Vavra, 1989).

3. Field observations at Coalsack Bluff, Antarctica

Coalsack Bluff is a low nunatak about 8 km long by
5 km wide, largely of Early Jurassic Ferrar Dolerite
(Collinson and Elliot, 1984a). This would be an unpro-
mising site for fossils were it not for numerous small
outcrops of coal measures of the Late Permian Buckley
Formation and sandstones of the Triassic Fremouw For-
mation (Fig. 2). The contact between the two formations is
best examined on the northwestern slope of the southwest-
ern ridge of Coalsack Bluff (S84.23989° E162.29979°),
where they are conformable and dip to the east (29° to strike
207° magnetic in 2003). Even here the contact between the
Buckley and Fremouw Formations is covered by scree and
ice, and had to be excavated in order to be examined (Figs.
2A, 4A).

The uppermost Buckley Formation in southwest
Coalsack Bluff is a sequence of gray shales and coals
(Fig. 3). These contain fragments of Permian leaves of
the form genus Glossopteris, as well as the distinctive
chambered roots (Vertebraria australis) and pycnoxylic
wood (Araucarioxylon) thought to have belonged to the
same kinds of swampland tree (Retallack and Dilcher,
1988). These fossils confirm palynological studies
indicating a Late Permian age for the Buckley
Formation at Coalsack Bluff (Tasch, 1978; Farabee
et al., 1991). Only two of the 10 known Antarctic
Permian paleosol types (Retallack and Krull, 1999) are
represented in this short exposed section. The Susanne
pedotype is a weakly developed paleosol (Fluvent of
Soil Survey Staff, 1999), and represents early succes-
sional vegetation of clayey streamsides and lake
margins. The Evelyn pedotype is a thick coal (Fibrist



Fig. 3. Measured section of Permian–Triassic boundary at Coalsack Bluff, central Transantarctic Mountains. Paleosols in the sequence are named
following Retallack and Krull (1999) with addition of Ernest pedotype named here, and represented by black boxes with thickness equal to that of the
paleosol and width scaled to degree of soil development (following soil development scale of Retallack, 2001b). Organic carbon isotopic values and
total organic carbon were determined using bulk rock samples.

94 G.J. Retallack et al. / Global and Planetary Change 55 (2007) 90–108



Fig. 4. Permian–Triassic boundary beds (A,C) and paleosols (B, D–F) in an excavated trench (A), outcrop (B) and petrographic thin sections (C–F)
from Coalsack Bluff, Antarctica: A, claystone breccia above last Permian coal; B, Dolores paleosol at 24 m in measured section; C, mosepic claystone
granule in boundary breccia under crossed nicols; D, groundwater calcrete of Ernest pedotype showing weathering rinds around grains in plane light;
E, same view as D, but showing sparry calcite under crossed nicols; F, berthierine cement of nodule in Dolores paleosol. Hammer for scale in A,
paleosol thickness in B is 40 cm, 1 mm scales for C–F. Sample numbers are R3122 for C, R3136 for E and D, and R3130 for F.
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of Soil Survey Staff, 1999) and represents a long-lived,
permanently waterlogged swamp.

The very top of the last coal (Evelyn pedotype) and
the base of the overlying claystone breccia is yellow
with jarosite, and dark with pyrite (Fig. 4A). Other
Permian–Triassic boundary sections in Victoria Land
(Retallack and Krull, 1999) and the Karoo Basin of
Antarctica (Retallack et al., 2003; Maruoka et al., 2003)
also are enriched in pyrite, and its weathering product
jarosite, but the 14 cm pyritic zone at Coalsack Bluff is
exceptionally massive.

Immediately above the last coal is a distinctive gray
sandstone and claystone breccia, 70 cm thick, which
differs from overlying trough-cross-bedded, quartz-rich
sandstones of kinds common in Triassic rocks. This
sandstone is not well exposed (Fig. 4A) but shows little
bedding beyond parting lamination. The lowermost 17 cm
of this bed is normally graded from claystone breccia to
sandstone and the uppermost 12 cm of this bed is reverse
graded from sandstone into claystone breccia. Petrogra-
phy and sedimentology of this bed are unusual compared
with overlying quartz-rich sandstones, and will be
discussed further below.

The Fremouw Formation in southwest Coalsack Bluff
is mainly light gray, quartz-rich sandstone. Bones can still
be found disarticulated and wornwithin basal lags to these
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fluvial paleochannels. Although most of this material was
referred to the genus Lystrosaurus, much of this material
was not identifiable as particular species. Only two maxi-
llae, one with a partial tusk, were identifiable to a
particular species, L. murrayi (Colbert). We relocated the
quarry, which is marked by a small stone cairn containing
a soup tinwith awritten note. This is at 41m above the last
coal in this section (Fig. 3), not 82 m as shown in the
section of Colbert (1974). The particular species and
stratigraphic level is important because recent studies of
the Karoo Basin of South Africa (Botha and Smith, 2004)
reveal that some species of Lystrosaurus were Late Per-
mian only (L. maccaigi), others survived from the latest
Permian into the earliest Triassic (L. curvatus, L.murrayi)
and others were Triassic newcomers (L. declivis). L.
murrayi and L. declivis are the most common species well
into the early Triassic but L. curvatus becomes extinct
during the earliest Triassic (disappearing less than 20 m
above, and probably less than 80 ka after the boundary, at
the top of the Palingkloof member of the Balfour
Formation of South Africa: Retallack et al., 2003). Thus
L. murrayi 41 m above the last coal at Coalsack Bluff
indicates latest Permian to early Triassic age.

All root traces in paleosols above the last coal at
Coalsack Bluff are non-carbonaceous, as is usual for
Antarctic Early Triassic paleosols, such as Dolores,
William, Michael and Edwin pedotypes (Retallack and
Krull, 1999). Dolores paleosols are striking in outcrop
because they include large ellipsoidal nodules of hard,
dark green, berthierine, often with a rusty red weathering
rind. Berthierine is an unusual mineral in paleosols and
indicates groundwater within the profile that was very
chemically reducing (Sheldon and Retallack, 2002).
Dolores paleosols are thin, sandy and have bedding
planes and scattered root traces as in soils of streamsides
supporting colonizing vegetation early in ecological
succession after disturbance (Endoaquent of Soil Survey
Staff, 1999). Such evidence of a short time of formation
and colonizing vegetation also is found in William
paleosols, which are clayey with green and carbonaceous
surface horizons (Fluvent), in Michael paleosols, which
are silty to sandy and light gray (Psamment), and in Edwin
paleosols, which are sandy and quartz-rich, sometimes
with small ferruguinous nodules (also Psamment). Also
weakly developed are sandy paleosols near the top of the
measured section which include calcite nodules. No other
calcareous paleosols have yet been found in Antarctica
(Retallack and Krull, 1999), and these new kinds of
profile are described below as the Ernest pedotype.

With its exceptionally thick (175 and 134 cm) coals
with Glossopteris, boundary claystone breccia, and
sandstones bearing Lystrosaurus, the Permian–Triassic
boundary section at Coalsack Bluff, appears to have
been at least as temporally complete a section as the one
at Graphite Peak, central Transantarctic Mountains.
There is little evidence of missing early Triassic section
considering our correlation of Dolores paleosols and
carbon isotope excursions throughout Antarctic sections
(Retallack et al., 2005) with earliest Griesbachian
(251 Ma), middle Griesbachian (250.5 Ma), mid-
Smithian (247.6 Ma) and late Spathian (245 Ma) carbon
isotopic anomalies in China (Payne et al., 2004). Nor
can there be much Late Permian missing in the central
Transantarctic Mountains because the very latest
Permian Playfordiaspora crenulata palynomorph zone
(of Foster, 1982) has been found in the last coal at
Graphite Peak (Collinson et al., 2006), along with latest
Permian to earliest Triassic Protohaploxypinus micro-
corpus, which has been reported also from Mt Achernar
and other sites in the central Transantarctic Mountains
(Farabee et al., 1991). While some sections of the
Permian–Triassic boundary are disconformable, such as
that at Portal Mountain, southern Victoria Land
(Retallack et al., 2005), this disconformity does not
include the entire Late Permian, as was once believed
(Isbell and Cuneo, 1996; Isbell et al., 1999). The
Permian–Triassic boundary in Antarctica is comparable
with that in the Sydney Basin, Australia, where different
parts of the basin have disconformities ranging in
duration from 0.6 to 0.02 Ma, based on paleosol
development, carbon isotope stratigraphy, palynology,
event markers such as the fungal spike, sequence
stratigraphy, and radiometric dating (Retallack,
1999a). Our studies reveal that Coalsack Bluff is a
relatively complete and informative section for under-
standing end-Permian mass extinction.

4. Carbon isotope chemostratigraphy of Coalsack
Bluff

Field observations of paleosols at Coalsack Bluff
indicate that the Permian–Triassic boundary is some-
where between the last coal of the Evelyn pedotype with
its carbonaceous roots, wood and leaves of glossopter-
ids, and the lowest Dolores pedotype, with its rusty
berthierine nodules and clayey root traces. There is little
variation in the isotopic composition of latest Permian
coals and shales at Coalsack Bluff, which in our 17
analyses averaged −23.08±0.25‰ (one standard devi-
ation). Carbon isotopic values reach a minimum
(−24.62‰) within the claystone breccia overlying the
last coal, then rebound (−23.12‰) toward normal
Permian values in the overlying quartz sandstone (Fig.
3). A distinctive, thin, gray shale, 5.6 m above the last
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coal has the lowest carbon isotopic values of −27.19‰.
While placement of the Permian–Triassic boundary at
either the thin shale or claystone breccia could be
defended, the abrupt drop in total organic carbon
commonly associated with the boundary (Morante,
1996; Krull and Retallack, 2000) is immediately
above the higher of the claystone breccias.

Decline in both total organic carbon and its carbon
isotope value also pinpoints the Permian–Triassic
boundary in claystone breccia above the last coal at
Graphite Peak, Shapeless Mountain, Mount Crean and
Allan Hills, Antarctica (Retallack et al., 2005). Our
measurements of total organic carbon (Fig. 3) also
support the field observation that Early Triassic root
traces are clayey, in contrast to carbonaceous Late
Permian root traces (Retallack and Krull, 1999).
Coalsack Bluff thus validates an emerging pattern in
carbon isotopic chemostratigraphy within Permian–
Triassic boundary sections of Antarctica.

5. Petrography of Permian–Triassic boundary beds
at Coalsack Bluff

The distinctive boundary sandstone with basal and
capping claystone breccia at Coalsack Bluff has an
unusual petrographic composition (Fig. 5; Table 1).
Claystone clasts within the top and base of the gray
sandstone include the following granule to small-
pebble-sized, eroded soil fragments. Especially notable
are silty claystone fragments with birefringence fabrics
(mosepic and insepic plasmic fabrics of Brewer, 1976).
Also found are volcanic rock fragments with ferrugi-
nized weathering rinds (diffusion sesquans of Brewer,
1976), indicative of marginal oxidation typical in soils,
but possible also in well aerated sediments. This
sandstone and breccia bed is thicker and more complex,
but in many ways comparable with claystone breccias at
the Permian–Triassic boundary throughout Antarctica,
Australia and South Africa (Retallack et al., 1998,
2003). These sepic pedoliths have been interpreted as
evidence for a pronounced interval of soil erosion at the
Permian–Triassic boundary, because mosepic clasts are
easily slaked in water (Retallack, 2005a). This whole
unit with clayey granules is quite distinct (Table 1) from
normal sandstones of the lower Fremouw Formation
which average 67% quartz, 13% feldspar and 6% lithic
grains (Barrett et al., 1986, and their table 13).

The distinctive gray clayey sandstone with its
uppermost and lowermost claystone breccias and crude
parting lineation appears to be an event deposit such as a
debris flow. A fluvial origin is ruled out by the presence of
soil clasts with sepic plasmic fabric, which cannot
withstand immersion in water for more than a few
minutes, let alone fluvial transport (Retallack, 2005a).
Debris flows commonly have coarse-grained treads, tops
and lateral levees in Oregon today, and some are as thick
as 70 cm with sandy clayey central portions (Swanston
and Swanson, 1976). Dry ravel deposits formed by soil
peds rolling downhill dry after deforestation by forest fire
(Gabet, 2003) can be this well sorted and fine-grained.
Dry ravel deposits form talus cones and would have
markedly different thickness along strike, as well as
evidence of charcoal, not seen in either of two excavations
across this bed at Coalsack Bluff (Fig. 2).

Impact and volcanic tracers have been recorded from
Permian–Triassic claystone breccias at Graphite Peak
including 3He-bearing C60 fullerenes (Becker et al.,
2001; Poreda and Becker, 2003) and carbonaceous-
chondritic meteorite fragments (Basu et al., 2003).
Modest iridium anomalies of as much as 59–80 ppt over
a background of 20 ppt, an order of magnitude less than
at the Cretaceous Tertiary boundary, have been found at
the base of the last coal at Graphite Peak and in the
claystone breccia at Mt Crean, Victoria Land (Retallack
et al., 1998). Shocked quartz also has been reported
from Graphite Peak and Mt Crean (Retallack et al.,
1998). Reexamination by TEM of those grains from
Graphite Peak studied with the spindle stage showed
that they were unshocked, but had unusually closely
spaced and subparallel subdomain boundaries (Langen-
horst et al., 2005). The putative shocked grains are most
likely stretched metamorphic grains from gneisses of the
Nimrod Group (Gunner, 1983), rather than products of
bolide impact. No clearly shocked quartz is now known
from Antarctica, but investigation of iridium content,
helium and sulfur isotopic composition, meteoritic and
fullerene content of the Coalsack Bluff claystone
breccias is ongoing in the laboratories of L. Becker
(University of California Santa Barbara) and R. Poreda
(University of Rochester). Euhedral bipyramidal quartz
in claystone breccias at Graphite Peak (Retallack et al.,
1998) is evidence of volcanic activity in the Andean-
style volcanic arc presumed to have been to the
northwest (Collinson et al., 1994). Fresh volcanic rock
fragments in all the Antarctic Permian–Triassic bound-
ary claystone breccias (Retallack, 2005a), including the
one at Coalsack Bluff (Table 1), also attest to
contemporaneous volcanic activity. Evidence of impact
and volcanism discovered so far in Antarctic rocks is
volumetrically minor compared with volcanic and soil
components. These are soil destabilization deposits that
entrained rare impact and volcanic components (Retal-
lack, 2005a), and are very distinct from beds of impact
ejecta (Izett, 1990; Sigurdsson et al., 1991; McCarville



Fig. 5. Petrographic and geochemical data for Ernest and Edwin pedotypes at 88–90 m and for Permian–Triassic boundary bed at 13–15 m in
measured section (Fig. 3) at Coalsack Bluff, Antarctica. Grain size and mineral composition determined by point counting of thin sections. Carbon
isotopic value and total organic carbon content determined from bulk sample.
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and Crossey, 1996) or volcanic tuff (Collinson et al.,
1994; Elliot, 2000; Elliot and Hanson, 2001).

6. New paleosols at Coalsack Bluff and their carbon
isotope profiles

The discovery of calcareous paleosols 83–89 m
above the Permian–Triassic boundary at Coalsack Bluff
was a surprise, because previously studied Antarctic
Permian and Triassic paleosols were all non-calcareous,
with the possible exception of rare sphaerosiderite
(Retallack and Krull, 1999). Permian and Triassic
calcareous paleosols are known from the Karoo Basin
of South Africa, but these are thought to have formed in
much less humid paleoclimate than the non-calcareous
paleosols of Antarctica (Retallack et al., 2003).

Calcareous paleosols of Coalsack Bluff stand out in the
field, and are here termed the Ernest pedotype, after Ernest
Shackleton, legendary Antarctic explorer. Ernest paleosols
consist of laminated sandstones, with sparse clay-replaced,



Table 1
Mineral composition (%) of sandstone bed above last coal at Coalsack
Bluff

Specimen R3119 R3120 R3121 R3122 R3123

Quartz 23.6 27.8 28.0 29.8 33.0
Opaque 7.2 6.6 5.4 7.0 6.2
Feldspar 28.0 25.4 27.6 19.4 26.0
Clay 18.0 16.6 12.8 13.6 11.2
Mica 2.8 7.8 5.0 3.0 3.6
Hornblende 1.0 1.4 2.0 0 2.4
Fresh volcanic

rock fragments
3.8 3.6 3.6 6.4 13.6

Sesquanic (oxidized)
volcanic rock fragments

6.6 4.6 3.6 9.0 4.0

Insepic clayey
soil fragments

6.4 3.6 7.0 5.6 0

Mosepic clayey
soil fragments

2.6 2.6 5.0 6.2 0
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root traces, and shallow tabular beds or platy nodules of
calcite (Fig. 5). The prominence of bedding is unusual for
paleosols withwell developed calcareous nodules, because
pedogenic nodules of this size and thickness take many
thousands of years to form (Retallack, 2005b), and roots
and burrows over such a length of time destroy original
bedding planes of parent sediment (Retallack, 2001b).
Petrographic study confirms that these are not pedogenic
nodules of Aridisols, which have replacive micrite and
displacive spar (Retallack, 1997a). The Coalsack Bluff
carbonates have a very different microscopic structure of
sparry calcite filling the interstices of quartz and other
grains (Fig. 4D–E). Especially striking is a thin ferrugi-
nized rind (diffusion sesquan of Brewer, 1976) around
both individual grains and groups of grains (Fig. 4D),
separating them clearly from the void-filling calcite. This
indicates calcite precipitation following oxidation of pores.
The calcite fill of large vugs indicates precipitation before
appreciable burial compaction. These fabrics are similar to
those of groundwater calcite and travertine, in which
carbonate is precipitated from pore waters (Nash and
Smith, 2003; Retallack et al., 2002).

Immaturity of the Ernest and associated Edwin
pedotype is also revealed by large and erratic changes in
carbon isotopic composition (Fig. 4). In contrast, well
developed forest soils have a smooth curve of carbon
isotope values, negative near the top because of fresh inputs
of litter, a few permil more positive in the Bt horizon due to
bacterial decay of organic matter, and negative near the
base from water-soluble fresh leachates. This pattern was
demonstrated in Antarctic Triassic paleosols presumed to
have been forested, and served to differentiate them from
other kinds of paleosols (Krull and Retallack, 2000). The
transition from early successional paleosols with erratic
carbon isotopic profiles to smoother carbon isotope profiles
in more strongly developed paleosols is clear from
Antarctic Early Triassic paleosols.

Considering their very weak development, Ernest
paleosols are best classified as Entisols in the US
taxonomy (Soil Survey Staff, 1999). Their ferruginiza-
tion of grain boundaries and calcite precipitation from
groundwater within 50 cm of the ground surface mark
them as Psammaquents (of Soil Survey Staff, 1999). In
the Food and Agriculture Organization (1974) classifi-
cation Ernest paleosols are more like Calcaric Gleysols.
These are soils of waterlogged and disturbed sedimen-
tary environments, probably swales within a sandy braid
plain. They represent a relatively short period of soil
formation, probably not in excess of a century. Observed
root traces include relatively thin tap roots and laterals
like those common in equisetaleans, such as Townro-
viamites brookvalensis known as fossils at comparable
stratigraphic levels on Mt Rosenwald (Retallack et al.,
2005). Such vegetation would have been an herbaceous
thicket of standing water and shallow groundwater.

Entisols and Gleysols are not diagnostic of a particular
regional climate or vegetation, and are very restricted in
temporal and geographic distribution. Other paleosols of
the lower Fremouw Formation have been compared (by
Retallack and Krull, 1999) with soilscapes of the lower
Amur River basin of far-eastern Russia (map unit Lg1-2b
of Food and Agriculture Organization, 1978a), rolling
plains near Palmerston, North Island, New Zealand
(Lg22-2a of Food and Agriculture Organization,
1978b), and the Traun River between Braunau and
Wells, Austria (Lg44-2/3a of Food and Agriculture
Organization, 1981). Of these choices, only the Austrian
soilscape has inclusions of Gleysols comparable with
Ernest paleosols. Calcareous Pleistocene gravels forming
the fortified crags in Salzburg, widely used in local
baroque architecture (Stummer, 1936; Tichy et al., 1985),
are a modern analog on a much greater scale of
topographic relief and thickness than the groundwater
calcretes of the Ernest pedotype. Such groundwater
calcrete is compatible with indications from other early
Triassic paleosols of humid temperate paleoclimate
(Retallack and Krull, 1999). Comparable modern Aus-
trian soilscapes are forested with deciduous broadleaf oak
(Quercus petraea) and hornbeam (Carpinus cordata).
Climate near Salzburg is cool temperate (mean annual
temperature 8.1 °C, with mean for January −2.5 °C and
for June 17.8 °C), and humid (mean annual precipitation
1278mm:Müller, 1982). Such a warm and humid climate
is remarkable for this part of Antarctica, which was in the
interior of a supercontinent at very high paleolatitude
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(Scotese, 1994), and supports the idea of a post-
apocalyptic early Triassic greenhouse (Retallack, 1999a).

7. Antarctic Permian–Triassic sequence of events

Antarctica shows the following detailed sequence of
Permian–Triassic events. The last Permian coal persisted
after a slight (80 ppt) iridium anomaly detected at the base
of the last thick coal at Graphite Peak (Retallack et al.,
1998), comparable with iridium anomalies elsewhere near
the Permian–Triassic boundary (Oddone and Vannucci,
1988; Holser et al., 1989). At Graphite Peak, Coalsack
Bluff and Portal Mountain, carbon isotopic composition
begins to decline 10,000 years before end of the last coal
and the total extinction of the Glossopteris-dominated
ecosystem at the globally synchronous isotopic nadir
(Retallack et al., 2005; Bowring et al., 1998). In the Allan
Hills, Mt Crean and especially Coalsack Bluff, the top of
the last coal is marked by increased abundance of pyrite,
variably oxidized to jarosite and hematite. Directly
overlying the last coal at most localities is a distinctive
claystone breccia, with clasts of sepic plasmic fabric
identical to that found in Permian paleosols (Retallack et
al., 1998; Retallack, 2005a). These claystone breccias
contain rare indicators of active volcanism, such as fresh
volcanic rock fragments and bipyramidal quartz (Retallack
et al., 1998), and indicators of bolide impact, such as 3He-
bearing C60 fullerenes (Becker et al., 2001; Poreda and
Becker, 2003) and carbonaceous-chondritic meteorite
fragments (Basu et al., 2003). None of the characteristic
Permian paleosols is found above this level, where the
most common paleosols of the Dolores pedotype have
abundant nodules of berthierine, non-carbonaceous root
traces and very low total organic carbon contents. A
diversity of other pedotypes include weakly developed
paleosols of sandy, clayey and waterlogged stramsides, as
well as paleosols of wooded and forested lowlands
(Retallack and Krull, 1999).

These various observations can be interpreted as
consequences of initial extraterrestrial impact (modest
iridium anomalies of Retallack et al., 1998), which was
not sufficiently catastrophic to curtail peat formation or
extinguish Glossopteris. Carbon isotope values in coals
subsequently declined erratically to such low values that
they can only be explained by successive massive release
of methane clathrates from marine continental shelves or
permafrost (Krull et al., 2000, 2004). Pyrite enrichment at
the Permian–Triassic boundary, especially obvious at
Coalsack Bluff, is highly unusual for non-marine strata,
and may reflect atmospheric pollution with sulfur oxide
gases from bolide impact or volcanism (Maruoka et al.,
2003). At the nadir of carbon isotopic decline, peat-
forming Glossopteris swamps became extinct (coal gap
of Retallack et al., 1996), and lowland forest dieback
ushered in a dramatic episode of soil erosion (claystone
breccias of Retallack, 2005a). Fullerenes (Poreda and
Becker, 2003) and meteoritic fragments (Basu et al.,
2003) of these debris flows of destabilized soil are little
weathered, and may indicate fresh extraterrestrial impact,
perhaps from “Bedout Crater” of Western Australia
(Becker et al., 2004: though evidence for that crater is
disputed by Renne et al., 2004; Wignall et al., 2004).
Explosive volcanic activity in the Gondwanide margin
andesitic arc also continued, as represented by bipyrami-
dal volcanic quartz in boundary breccias (Retallack et al.,
1998). Earliest Triassic paleosols are more deeply
weathered than Late Permian ones, indicating a warmer
and wetter climate (Retallack and Krull, 1999), and their
berthierine nodules indicate unusually low soil oxygen
content (Sheldon and Retallack, 2002; Huggett et al.,
2003). Within this post-apocalyptic greenhouse, Antarc-
tica was colonized by conifers such as Voltziopsis and
seed ferns such as Lepidopteris immigrating from
Australia or Madagascar to the north (McLoughlin et
al., 1997; Retallack, 2002a). Lystrosaurus also may have
migrated south from South African deserts (Retallack et
al., 2003) once swamp woodlands of Antarctica and
Australia were replaced with lowland conifer forests
(Retallack, 1996; Retallack and Hammer, 1998). Finally,
all the Antarctic sites were overrun with massive paleo-
channel sandstones of braided streams, resulting from
widespread lowland deforestation (Ward et al., 2005;
Michaelson, 2002).

8. Methane outburst scenario for end-Permian mass
extinction

A newly recognized potential player in the carbon
cycle are methane hydrates, which are solids composed of
CH4 and H2O that result from the anaerobic metabolism
of organic carbon by chemoheterotrophic archaea in
marine sediments. The total present-day mass of carbon
stored as methane hydrate in continental shelf sediments
and permafrost may be as large as 11,000 Gt of C
(Kvenvolden, 2000), 3000 Gt (Buffett and Archer, 2004),
or as small as 500 to 2500Gt (Milkov, 2004).Much of the
methane is trapped in ice of subsea pore spaces after
migrating upwards through sediments, and these ices can
bemapped as a seismic bottom-simulating reflector (Yuan
et al., 1996). Massive methane outbursts require an
efficient release mechanism, because it is very effectively
trapped within sediments and permafrost, and annual
sinks of methane are currently of the order of 5 Gt (Khalil,
2000). Catastrophic releases by volcanism, bolide impact
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or continental shelf collapse would degas large amounts
of methane directly to the atmosphere (Jahren, 2002;
Retallack and Krull, 2006). There is also the possibility of
a runaway release triggered by minor sea level fall, or
rising temperature (Kvenvolden, 2000). Runaway release
can be envisaged because methane is 30 times more
potent as a greenhouse gas than carbon dioxide, to which
mostmethane oxidizes in the atmospherewith 7–24 years
(Khalil, 2000). Minor warming could thus by positive
feedback cause further methane release and runaway
warming. Methane dissociation from the oceanic hydrate
reservoir would first saturate local seawater, and then
excess methane would migrate up the water column and
be released into the atmosphere. Marine saturation with
methane and carbon dioxide may prevent catastrophic
runaway from minor releases (Dickens, 2001) Fig. 6.

The key to recognizing methane outbursts of the past
(Dickens et al., 1995) and plumes of the present (Nisbet,
2002) is its unusual carbon isotope composition. Carbon
isotopic (δ13C) values of −60 to −110‰ are only known
from biologically-produced methane (Khalil, 2000), and
values of −37 to −55‰ from either biological or coalbed
thermogenic methane (Scott et al., 1978). Methane
outburst from ocean hydrates is best documented during
the latest Paleocene (55.6 Ma) from a negative excursion
(−2.5‰) in the marine carbonate record (Dickens et al.,
1995, 1997). Atmospheric rather than merely oceanic
pollution with methane is demonstrated by synchronous
negative carbon isotope excursions of similar magnitude
Fig. 6. Consequences and feedbacks for massive outburst of methane from pe
cycle crises (right), as envisaged for the Permian–Triassic mass extinction.
in soil carbonate in Wyoming (Koch et al., 1992, 1995)
and terrestrial organic matter in France (Stott et al., 1996).
The global biogeochemical response to such an event may
be extremely rapid, with atmospheric isotopic change
within 10,000 years and recovery for 100,000 years or
more (Norris and Rohl, 1999). The Paleocene/Eocene
boundary was a time of global climate change, with a
rapid 4 to 8 °C increase in deep-ocean, high latitude and
continental temperatures inferred from changes in oxygen
isotopic composition of marine carbonates (Kennett and
Stott, 1991; Zachos et al., 1993). Comparable temperature
change on land is confirmed by oxygen isotopic
anomalies in teeth of land animals (Fricke et al., 1998)
and by leaf margin analysis of fossil floras in Wyoming
(Wing, 1998). Increased precipitation and seasonality of
precipitation is revealed by increased depth and spread of
carbonate nodules within paleosols of Utah (Retallack,
2005b), and increased terrestrial chemical weathering can
be inferred from osmium isotope records in the ocean
(Ravizza et al., 2001). There were major turnovers in
terrestrial and marine flora and fauna at this time (Hooker,
1996; Thomas and Shackleton, 1996). Volcanic intrusion
(Svensen et al., 2004) and comet impact (Kent et al., 2003,
2004) have been proposed as triggers for catastrophic
terminal Paleocene methane outbursts, but submarine
landslides and faulting may also have played a role
(Reguera, 1998; Katz et al., 2001). Large methane
dissociation events have also been identified in the early
Jurassic Harpoceras falciferum ammonite zone of the
rmafrost and subsea clathrates (left), and for recovery from such carbon
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Toarcian (Hesselbo et al., 2000; McElwain, 2005), and
early Cretaceous Selli Event of the Leopoldina cabri
foraminiferal zone of the Aptian (Jahren et al., 2001;
Jenkyns, 2003).

A methane outburst scenario for mass extinction at the
Permian–Triassic boundary was first confirmed by
discovery of unusually light carbon isotopic composition
of earliest Triassic organic matter in Antarctic paleosols
(Krull and Retallack, 2000) and New Zealand marine
sequences (Krull et al., 2000). Such definitively methano-
genic isotopic excursions have since been found elsewhere
in earliest Triassic fluvial sediments (de Wit et al., 2002;
Sarkar et al., 2003), pedogenic carbonate (Ward et al.,
2005), and marine carbonates (Newton et al., 2004). Mass
balance calculations show that oxidation of non-methano-
genic biomass (−35‰ to −20‰), cannot account for
isotopic excursions of the magnitude observed at the
Permian–Triassic boundary (Krull et al., 2000; de Wit et
al., 2002; Berner, 2002). The excursions are also too large
to be explained by inputs of carbon frommantle degassing
(−7 to −5‰; Dickens et al., 1995). Meteorites (−47 to
+1100‰; Grady et al., 1986; Pillinger, 1987) or comets
(down to−120‰; Jessberger, 1999; Messenger, 2000)
rarely have suitable isotopic composition, but would also
come with more iridium and helium than observed at the
Permian–Triassic boundary (Becker et al., 2001; Farley
and Mukhopadhyay, 2001). The largest isotopic excur-
sions are in high latitudes and on land in Antarctica,
Greenland, South Africa and India. Less severe isotopic
excursions are found across the Permian–Triassic bound-
ary in deep marine and tropical sections of Canada, Japan,
China and Europe (Krull et al., 2004; Retallack and Krull,
2006). This has been taken as evidence for uneven
geographic mixing of methane (Krull et al., 2004;
Retallack and Krull, 2006). Even within Antarctica, the
magnitude of the isotopic excursion varies from section to
section, as if methane sources and atmospheric plumes
were localized (Retallack and Krull, 2006).

As for the terminal Paleocene, it is difficult to choose
between supporting evidence for potential mechanisms of
methane release at the Permian–Triassic boundary:
volcanic eruption, dolerite intrusion, submarine landslide
and marine faulting. Siberian Trap lavas beginning at the
Permian–Triassic boundary (Renne et al., 1995; Mundil
et al., 2001; Reichow et al., 2002) could have liberated
substantial amounts of methane by direct degassing of
greenhouse-inducing CO2 and H2O, by thermogenic
release and generation of coalbed methane in intruded
coal measures, and by melting of permafrost by large
flows. Estimated volumes of Siberian Trap gases fail to
explain the full range of end-Permian atmospheric
devastation (Kerrick, 2001; Wignall, 2001), but such
gases cannot be ruled out as a contributory cause of the
crisis (Benton, 2003). Siberian Traps erupted into coal
basins (Czamanske et al., 2002), and their feeder and
associated intrusions could have liberated and thermo-
genically generated coalbed methane of isotopically light
composition in large volumes, as postulated for the
Toarcian methane release event (McElwain, 2005). There
is paleosol evidence of permafrost in Glossopteris-
dominated Permian peatlands of the Triassic south polar
region (Krull, 1998, 1999; Retallack, 1999b), and
although such studies have not yet been attempted on
paleosols associated with the Siberian Traps, they were
erupted at high northern latitudes (Scotese, 1994). A huge
(500 km diameter) crater (Bedout, Western Australia, has
now been dated at 250.1±4.5Ma (Gorter, 1996; Becker et
al., 2004), but remains controversial (Wignall et al., 2004;
Renne et al., 2004). Also disputed is evidence of
Permian–Triassic shocked quartz (Langenhorst et al.,
2005), iridium anomalies in the range 59–80 ppt, and
fullerenes with extraterrestial noble gases (Farley and
Mukhopadhyay, 2001; Koeberl et al., 2004). Less easy to
dismiss are meteorite fragments at the Permian–Triassic
boundary at Graphite Peak (Basu et al., 2003), where their
preservation can be attributed to early diagenetic
berthierine nodules (Sheldon and Retallack, 2002). A
final methane release mechanism is from large submarine
slides, as represented by the Permian–Triassic Little Ben
Sandstone of New Zealand (Krull et al., 2000) and the
carbonate olistostrome of Kaki Vigla, on the island of
Salamis, Greece (Baud et al., 1989), which both contain
profound carbon isotopic excursions. Triggering of
methane release by transform faulting, subduction zone
earthquakes, or regional uplift under superplumes is also
plausible, as argued for Aptian methane outburst (Jahren
et al., 2001; Jahren, 2002).

Carbon isotope excursion magnitudes matter, because
they allow quantitative estimates of outburst volumes and
effects. The average isotopic excursion for organic carbon
from 30 analyzed Permian–Triassic sections worldwide
(Retallack and Krull, 2006) is −6.4±4.4‰ (one standard
deviation), which requires release to the atmosphere of at
least 622±589 Gt (=1015 g) of CH4 (≈467 Gt of C from
methane: calculated using algorithms of Jahren et al., 2001,
from starting value of Retallack, 2001a, 2002b, recalcu-
lated following Wynn, 2003). Earliest Triassic methane
release and oxidation thus created an atmosphere of at least
1684±916 ppmV CO2, a value comparable with estimates
from stomatal index of earliest Triassic seed ferns
(Retallack, 2002a). This amount of methane is no more
than 6–100% of estimated inventories of methane hydrates
in the world (Kvenvolden, 2000; Milkov, 2004). These
simplistic mass balance calculations support numerical
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models of the Permian–Triassic methane outburst event by
de Wit et al. (2002) and Berner (2002), but not extreme
methane outbursts postulated byRyskin (2003). Likely kill
mechanisms in a methane outburst catastrophe explain
observed selectivity of the Permian–Triassic mass extinc-
tions. In the ocean, excess CO2 (hypercapnia), which
would form by oxidation of CH4, has been suggested to
explain preferential end-Permian extinction of marine
invertebrates with heavily calcified skeletons, poor respi-
ratory and circulatory systems and low basal metabolic rate
(Knoll et al., 1996). Carbon dioxide saturation also has
been invoked to explain early Triassic calcite seafloor
cements (Heydari and Hassanzadeh, 2003). Some degree
of hypoxia (O2 deficit) also may explain early Triassic
unbioturbated, pyritic and carbonaceous marine shales and
cherts (Kajiwara et al., 1994;Kakuwa, 1996; Isozaki, 1997;
Twitchett et al., 2001;Wignall et al., 2005), and biomarkers
such as isorenieratane in earliest Triassic shallow marine
rocks (Grice et al., 2005).

On land, end-Permian anoxia in soils already margin-
ally aerated within poorly drained lowland and coastal
regions would kill roots by suppressing root respiration
(Sheldon and Retallack, 2002). Such lowland soil anoxia
and post-apocalyptic greenhouse tallies with several
unusual features of earliest Triassic paleosols: their
extreme fluctuations in carbon isotopic depth functions
(Krull and Retallack, 2000), their unusually strong
chemical weathering compared with physical weathering,
high paleolatitudinal distribution of deeply weathered soils
such as Ultisols (Retallack and Krull, 1999), and shallow
nodules of such oxygen-intolerant minerals as berthierine
and siderite within formerly porous sandy paleosols
(Retallack, 1999a, 1997b; Sheldon and Retallack, 2002).
Aquatically adapted glossopterid roots ofVertebrariawere
extinguished at the Permian–Triassic boundary throughout
the Gondwana supercontinent (Retallack and Krull, 1999).
Peat-forming ecosystems of austral glossopterids and
boreal ruflorian cordaites were destroyed utterly at the
end of the Permian, and coals contained very different
plants when peat-forming communities re-evolved during
the Middle Triassic (Retallack, 1995; Retallack et al.,
1996). Terminal–Permian lowland woody plant dieback is
indicated by unusually abundant fungal spores, preferential
extinction of gymnosperms compared with pteridophytes,
and shifting histological and chemical composition of
palynodebris (Visscher et al., 1996), although some of the
supposed fungal hyphae were more likely aquatic algae
(Afonin et al., 2001; Foster et al., 2002). Destruction of
woody plants in lowland sedimentary environments is also
indicated by the abundance of weakly developed earliest
Triassic paleosols (Retallack and Krull, 1999; Retallack,
1999a), extensive claystone breccias from upland soil
erosion (Retallack, 2005a), and by the spread of earliest
Triassic braided streams (Ward et al., 2000; Michaelson,
2002). The most successful early Triassic plants were
isoetalean lycopsids, with shallow, hollow rootlets,
adapted to poorly aerated soils (Retallack, 1997c).

For land vertebrates, the earliest Triassic atmosphere
modeled by Berner (2002) had an oxygen content compa-
rable to that found at 6000 m today, and many creatures
would have died by pulmonary edema and acidosis, in a
syndrome comparablewith “mountain sickness” (Retallack
et al., 2003). Large areas of the earth at high elevations
would have been sterilized of vertebrates (Huey andWard,
2005), and only those creatures pre-adapted to oxygen
stress would have survived. Most reptiles and amphibians
disappeared at the Permian–Triassic boundary (Smith and
Ward, 2001; Ward et al., 2005), and among the few sur-
vivors was Lystrosaurus, a burrowing detritivore with a
cosmopolitan distribution (Retallack, 1996; Retallack and
Hammer, 1998; Lucas, 1998). With its short snout, bony
secondary palate, barrel chest, and high neural spines, Ly-
strosaurus was better adapted than most other Permian
reptiles to oxygen shortages within the burrows in which it
is often found (Retallack et al., 2003). Lystrosaurus, like its
much later mammalian ancestors, may also have had a
greater capacity for acclimatization than other latest Per-
mian vertebrates, which may have been as limited as mo-
dern frogs in ability to acclimatize (Engoren and Retallack,
2004).

We have emphasized the methane outburst hypothesis
here because its exposition and ramifications are new
(Krull and Retallack, 2000; Berner, 2002; Heydari and
Hassanzadeh, 2003), but there is still an open season on
ideas about the Permian–Triassic life crisis, with many
competing hypotheses. For example, Kaiho et al. (2001)
and Becker et al. (2004) propose that a giant impact caused
the mass extinction as a preplay of the popular scenario of
“Tyrannosaurus rex and the crater of doom”, with a global
dust cloud and chilling followed by post-apocalyptic
greenhouse (Alvarez, 1997). Even if all the disputed
evidence for terminal Permian impact were accepted, such
an impact was still smaller than at the Cretaceous–Tertiary
boundary, where extinctions were much less catastrophic
(Retallack et al., 1998). Alternatively, Benton (2003),
Benton et al. (2004) and Ward et al. (1995) argue for a
gradual extinction due to atmospheric contamination with
carbon dioxide and sulfur oxide gases from the giant flood
basalt eruptions of the Siberian Traps. Unfortunately, even
the most optimistic volumes of the Siberian traps and their
likely content of SO2, SO3, and CO2 do not create an
atmospheric crisis of the magnitude observed (Kerrick,
2001; Wignall, 2001; Berner, 2002). Finally, Hallam and
Wignall (1997), Kidder andWorsely (2004), Wignall et al.
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(2005), Grice et al. (2005), and Kump et al. (2005) argue
that the extinctions were produced by oceanic stagnation
and anoxia spreading into the photic zone, perhaps with
release to the atmosphere of sulfur gases. This hypothesis
fails to explain the dramatic decline in total organic carbon
in earliest Triassic marine rocks (Morante, 1996; Krull
et al., 2004), which should be more carbonaceous by
proposed productivity stagnation models.

None of these scenarios preclude a role for methane,
because oxidation of sufficient amounts of methanemight
induce oceanic anoxia, and volcanism, tectonism and
impact could release large volumes ofmethane.We do not
imagine that these various scenarios will be reconciled
any sooner than comparable debates concerning the
Cretaceous–Tertiary mass extinction, but we do suggest
that methane was a key element during the greatest of all
mass extinctions at the Permian–Triassic transition.
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