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Abstract

Permian waning of the low-latitude Alleghenian/Variscan/Hercynian orogenesis led to a long collisional orogeny
gap that cut down the availability of chemically weatherable fresh silicate rock resulting in a high-CO, atmosphere
and global warming. The correspondingly reduced delivery of nutrients to the biosphere caused further increases in
CO; and warming. Melting of polar ice curtailed sinking of O,- and nutrient-rich cold brines while pole-to-equator
thermal gradients weakened. Wind shear and associated wind-driven upwelling lessened, further diminishing
productivity and carbon burial. As the Earth warmed, dry climates expanded to mid-latitudes, causing latitudinal
expansion of the Ferrel circulation cell at the expense of the polar cell. Increased coastal evaporation generated O,-
and nutrient-deficient warm saline bottom water (WSBW) and delivered it to a weakly circulating deep ocean. Warm,
deep currents delivered ever more heat to high latitudes until polar sinking of cold water was replaced by upwelling
WSBW. With the loss of polar sinking, the ocean was rapidly filled with WSBW that became increasingly anoxic and
finally euxinic by the end of the Permian. Rapid incursion of WSBW could have produced ~20 m of thermal
expansion of the oceans, generating the well-documented marine transgression that flooded embayments in dry, hot
Pangaean mid-latitudes. The flooding further increased WSBW production and anoxia, and brought that anoxic
water onto the shelves. Release of CO, from the Siberian traps and methane from clathrates below the warming ocean
bottom sharply enhanced the already strong greenhouse. Increasingly frequent and powerful cyclonic storms mined
upwelling high-latitude heat and released it to the atmosphere. That heat, trapped by overlying clouds of its own
making, suggests complete breakdown of the dry polar cell. Resulting rapid and intense polar warming caused or
contributed to extinction of the remaining latest Permian coal forests that could not migrate any farther poleward
because of light limitations. Loss of water stored by the forests led to aquifer drainage, adding another ~5 m to the
transgression. Non-peat-forming vegetation survived at the newly moist poles. Climate feedback from the coal-forest
extinction further intensified warmth, contributing to delayed biotic recovery that generally did not begin until mid-
Triassic, but appears to have resumed first at high latitudes late in the Early Triassic. Current quantitative models fail
to generate high-latitude warmth and so do not produce the chain of events we outline in this paper. Future
quantitative modeling addressing factors such as polar cloudiness, increased poleward heat transport by deep water
and its upwelling by cyclonic storms, and sustainable mid-latitude sinking of warm brines to promote anoxia,
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warming, and thermal expansion of deep water may more closely simulate conditions indicated by geological and

paleontological data.
© 2003 Elsevier B.V. All rights reserved.

Keywords: greenhouse; Permian—Triassic extinction; anoxia; warm saline bottom water; storms

1. Introduction

We present a climate model of Earth system
evolution from the Carboniferous and Early Per-
mian icehouse to extreme Late Permian and Early
Triassic greenhouse warmth. Although we are not
the first to do so (see below), we suggest that the
warming played a key role in causing the end-
Permian extinction. The feedbacks proposed in
our global warming model weakened ecosystems
prior to the sudden and devastating extinction.
Feedback from the extinction itself probably in-
tensified unfavorable conditions, probably extend-
ing the unusually long Early Triassic recovery in-
terval into the Late Scythian (Hallam, 1991;
Erwin, 1998a,b).

The end-Permian extinction devastated both
marine and terrestrial ecosystems (Erwin, 1993,
1994; Hallam and Wignall, 1997; Erwin et al.,
2002; Wignall and Twitchett, 2002). A wide range
of kill mechanisms has been proposed, but no
clear consensus for any one extinction mechanism
has emerged. Past suggestions include: niche loss
during assembly of Pangaea (Valentine and
Moores, 1970), cooling (Stanley, 1984), hyposalin-
ity (Beurlen, 1956; Fischer, 1964; Stevens, 1977),
volcanism (Renne et al.,, 1995; Kozur, 1998;
Reichow et al., 2002), anoxia (Wignall and Hal-
lam, 1992; Wignall and Twitchett, 1996); hyper-
capnia (Knoll et al., 1996); warming and acid rain
via volcanism (Visscher et al., 1996), warming via
methane release (Morante, 1996), extraterrestrial
impact (Becker et al., 2001; Kaiho et al., 2001),
and a combination of many of the above (Erwin,
1993). The extinction interval is now known to be
quite short (Bowring et al., 1998), lasting less than
half a million years, and its rapidity rules out
some proposed mechanisms (Erwin et al., 2002).

Our model synthesizes a wide variety of Per-
mian and Triassic factors including tectonics, cli-
matic aspects of ocean and atmospheric circula-

tion and chemistry, and terrestrial and marine
biotas. Global systemic changes were set in mo-
tion as the final continental collisions associated
with Pangaean assembly waned near the end of
the Early Permian, resulting in a dearth of land-
mass collisions until the mid-Triassic. The conse-
quence was a decline in silicate weathering and
slowing of carbon burial that yielded a high at-
mospheric CO, content, intense global warming,
and very low meridional temperature gradients as
supported by warm-climate high-paleolatitude flo-
ras (Taylor et al., 1992; Retallack, 1999; Rees et
al., 2002). Besides warming, climate consequences
of high CO, include generally increased absolute
atmospheric water vapor content, poleward mois-
ture transport, and abundant rainfall at high lat-
itudes (Manabe et al.,, 1994). Feedbacks from
warming are consistent with many aspects sug-
gested by previous workers such as latitudinal ex-
pansion of dry and warm conditions along with
monsoonal tropics characterized the Late Permian
and Early Triassic after the Gondwanan glaciers
melted (e.g. Kutzbach and Gallimore, 1989;
Kutzbach and Ziegler, 1993; Parrish, 1993; Zie-
gler et al., 1997; Retallack, 1999), and significant
reduction in strength of ocean circulation (e.g.
Fischer, 1964; Holser, 1977; Holser et al., 1989;
Wignall and Twitchett, 1996; Isozaki, 1997; Ho-
tinski et al., 2001).

Widespread Late Permian and Early Triassic
anoxia (Wignall and Hallam, 1992, 1993; Isozaki,
1997; Hallam and Wignall, 1997; Wignall and
Twitchett, 2002) is consistent with the prediction
of the three-box model of Herbert and Sarmiento
(1991) for a warm world with small temperature
gradients between the equator and the poles rela-
tive to those of today. Models focused on gener-
ation of deep-ocean anoxia have quantified a
number of mechanisms by which such anoxia
may have developed (Sarmiento et al., 1988; Ho-
tinski et al., 2000, 2001; Zhang et al., 2001). Tak-
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Fig. 1. Paleogeographic maps of three time slices pertaining to this study. Each map shows paleolandmass and mountain posi-
tions generated with the PGIS program written by C.R. Scotese. We interpret the active, low-latitude Alleghenian orogeny as a
significant cooling factor in the Early Permian that lost effectiveness when the orogeny ended (see text for discussion). Features
noted in key to symbols such as unvegetated regions (many of which may be deserts), coals and forests, and ice are modified
from Erwin (1993) and Ziegler et al. (1997). Early Triassic phosphates are from Trappe (1994). Surface currents and upwelling
and sinking areas are our estimates. Equal area projections are rimmed with our interpretations of ocean heat transfer and atmo-
spheric heat transfer as discussed in the text (arrows). Postulated temperature and salinity values at the outside of the ovals rep-
resent the surface ocean whereas inward values represent the deep ocean. (A) Early Permian world in which active collisional
orogenesis and extensive ice cover. It is assumed that these conditions are comparable to those of the modern icehouse world
from which our numerical values are taken. (B) Late Permian. (C) Early Triassic.



Table 1

Sets of key aspects that describe the Permian and Triassic and serve as grounding for our model

Observation

Duration

Inferred cause/remarks

Selected references

Long-term changes in the Permian leading up to the extinction

Reduction of activity in the Pangean
low-latitude orogenic belt

Decline in ¥7Sr/%0Sr

Waning of Permo-Carboniferous
glaciation

Rising atmospheric CO,

Global warming

Expansion of desert belts
Retreat of floras to high latitudes

Extensive evaporite deposition
Declining atmospheric oxygen

tens of Myr

tens of Myr
tens of Myr

tens of Myr
tens of Myr

tens of Myr
tens of Myr

~ 10 Myr
tens of Myr

Events temporally more closely correlated with the extinction

Ocean anoxia
Oceanic euxinia
Transgression

Expansion of shelf anoxia
Positive sulfur isotope shift

Increasing *7Sr/%Sr
Fungal Spore horizon
Siberian traps volcanism
Very rapid events
End-Permian extinction
Negative §'3C anomaly

Negative §'80 anomaly
Bolide impact?

Early Triassic gaps
Chert gap

Phosphate gap
Metazoan reef gap
Coal gap

Lycopod dominance
Orogeny gap

Disaster biota

~20 Myr
~ 10 Myr
~2 Myr

~2 Myr
~ 10 Myr

~10 Myr
~1 Myr
~1 Myr

10* to 10° years
10* to 10° years

10* to 10° years
geologically instantaneous

~ 10 Myr

~ 10 Myr

thru Early Triassic
~10 Myr

thru Early Triassic
Guadalupian to Anisian
References

Waning of Pangean assembly

Reduction in continental input
Pangean assembly wanes

Pangean assembly wanes
Rising atmospheric CO, and CHy

Warming and drying climate
Drying climate

Warming and drying climate
Reduction in photosynthetic activity

Reduced ocean circulation
Reduced ocean circulation

Tectonics (Hallam/Wignall refs) or Whole ocean
thermal expansion and aquifer drainage (this paper)
Transgression and increased ocean stratification
Sinking §*S-rich brines and/or organic burial

of 2S-rich pyrite

cause unclear (see text)

Destruction of forests

many proposed causes

Release of light carbon, productivity loss; ecosystem
adjustment

Warming

nutrient shortage

nutrient shortage (our interpretation)
warmth, hypercapnia, hyposalinity
forest destruction and delayed recovery
recovery flora

lack of continental collisions

Examples of Early Triassic disaster taxa and selected references (see text for discussion)

Stromatolitic reefs
Acritarch swarms
Cephalopods

Windley (1995), Erwin (1993)

Burke et al. (1982), Denison et al. (1994)
Crowell (1999), Moore and Worsley (1994), this paper

Berner (1990), Ekart et al. (1999), this paper

Berner (1990), Holser et al. (1989), Erwin (1993),
Retallack (1999), this paper

Ziegler et al. (1997)

Erwin (1993), Taylor et al. (1992), Ziegler et al. (1997),
Rees et al. (2002)

Erwin (1993), Ziegler et al. (1997)

Berner and Canfield (1989), Graham et al. (1995), Berner
(2001); this paper

Wignall and Hallam (1992, 1993), Wignall and Twitchett
(1996, 2002), Isozaki (1997)

Wignall and Hallam (1992, 1993), Wignall and Twitchett
(1996, 2002), Isozaki (1997)

Hallam (1991, 1999), Wignall and Hallam (1992, 1993),
Hallam and Wignall (1999)

Wignall and Twitchett (1996, 2002)

Holser (1977), Hallam and Wignall (1997), Broecker and
Peacock (1999)

Martin and Macdougall (1995), Korte et al. (2003)
Visscher et al. (1996), Erwin et al. (2002)

Makarenko (1976), Erwin (1993), Reichow et al. (2002)

Erwin (1993), Bowring et al. (1998), Erwin et al. (2002)
Holser (1989); Erwin (1993), Broecker and Peacock
(1999), Wignall (2001), Berner (2002)

Holser et al. (1989)

Becker et al. (2001), Kaiho et al. (2001)

Erwin (1993), Kidder and Erwin (2001)

Trappe (1994); this paper

Fagerstrom (1987), Erwin (1993), Knoll et al. (1996)
Veevers et al. (1994); Retallack (1996)

Looy et al. (1999), Yaroshenko (1997)

Veevers (1989), Erwin (1993); this paper

Schubert and Bottjer (1992)
Balme (1970), Hallam and Wignall (1997)
Hallam and Wignall (1997)
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Eshet (1992), Hallam and Wignall (1997)
Hallam and Wignall (1997)

Hallam and Wignall (1997)

McRoberts (2001)

Rodland and Bottjer (2001)
King (1990)

Selected references

Inferred cause/remarks

Duration

Lingulids
Zooplankton (e.g. tintinnids)

Table 1 (Continued).

Observation
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en individually, quantitative model results either
fail to generate sustainable anoxia (Zhang et al.,
2001) or produce only dysoxia or weak anoxia
(Hotinski et al., 2000, 2001). Our model suggests
that the combined effect of these variables acting
in concert was sufficient to generate the extensive
anoxia and euxinia that characterized the latest
Permian and Early Triassic.

The lack of an effective quantitative model for
a poleward heat transport mechanism to maintain
warm oceans at high latitudes during Cretaceous
greenhouse climates (Haupt and Seidov, 2001) ap-
plies even more to the extreme high-latitude
warmth (Taylor et al., 1992, 2000; Retallack,
1999; Sheldon and Retallack, 2002) of the Late
Permian and Early Triassic. General circulation
models that force increased global warmth by im-
posing high values of atmospheric CO, have not
been able to produce Late Permian warm climates
in high southern paleolatitudes that are suggested
by paleobotanical data (Rees et al., 1999, 2002;
Gibbs et al., 2002). The lack of a warm polar
surface current in the models has been suggested
as a possible reason for this deficiency in the mod-
el results (Ziegler, 1998). In contrast, our model
calls for poleward heat transport by warm deep-
ocean brines (Chamberlin, 1906; Brass et al.,
1982; Zhang et al., 2001; Bice and Marotzke,
2002). We further suggest that Ekman transport
upwelling caused by cyclonic storms also warmed
high latitudes as they mined warmth from deep
brines and delivered it as latent heat to polar re-
gions. Greatly increased cloud cover helped to
maintain polar warmth, both from condensation
and the heat retention provided by the clouds.
Previous Permo-Triassic models do not predict
either the storminess or heat-trapping polar
cloudiness we propose.

Early Triassic extreme warmth rivals and per-
haps exceeds that of the Late Paleocene thermal
maximum that is suggested to have resulted from
elevated atmospheric CO, and CHy (e.g. Zachos
et al.,, 1993; Katz et al., 1999; Bice and Marotzke,
2002). High methane values have also been sug-
gested for the Early Triassic (Erwin, 1993; Mor-
ante, 1996; Krull and Retallack, 2000; Sheldon
and Retallack, 2002). The Early Triassic has other
partial analogs in Earth history. For example,

Looy et al. (1999), Yaroshenko (1997)

Miller et al. (2001)

‘Paper’ clams (e.g. Claraia)
Epifaunal bivalves

Lystrosaurus

Lycopsids
Terrestrial burrowing networks

Adult dwarf microgastropods
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mid-Cretaceous warmth and anoxia was accom-
panied by lows in chert and phosphate accumu-
lation (Hein and Parrish, 1987; Kidder and Er-
win, 2001; Cook and McElhinny, 1979). The
Early Silurian also has a phosphorite gap (Cook
and McElhinny, 1979), a possible chert gap (Kid-
der and Erwin, 2001), it followed a significant
extinction, and the Silurian has been suggested
as a significant greenhouse (Worsley and Kidder,
1991). Mesoproterozoic drawdown of atmospher-
ic CO, was probably minimized by some factors
similar to those in the Early Triassic. Silicate
weathering was limited by a paucity of orogenic
activity and by the absence (Mesoproterozoic)
and scarcity (Early Triassic) of terrestrial vegeta-
tion, which also minimized terrestrial photosyn-
thetic CO, drawdown and consequent carbon
burial. The Early Triassic euxinic ocean (e.g. Hal-
lam and Wignall, 1997) somewhat resembled sul-
fidic Mesoproterozoic oceans characterized by
weakly oxygenated surface waters (Canfield,
1998; Anbar and Knoll, 2002).

2. The Permo-Triassic world

2.1. Late Permian/Early Triassic warming and
oxygen decline

The Permo-Carboniferous icehouse of Pangaea
was analogous to the Cenozoic one in a number
of respects, and so it serves as a useful starting
point for consideration of Permo-Triassic climate
change. Permo-Triassic continents were longitudi-
nally arrayed into a sliceworld (Worsley and Kid-
der, 1991), although Pangaea was a single land-
mass in contrast to the two major slices of the
modern world. Drawdown of CQO, via chemical
weathering of fresh silicate rock generated in ac-
tive low-latitude orogenic belts was probably an
effective cooling mechanism in both icehouses,
and this mechanism has been suggested for initia-
tion of Permo-Carboniferous glaciation (Moore
and Worsley, 1994; Saltzman et al., 2000). The
Alleghenian/Variscan/Hercynian orogenies that
completed the unification of Gondwanaland and
Laurasia (Fig. 1) were at least two and perhaps
five times larger in areal extent than the modern

Himalayan system which has been commonly sug-
gested as the trigger for Cenozoic glaciation (e.g.
Raymo, 1991). Andean-type tectonics have been
ongoing along the Panthalassa-Pacific rim since at
least the Late Paleozoic. Both worlds are marked
by significant continental glaciers in the south po-
lar region, and minimal Early Permian north po-
lar landmasses probably resulted in a cap of fro-
zen sea ice. Carboniferous and Early Permian
ocean circulation probably approximated that of
the Tertiary to Recent icehouse in that sinking
cold, O,-rich brines generated from the freezing
of sea ice adjacent to the southern ice sheets were
the dominant factor in pole-driven thermohaline
circulation. Carbon burial by widespread conifer-
ous and glossopterid forests probably contributed
significantly to cooling as did photosynthetic
drawdown of CO, and carbon burial by oceanic
plankton in a well-mixed ocean receiving abun-
dant nutrient runoff from the predominantly
low-latitude orogenic belts.

The combined efforts of many workers (Table
1; Fig. 2) establish a baseline of Early Permian
icehouse characteristics and the Late Permian and
Early Triassic conditions toward which we extrap-
olate in our semi-quantitative model. Numerical
values from the Cenozoic icehouse are used to
approximate the Permo-Carboniferous icehouse
(Table 2).

We propose that if the onset of Gondwanan
glaciation was triggered by orogenesis, warming
climates should be a consequence of the cessation
of that cooling mechanism. Independent evidence
exists for rising levels of atmospheric greenhouse
gases and warmth during and after the melting of
the Gondwanan ice sheets. A late Early Permian
(Leonardian) rise in atmospheric CO, estimated
from 8'3C pedogenic carbonate analyses (Ekart
et al., 1999; Montanez et al., 2001) is consistent
with the timing of glacial melting near the end of
Pangaean orogenic assembly (Fig. 2). A decline in
leaf stomate density in the Late Permian and
Early Triassic from higher Early Permian values
(Retallack, 2001) also supports increased atmo-
spheric CO; in a similar fashion to post-Creta-
ceous results (Beerling et al., 2002). Model results
(e.g. Berner, 1990, 1991, 2002) also support rising
atmospheric CO, levels in the Late Permian and
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Fig. 2. Permo-Triassic time scale on which durations of key factors pertaining to the genesis of our model are portrayed. Com-
piled from Erwin (1993), Isozaki (1997), and Veevers (1989). See Table 1 for more factors and further explanation.

Early Triassic. Following glaciation, Late Per-
mian expansion of desert belts, red beds, eolian
dunes, and areas of evaporite formation coincided
with a general retreat of forested areas toward
high latitudes (Erwin, 1993; Parrish, 1993; Ziegler
et al., 1997; Taylor et al., 1992; Retallack, 1999;
Rees et al., 2002). The loss of forests (Erwin,
1993; Visscher et al., 1996; Rees et al., 2002),
the Siberian traps volcanism (Makarenko, 1976;
Erwin, 1993; Reichow et al., 2002), and clathrate
release (e.g. Erwin, 1993; Morante, 1996) would
all have led to increased atmospheric CO,. Vee-
vers et al. (1994) interpreted the herbaceous Di-
croidium flora and its associated redbed facies as
representative of warm climates in the Early Tri-
assic following the cooler Permian association of
Glossopteris and coal. Warm climates are inferred
from sail fins on pelycosaurs that are now thought
to have expelled body heat (Bennett, 1996) in con-
trast with earlier work that suggested the sail fins
served as heat collectors (Haack, 1986). Scarcity
of Late Permian charcoal suggests that despite

dry conditions, Permian fires were not only rare
(Scott, 2000; Wang, 1993, 2000), but consisted
mostly of low-temperature surface and litter fires
rather than full-scale crown forest fires (Scott,
2000). In addition to enhancing climate equabil-
ity, melting ice sheets would have drowned small
landmasses such as South China where the best
marine record of the latest Permian and early Tri-
assic is preserved.

Suggestions of Late Permian cool climates are
not unknown. Stanley (1984, 1988) suggested
cooling and possibly even glaciation in the latest
Permian to explain the end-Permian extinction,
but the glacial deposits cited by Stanley turned
out to be Guadalupian (Erwin, 1993). Biogenic
cherts used to suggest cool Late Permian climates
(Beauchamp and Baud, 2002) could also reflect
availability of nutrients and silica from our pre-
dicted high-latitude upwelling rather than temper-
ature, but cold, temperate climates may well have
characterized Late Permian polar regions. Kozur
(1998) also used siliceous faunas to suggest cool-



Table 2
Postulated orogenic, orographic, atmospheric, and oceanic changes from the Early Permian through the Early Triassic

Model Predictions

Today and Early Permian

Late Permian

Early Triassic

References and comments

1.
2.

5.
6.
7.

Orogeny
Atmospheric carbon dioxide

. Polar ocean surface temperature

. Equatorial ocean surface temperature

Average global temperature
Global SVP
Proportion of equator-to-pole heat transport

between ocean currents and atmosphere

8.

9.

10.
11.
12.
13.
14.
15.
16.
17.
18.

19.

20

Atmospheric poleward heat transport

Oceanic poleward heat transport

Total poleward heat transport
Planetary windbelt speeds

Wind shear

Ocean current speed
Wind-driven upwelling

Polar surface ocean salinity
Polar deep-ocean salinity
Equatorial surface ocean salinity

Equatorial deep-ocean salinity

Whole ocean salinity

. Moisture transport to continental interiors

(see Fig. 7)

21

21

. Monsoon intensity and frequency

. Aridity and runoff efficiency

1 [A]
1 [A]

0°C [A]
30°C [A]
15°C [A]

1 [A]
~50% [A]

1/2 [B]

1/2 [B]

35%0 [A]
34%0 [A]

35%o [B]

172 [A]
10 [B]

15°C [B]
35°C [B]
25°C [B]
2[C]
~80% [B]

1 1/4 [C]

112 [C]

1 3/4 [C]
2/3 [B]
4/9 [B]
4/9 [B]
4/9 [B]
20%o [C]
33%o [C]
32%o [C]
35%0 [C]

34%o [C]

2/3 [B]

172 [B]

2[B]

172 [A]
321[q

20°C [C]
40°C* [C]
30°C [C]
2.8[C)
>90% [C]

1172 [C]

112 [C]

21[C]

2/3 [B]
4/9 [B]
4/9 [B]
4/9 [B]
20%o0 [C]
33%0 [C]
30%o [C]
34%0 [C]

33%0 [C]

2/3 [C]

21/4 [C]

41C]

subduction orogeny continues; continent collision ceases

Assumes CO? is sole greenhouse gas which doubles for each 3°C rise
in temperature (e.g. Worsley and Kidder (1991)

Temperature based on high-latitude, warm-climate floras in the Late
Permian(Taylor et al. (1992) and Middle Triassic (Retallack, 1999)
*postulated to preserve a reasonable pole-equator temperature gradient
for Retallack’s (1999) ‘post apocalyptic greenhouse.’

A simple numerical average of polar and equatorial temperatures
SVP doubles for each 10°C increase

Wells (1997) Increased SVP and storm intensity plus weakened ocean
currents favors higher atmospheric heat transport

Estimate for today is from Wells (1997) who further estimates that
~90% of today’s atmospheric transport is via latent heat

Deep-ocean circulation reverses direction as mid-latitude warm, saline
bottom water replaces polar bottom water. Large storms can mine this
heat even at high latitude

Large cyclonic storms that mine heat from a warm deep ocean will
enhance poleward heat transport

Wind belt speed is proportional to pole-equator temperature gradient
Wind shear is proportional to square of velocity (Wells, 1997)

Ocean current speed is proportional to wind shear (Wells, 1997)
Upwelling is proportional to wind shear (Wells, 1997)

Without a polar cell, frequent and intense storm activity freshens polar
surface water

Evaporation from expanded desert belt areas produces warm, saline
bottom water that upwells at the poles (see Brass et al., 1982)
Frequent and intense storm activity freshens tropical surface waters,
especially near continents

Evaporation from expanded desert belt areas produces warm, saline
bottom water

Ice cap melting and salt extraction could have lowered salinity by as
much as 5% (Holser, pers. comm. cited in Horita et al., 1991). The
simple numerical average of equal volume, 1-km-thick polar and
equatorial mixed layers, and 3-km-thick polar and equatorial deep
layers.

Moisture transport is proportional to wind speed and is dependent on
height of coastal mountains, vegetation, and continent size. Pangean
interior would be difficult to moisturize.

Monsoon intensity is proportional to global temperature and humidity,
but is inversely proportional to mountain height (An et al., 2001). We
think mountain height dominates the monsoon, but it is difficult to
assess the effect of braided stream runoff across a minimally vegetated
landscape

Loss of wind speed promotes interior aridity. Loss of forests destroys
soil/biomass moisture storage and yields braided streams
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Table 2 (Continued).

References and comments

Early Triassic

2[q)]

Late Permian

91.5 [B]

Today and Early Permian

1[A]

Model Predictions

Storm frequency and intensity are proportional to temperature and

SVP.

22. Storm frequency and intensity
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Late Permian and Early Triassic storms mine heat from warm, deep
oceans. Early Permian storms are limited by cold water below the

thermocline.

210 [C]

23 [B]

1 [A]

23. Polar penetration of storms

Sharp drop in upwelling coupled with great loss of terrestrial flora.
Frequency and type of fire (Scott, 2000). Models by Berner and

21/4 [C]
0.8 [A]

21/2 [B]
0.9 [A]

1[A]

1 [A]

24. Photosynthetic oxygen production

25. Atmospheric oxygen

(1995), Berner (2001). Oxidation of

Canfield (1989), Graham et al.
CHy and volcanic SO,.

Oxygen solubility is inversely proportional to ocean temperature.

112 [A]

12 [A]

1 [A]

1[A]

26. Ocean oxygen saturation
27. Ocean oxygen content

Widespread anoxia and euxinia (Wignall and Hallam, 1993; Hallam

and Wignall, 1997; Isozaki, 1997)

21/10 [B]

21/2 [B]

Strong: based on direct measurement or

Weak: based on extrapolation, but consistent with other

[A]=

For value estimates, today’s value is defined as 1 unit. Letters in brackets indicate relative confidence of estimates:

Moderate: derived from an [A] estimate and in good agreement with other parameters. [C]=

analog. [B]
parameters.

ing. Ostracods as evidence of cool conditions
(Kozur, 1998) could alternatively reflect salinity
changes. The conodonts discussed by Kozur
(1998) do not necessarily indicate cool waters
(Wignall and Twitchett, 2002). The only geochem-
ical evidence for latest Permian cooling is based
on light 3"*C from one pedogenic carbonate local-
ity that was used to suggest a reduction in atmo-
spheric CO; in the latest Permian (Ekart et al.,
1999; Montanez et al., 2001). Stone-rolls (Cona-
ghan et al., 1994; Krull, 1999; Retallack, 1999)
suggest cold temperate, but not necessarily glacial
climates at high paleolatitudes.

Extremely warm Early Triassic climates were
suggested by Dickins (1993). More recent work
in terrestrial systems includes high-latitude paleo-
sols (60°-85°S) that are typical of warm climate
soils that characterize modern latitudes some 25—
40° lower (Retallack, 1999). Paleosol studies sug-
gest high atmospheric methane based on micro-
bial evidence (Krull and Retallack, 2000), and on
berthierine nodules that may have formed in re-
ducing environments as large amounts of CHy
oxidized to CO; (Sheldon and Retallack, 2002).
These are consistent with the methane that Erwin
(1993) invoked to help explain the §'3C anomaly
(Table 1), although the regression he calls for to
explain the hydrate-release happened too early to
explain the sudden 8'3C excursion.

Several lines of evidence and reasoning support
declining atmospheric oxygen levels through the
Late Permian and into the Early Triassic. A
marked increase of anoxic marine sediments in
the Late Permian intensified to euxinic conditions
from latest Permian into the Early Triassic in
both shelf and basinal settings (Wignall and Hal-
lam, 1992, 1993; Wignall and Twitchett, 1996;
Isozaki, 1997). Modeling results support a decline
in atmospheric oxygen through this interval
(Berner and Canfield, 1989; Graham et al.,
1995; Berner, 2001), and berthierine nodules in
earliest Triassic Antarctic paleosols (Sheldon and
Retallack, 2002) support low atmospheric O, con-
ditions. Scarce Late Permian charcoal could re-
flect lower atmospheric oxygen levels and/or less
available wood to burn. The retreat of forests to
smaller land areas at high latitudes (e.g. Erwin,
1993; Rees et al., 2002) would have sharply re-
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duced terrestrial production of atmospheric oxy-
gen. High levels of latest Permian and Early Tri-
assic methane (Erwin, 1993; Krull and Retallack,
2000; Sheldon and Retallack, 2002) would have
lowered atmospheric oxygen via oxidation to
CO,. Similarly, the large amounts of SO, emitted
from the Siberian traps (Makarenko, 1976;
Reichow et al., 2002) would have consumed at-
mospheric oxygen during oxidation to sulfate.
The lesser volcanic H>S component (Delmelle
and Stix, 2000) would also contribute to atmo-
spheric oxygen reduction.

2.2. The Permo-Triassic extinction

The rapid end-Permian extinction was preceded
by an earlier extinction at the end of the Middle
Permian (Stanley and Yang, 1994; Hallam and
Wignall, 1997; Erwin et al., 2002). Erwin (1993)
suggested that up to 70% of existing marine spe-
cies went extinct by the end of the Guadalupian.
Although loss of marine life ranged across many
taxa, it exhibits a selective nature. Especially hard
hit were shallow water dwellers including reefs,
epifauna, suspension feeders, planktonic larvae,
and plankton consumers (Erwin, 1993). Most
reef types were affected as were ~75% of fusuli-
nid forams and their algal symbionts (Hallam and
Wignall, 1997). Warmth may have selectively
eliminated algal symbionts (coral bleaching). Se-
lectivity of Late Permian extinctions has also been
attributed to hypersalinity in desert belts, and
sharply alternating seasonal surface salinity in
the tropical monsoon areas (Fischer, 1964; Beur-
len, 1956; Stevens, 1977). The high Changxingian
extinction level of 81% of organisms with heavily
calcified skeletons, lack of gills, weak internal cir-
culation, and low metabolic rates was suggested
by Knoll et al. (1996) to have resulted from
hypercapnia. Contrastingly, only about 38% of
organisms with active gills, active internal cir-
culation, and high metabolic rates suffered
Changxingian extinction. We suggest anoxia as
an alternative or additional mechanism to hyper-
capnia for this selective aspect of the extinction.

Although it has long been accepted that the
end-Permian extinction wiped out more marine
families, genera, and species than any other ex-

tinction in Earth history, it is now clear that the
event affected a broad range of both terrestrial
and marine ecological niches (Hallam and Wig-
nall, 1997; Twitchett et al., 2001; Erwin et al.,
2002). The Siberian traps that straddle the Per-
mo-Triassic boundary (Reichow et al.,, 2002)
must also have introduced considerable global
stress by rapidly expelling huge amounts of CO;
and SO,. The appearance of end-Permian fungal
spores that Visscher et al. (1996) suggested as a
possible consequence of sudden forest destruction
by the volcanism are now known to have devel-
oped over the last million years of the Permian in
China (Erwin et al., 2002), and before the bound-
ary in Svalbard (Wignall et al., 1998) and prob-
ably in Australia (Michaelsen, 2002). Forest de-
struction without burning is consistent with low
atmospheric oxygen discussed earlier. Non-com-
bustive oxidation of the terrestrial biosphere at
the Permo-Triassic boundary further elevated al-
ready high atmospheric CO, levels and reduced
already low atmospheric oxygen levels.

3. Icehouse to greenhouse model

We propose a system of feedbacks that in-
creased atmospheric CO; and warmed the world
from the Permo-Carboniferous icehouse to a
greenhouse that intensified through the Late Per-
mian and into the Early Triassic (Fig. 3). Table 2
approximates the progressive changes in climatic
parameters that led to the Early Triassic super-
greenhouse. Late Permian increases in atmospher-
ic carbon dioxide can be explained by three crit-
ical mechanisms (Figs. 1, 3 and 4). These are: (1)
waning and ending of the orogenic activity that
assembled Pangaea, (2) reduction in terrestrial
photosynthetic CO, drawdown as forests dimin-
ished, and (3) reduction in CO,; drawdown by
nutrient-deficient and oxygen-starved oceanic
plankton. In turn, all three are linked to a pro-
nounced weakening of the planetary windbelt sys-
tem and a consequent increase in heat transport
via warm saline bottom water (WSBW) and in-
creases in both frequency and intensity of cyclonic
storms to mine WSBW heat (Table 2; Figs. 1 and
5).
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Fig. 3. Flow chart illustrating expected feedback relationships among processes that we predict for evolution of climate. The
underlying assumption is that the Early Permian icehouse was a climatic regime comparable to that of today. From that starting
point, the flow chart incorporates a wide range of predicted feedbacks that are explained in further detail in Table 2 and the
text.

3.1. Reductions in CO, drawdown volume of readily weatherable silicate rock dimin-
ished. Warming and melting of the Gondwanan
ice sheets are a logical consequence of those de-
clines (Figs. 1, 3 and 4). The record of 87Sr/%Sr

beginning in the late Carboniferous (e.g. Denison

Declining CO, drawdown is expected as the
Pangaea-assembling Alleghenian, Hercynian, and
Variscan low-latitude orogenies waned and the
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Fig. 4. Model diagram that illustrates the general differences
between the icehouse conditions of the Early Permian vs. the
greenhouse of the Early Triassic. Arrows in atmosphere
show regions of CO, drawdown with thick solid arrows
showing the most intense drawdown (e.g. Early Permian low-
latitude orogeny) and dashed arrows showing weakest draw-
down. Unfilled arrows show burial of phosphorus and car-
bon. Solid arrows in oceans show dominant direction of heat
transport with the Early Permian resembling the modern ice-
house and the Early Triassic oceanic heat transport driven
by mid-latitude sinking of brines.

et al., 1994) is consistent with this expectation,
particularly during a significant drop in the Sr
ratio in the Leonardian and Guadalupian.
Further reduction in CO, drawdown is ex-
pected to have resulted from global reconfigura-
tion of Late Permian forests. Loss of resident
water as mid-latitude dry regions expanded (Fig.
1) also lessened silicate weathering. Saturation va-
por pressure (SVP) doubles with each 10°C rise in
temperature (e.g. Barron, 1989) so that we fully
expect that increased atmospheric moisture con-
tent rose during late Permian warming with a
concomitant increase in latent heat transport.
However, relative humidity (VP/SVP) probably

behaved differently, increasing at the equator
and polar regions where warm moist air was as-
cending (Manabe et al., 1994), and decreasing in
mid-latitudes, where cooler dry air was descend-
ing. Corresponding cloudiness and precipitation
(Fig. 6) along with warmth were probably impor-
tant sustaining factors for the high-latitude Late
Permian Pangaean forests described by previous
workers. (Erwin, 1993; Parrish, 1993; Ziegler et
al., 1997; Taylor et al., 1992, 2000; Retallack,
1999; Rees et al., 2002). The effectiveness of sili-
cate weathering in the much larger land area that
was left unvegetated by the retreat (Fig. 1) was
reduced because plant root systems intensify sur-
face weathering by breaking up rock to generate
soil and humus. Vegetation both increases avail-
able weatherable surface area and retains water
that intensifies weathering reactions (Algeo et
al., 1995; Berner and Berner, 1996; Algeo and
Scheckler, 1998) given sufficient relief for physical
removal of chemically inert materials (e.g. Stal-
lard, 1985; Drever, 1994). Transpiration generates
its own microclimate that promotes atmospheric
moisture transport into continental interiors (Fig.
7). Heavy, seasonal rainfall in unforested and
monsoonal Late Permian Pangaean tropical cli-
mate (Kutzbach and Gallimore, 1989; Kutzbach
and Ziegler, 1993; Parrish, 1993) would, without
forests, run off too rapidly to contribute signifi-
cantly to chemical weathering (Fig. 7). The small
land area covered by forests on small, tropical
landmasses (Fig. 1) and at high Late Permian lat-
itudes would not contribute significantly to CO,
drawdown, and light limitation would have cur-
tailed high-latitude forest productivity. Dimin-
ished terrestrial organic carbon burial is a further
consequence of forest reduction.

Reductions in terrestrial nutrient input to
oceans would be an additional consequence of
diminished silicate weathering. Warming would
have intensified as weaker upwelling from deep
waters (Table 2; Fig. 5) delivered fewer nutrients
to surface waters. Even if weakly upwelling deep
anoxic waters bore high nutrient levels (e.g. Van
Cappellen and Ingall, 1994), the anoxia of the
upwelled waters (e.g. Wignall and Twitchett,
1996, 2002) could have prevented their efficient
use. In our view, nutrient limitation lowered pho-
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tosynthetic plankton productivity and thus draw-
down and burial of carbon.

Model CO, values (Berner, 1990, 1991) are con-
sistent with warm climates, and the sharp changes
in 8'3C and §'%0 (Table 1) support dramatically
increased CO, and warming at the Permo-Triassic
boundary (Berner, 2002). Recent computer mod-
els for Late Permian and Early Triassic climate
assume high atmospheric CO; values on the order
of 8 X those in the modern world (e.g. Rees et al.,
1999). Our postulated 25°C global temperature
average for the late Permian (35° at the equator
and 15° at the poles) suggests CO; levels ~ 10X
those of today. Evaluation of our suggested Early
Triassic 30°C global temperature average (40° at
the equator and 20° at the poles) by the Worsley
and Kidder (1991) CO,-temperature model sug-
gests that atmospheric CO; could have exceeded
30 X present values if it were the only greenhouse
gas contributing to Early Triassic warmth. Alter-

native modeling by Berner (2002) weaves together
the effects of four factors to raise Late Permian
CO; levels to higher Early Triassic ones. He sug-
gests that release of methane and its subsequent
oxidation to CO; would have raised atmospheric
CO; by 1.25X previous levels. An additional
~1.25X increase would have resulted from
mass mortality. Two approximate doublings of
atmospheric CO, levels, one from the Siberian
traps, and the other from carbon cycle reorgani-
zation would have combined with the other two
factors to raise atmospheric CO, as much as 6 X.
Because these increases could buffer one another
to some extent, we adopt a more conservative
four-fold increase. The relation of Worsley and
Kidder (1991) equates doubling of CO; from
any arbitrary value with a 3°C temperature rise
and a 10-fold CO; increase to a 10°C rise. The 4-
fold CO; rise at the Permo-Triassic boundary
would, therefore, yield a ~ 6°C rise in global tem-
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Triassic. Early Triassic greenhouse poleward heat transport is
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by heat mining of those waters by cyclonic storms (Fig. 5)
that increase atmospheric transport of latent heat. A rise in
SVP and poleward moisture transport as well as increased
high-latitude rainfall are predicted consequences of atmo-
spheric CO; enrichment (Manabe et al., 1994). See text for
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perature, which is consistent with the 5°C rise
suggested from 8'%0 results (Holser et al., 1989).

The modern-like Permian CO, value of 300
ppmV that Berner (2002) used as a baseline for
his modeling yields a global average temperature
of 15°C. We believe that these values represent

the Early Permian icehouse and are too low for
the Late Permian. The forests had, by the ice-free
Wordian (Middle Permian), already moved to
high latitudes (Rees et al., 2002), hence our sug-
gested Late Permian global average temperature
of 25°C. Our suggestion for 10X more than mod-
ern COj, levels in the Late Permian, or about 3000
ppmV, is in line with the values used by Rees et
al. (1999) of 8X present atmospheric CO, levels
in their model. The four-fold increase (modified
from Berner, 2002) starting from the higher Late
Permian values we suggest would result in an
average global temperature of ~31°C with CO,
values at ~40X modern levels, in reasonable
agreement with our estimates of ~30°C (40° at
the equator and 20° at the poles) and 30X mod-
ern CO,. The above calculations assume that CO,
was the sole greenhouse gas. Values would be
lower if methane were abundant (e.g. Erwin,
1993; Krull and Retallack, 2000; Krull et al.,
2000; Sheldon and Retallack, 2002). The 40° tem-
perature is an assumed end-member value used to
construct an extreme scenario and its consequen-
ces. Some of the most extreme summer heat prob-
ably occurred within three mid-latitude embay-
ments in the Pangaean margin (our Fig. 1 and

Moisture transport to
Pangean interior

N
~ Early
> (Permian
> < (many forests)

Relative precipitation
(precipitation minus evapotranspiration)

el _(forests destroyed)

H
Increasing distance inland

Fig. 7. Postulated decline in moisture transport to continen-
tal interiors from Early Permian to Early Triassic. Without
abundant forests to serve as a terrestrial moisture supply, cy-
clonic storms would not penetrate as far into the Pangaean
supercontinent despite their size in the Late Permian and
Early Triassic. By Early Triassic, most rain would run off to
oceans without reaching far into the continent.
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figs. 2, 10, and 11 of Wignall and Twitchett, 2002)
and fig. 1 of Wignall and Newton (2003) that are
also likely sources for WSBW. Such a high tem-
perature would have been deadly, and if achiev-
able, would have been a significant causative fac-
tor in the extinction.

3.2. Reorganization of atmospheric and
thermohaline circulation

Changes in Permo-Triassic ocean circulation
have been explored by previous workers, largely
in attempts to explain anoxia. The combination of
factors we suggest for reorganization of thermo-
haline circulation not only provides potential so-
lutions to problems of maintaining warm poles,
but are consistent with anoxia generation. Ocean
stratification (e.g. Holser, 1984; Wignall and
Twitchett, 1996; Wignall and Newton, 2003) to
produce anoxia has been suggested, as has weak-
ened pole-driven thermohaline circulation and the
effects of sinking water in a world with a low-
oxygen atmosphere (Hotinski et al., 2000, 2001),
but these changes do not help generate poleward
heat transport. Zhang et al. (2001) suggested sink-
ing subtropical brines, but their model results led
them to conclude that, although this mechanism
could promote deep-ocean anoxia, it would be
difficult to sustain. We suggest that weakening
of pole-driven thermohaline circulation (‘thermal
mode’ of Zhang et al., 2001) in the Late Permian
gave way to deep-ocean circulation driven by
sinking warm brines from the subtropics to the
middle latitudes. We suggest that this ‘haline
mode’ (Zhang et al., 2001) was less vigorous
than the preceding ‘thermal mode’, but it was
sustainable in the latest Permian and Early Trias-
sic. If so, it played a key role in both poleward
heat transport and anoxia generation.

Melting of the Gondwanan ice sheets weakened
oceanic thermohaline circulation (Fig. 5) as polar
waters warmed to the point at which the pole-
driven component of Early Permian thermohaline
circulation became significantly weakened in the
Late Permian (e.g. Hotinski et al., 2001). A reduc-
tion in cold brine generation by freezing water
would be a consequence of shrinking ice sheets,
perhaps to only seasonal ice. As salinity falls from

35 practical salinity units (psu) toward 30 psu, the
effect of temperature on water density becomes
negligible in cool water (Hay et al., 1998). If
ocean waters freshen enough, the sinking of polar
waters that drive today’s deep-ocean circulation
would greatly diminish and perhaps cease because
below a salinity of 24.7 psu, the densest seawater
occurs at a temperature above the freezing point.
Precipitation needed to sustain high-latitude for-
ests (e.g. Taylor et al., 1992; Retallack, 1999)
would perpetuate freshening of polar-ocean sur-
face waters and prevent their sinking (Fig. 1).
Extensive Late Permian evaporite formation
may have lowered ocean salinity (Beurlen, 1956;
Fischer, 1964; Stevens, 1977; Lantzy, 1977; Hols-
er, 1984). Surface salinity reduction from 35 psu
to 30 psu has been invoked to stress stenohaline
organisms to the point of elimination (Fischer,
1964; Stevens, 1977). Holser (1984) suggested
that such a drop in surface salinity would lead
to ocean stratification. Horita et al. (1991) used
fluid inclusion data from evaporites to argue that
the composition of Permian seawater is compara-
ble (i.e. within about 5 psu) to that of today so
that a 5-psu drop in surface salinity compared to
modern values is within the limits of their mea-
surement technique. Calculations using ice sheet
melting generate a drop of 3 psu, and salt extrac-
tion by evaporite basins (2 psu) permits a surface
salinity drop of 5 psu and a whole-ocean drop of
2 psu from Early Permian to Early Triassic (Table
2; Fig. 1). We do not claim that salinity changes
caused extinction, but they would have affected
surface-ocean stenohaline faunas. For instance,
the low polar salinities that we postulate would
deny most marine organisms a refugium from
very high temperatures at low to mid-latitudes.
However, tropical Permian holdover taxa did ap-
parently find a temporary higher-latitude refu-
gium where the peri-Gondwanan ‘peninsular’
and the Cimmerian terranes shielded Neotethys
from hyposaline polar influx until their mid-
Griesbachian extinction (Wignall and Newton,
2003). We suggest here that evaporation raised
salinity of this higher latitude area to tolerable
levels. In a world ocean with deep-water anoxia
and euxinia, upwelling waters would have been
anoxic, whereas surface waters in areas of sinking
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would contain significant, albeit low levels of at-
mosphere-derived oxygen. A strong candidate for
such a scenario occurs in the Tibetan shelf sec-
tions of a peri-Gondwanaland peninsula that
blocked incursion of polar low salinity waters
into the newly opening Neotethys at paleolati-
tudes of ~40°S (Wignall and Twitchett, 2002,
their fig. 10) or ~55° S (Wignall and Newton,
2003, their fig. 1) and created a refugium for
stenohaline tropical marine species. The shelf
was shallow, and well enough mixed to remain
the only oxic shelf to persist into the early Scy-
thian (Wignall and Twitchett, 2002, their fig. 10;
Wignall and Newton, 2003, their fig. 1). Even if
overall ocean salinity did not change much, re-
gional sinking of warm saline water to the ocean
bottom and heavy precipitation could have signif-
icantly altered ocean circulation and greatly af-
fected marine organisms.

The expansion of desert belts and retreat of
forests to high latitudes discussed earlier probably
led to extensive drainage of mid-latitude aquifers
that contributed to marine stratification. Even as
monsoonal conditions strengthened in the Late
Permian (Kutzbach and Gallimore, 1989; Parrish,
1993), tropical aquifers emptied because little of
the monsoonal surface runoff across an un-
forested landscape percolated downward to re-
charge aquifers. Coastal relief resulting from the
high freeboard of Pangaea at this time (Haq et al.,
1987) probably facilitated aquifer drainage.

The expansion and intensification of mid-lati-
tude evaporation (Fig. 1) probably strengthened
evaporation-driven thermohaline circulation at
middle latitudes. Fig. 5 illustrates our model pro-
gression by which evaporation-driven mid-latitude
sinking began to compete with weakening, ice-free
polar sinking (Hotinski et al., 2001) in the Late
Permian. The time at which sinking warm brines
began to be significant may have been in the mid-
Late Permian when they supplanted upwelling in
the embayment in which the Phosphoria Forma-
tion accumulated (e.g. Sheldon, 1989; Maughan,
1994 ; Stephens and Carroll, 1999). By latest Per-
mian polar sinking ceased and was replaced by
polar upwelling of WSBW that formed as the
‘haline mode’ of Zhang et al. (2001) became dom-
inant.

Significant atmospheric consequences arise for
a warm world with weak ocean circulation. Three
aspects of the Permo-Triassic world support con-
siderable alteration to the manner in which atmo-
spheric circulation operated (Fig. 1). These are:
(1) the need for increased atmospheric heat trans-
port in light of equably warm global temperatures
and weakened surface ocean circulation in the
Late Permian and Early Triassic, (2) breakdown
of Early Permian high pressure polar cells like
those in the modern icehouse to provide the
warmth and moisture at Late Permian and Early
Triassic high paleolatitudes, and (3) expansion of
the sinking dry air masses between the Permo-
Triassic equivalents of the Hadley and Ferrel cells
to paleolatitudes perhaps as high as 45° by the
Early Triassic. We suggest that Late Permian to
Middle Triassic desert belts (Ziegler et al., 1993,
1997) may have encompassed latitudes between
15° and 45°, perhaps ranging as high as 60°
(Figs. 1, 5 and 6). Whether a three-cell-per-hemi-
sphere system simply underwent a change in scale
(Fig. 1B,C) or whether these cells broke up into a
more chaotic system (Fig. 1C), remains an open
question, but it does not directly affect our model.
The moist climates required by the Late Permian
high-latitude forests discussed earlier (Taylor et
al., 1992; Retallack, 1999), preclude the domi-
nance of high pressure (Fig. 1) that mandates
dry climate and support weakening or breakdown
of the polar cell.

The high atmospheric vapor resulting from in-
creased evaporation of the oceans would serve as
a positive feedback favoring further warming be-
cause water vapor is a more potent greenhouse
gas than CO,. Tropical and polar rainfall would
likely have been more intense than in the modern
world. With minimal forest cover, high runoff and
mechanical erosion would prevail over chemical
weathering, resulting in limited nutrient input to
oceans.

Today’s surface oceans are responsible for
about half of the poleward heat transport from
the tropics (Wells, 1997). The weakened deep-
ocean circulation suggested here and by previous
workers (Holser, 1977, 1984) coupled with weaker
surface currents that resulted from reduced pole-
to-equator temperature gradients would have
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diminished the surface ocean’s effectiveness at
transporting heat from the tropics to the poles.
If planetary windbelt velocities and dependent
ocean surface current velocity decreased accord-
ingly, deep-ocean heat transport and its mining
by cyclonic storms would be left as the most
logical way for poleward heat transport to in-
crease.

3.3. Storm activity

Warming alone suggests increased tropical cy-
clone frequency and intensity (e.g. Marsaglia and
Klein, 1983; Duke, 1985; Barron, 1989; Ito et al.,
2001), and we apply this to the Late Permian and
the Early Triassic (Fig. 5). However, warm waters
in the deep ocean and at high paleolatitude would
fuel particularly intense storm activity. Because
cyclonic storms cause strong Ekman transport up-
welling, cold water at depth and at high latitudes
in the modern oceans limits cyclone size and con-
fines them to the tropics (Wells, 1997). Like to-
day, the growth of Early Permian cyclonic storms
was probably stopped when they reached cold
water at high paleolatitudes and at the ~ 150-
m-deep thermocline. Warm waters at depth in
the Late Permian and Early Triassic (Figs. 5
and 8) would allow cyclonic storms to reach
much deeper waters as they mined those waters
for heat, generating exceptionally strong storms
that could deliver surface heat and moisture to
high paleolatitudes (Fig. 5). We assume that the
new maximum depth for oceanic storm activity
was where the sheer physical mass of water (not
cold temperature) became the ultimate limit on
hurricane growth. With no ice caps, it is conceiv-
able that even polar waters might not have been
cold enough to stop hurricanes, although they
might have been cool enough to slow them
down and weaken them while they remained in
those waters, only to strengthen if they returned
to lower paleolatitudes. It may have been possible
for Late Permian and Early Triassic cyclonic
storms to completely circumnavigate the weak
oceanic gyres so that as long as these hurricanes
and other cyclonic storms remained at sea, they
could keep traversing the gyres and contributing
to poleward surface heat transfer until stopped by

extreme polar winter cold or by passing over
large, dry landmasses.

A mostly vegetation-free Late Permian and
Early Triassic Pangaea would probably have
stopped hurricanes much more effectively than to-
day or in the Early Permian despite our suggested
increases in storm intensity and frequency (Fig.
7). The rate at which cyclonic storms weaken as
they move over land depends on their ability to
draw strength from terrestrial warmth and mois-
ture, and how fast they proceed inland. Given the
reductions in forestation discussed earlier, terres-
trial moisture availability would have been mini-
mal. Lessened planetary windbelt velocities (Table
2) would have decreased storm penetration into
the large Pangaean interior. Intense, storm-gener-
ated rainfall in near-coastal regions would result
in substantial flood runoff, which, given the min-
imal vegetation in the low to mid-latitudes, would
result in a predominance of braided rivers in the
Late Permian and Early Triassic. Ward et al.
(2000) recently reported a sharp change from me-
andering to braided rivers across the Permo-Tri-
assic boundary in the African Karoo sequence,
and Early Triassic braided stream deposition re-
placed more channelized Late Permian flow in
Australia (Michaelsen, 2002).

The reorganization of global heat transport dis-
cussed above (Figs. 1 and 5) implies the need for
significant alteration of the balance between input
of solar radiation and radiative heat loss from the
Early Permian icehouse to the Early Triassic
greenhouse climate (Fig. 6). Heat mining of
deep polar waters by cyclonic-storm upwelling
would produce vegetation-sustaining Early Trias-
sic high-latitude rainy climates. Abundant cloud
cover in the region characterized by the weakened
to absent polar atmospheric circulation cell (Fig.
1) would trap heat and maintain polar warmth
(Fig. 6). Increased tropical warming would also
thicken cloud cover over low-latitude oceans, fur-
ther trapping heat, but also inhibiting solar input,
preventing extreme warmth (Fig. 6). The loss of
all cloud cover over Early Triassic desert belts
that had expanded to mid-latitudes would prob-
ably allow these latitudes to become the zones of
maximum heat absorption and evaporation in
Pangaean oceanic embayments (Fig. 1) in summer
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and maximum radiative heat loss during winter,
usurping the heat loss role played by modern and
Early Permian poles.

3.4. Anoxia

Widespread anoxia and euxinia straddles the
Permo-Triassic boundary in shelf settings (Wig-
nall and Hallam, 1992, 1993; Wignall and Twitch-
ett, 1996, 2002) and is conspicuous in the few
known deep-ocean records (Isozaki, 1997).
Deep-water anoxia in the Late Permian to Early
Middle Triassic may have lasted up to 20 Myr
(Table 1, Fig. 2). Isozaki (1997) suggested that
euxinic conditions may have persisted for 10
Myr (mid-late Changxingian through Griesba-
chian) within this interval (Table 1, Figs. 2 and
5). This euxinia is probably correlative with the
widespread shelf euxinic conditions mentioned
above (Wignall and Twitchett, 1996, 2002).

The anoxia and euxinia are a logical conse-
quence of the reorganization of thermohaline cir-
culation invoked to explain heat transport and
maintenance of polar warmth. Deep-water anoxia
developed gradually as thermohaline circulation
reorganized and weakened during the Late Per-
mian (Fig. 5). As the ‘haline mode’ (Zhang et
al., 2001) became established, WSBW became
the chief supplier of O, to the sea floor. Impor-
tantly, a warm saline deep ocean means that dis-
solved oxygen levels of deep-ocean waters would
likely be quite low because principal loci for brine
generation are areas of anti-estuarine circulation
that are normally low in dissolved oxygen. Fur-
thermore, warm surface water could have held
only about half as much oxygen as cooler Early
Permian surface waters (Hotinski et al., 2000).
Additionally, low levels of Late Permian atmo-
spheric O, (Berner and Canfield, 1989; Berner,
2001; Graham et al., 1995; Sheldon and Retal-
lack, 2002), would have minimized O, availability
to ocean waters in the first place, perhaps to as
little as two-thirds of today’s level (Hotinski et al.,
2000). Thus, low atmospheric O, content com-
bined with its low solubility in warm water could
have resulted in one-third as much (1/2X2/3) of
Late Permian—Early Triassic O, delivery to the
ocean compared to that of today or Early Per-

mian. Weakening of the Zhang et al. (2001) ‘ther-
mal mode’ of circulation (Hotinski et al., 2001)
and its replacement by the weaker ‘haline mode’
would further minimize deep-ocean oxygen. The
deep-water sections described from Japan by Iso-
zaki (1997) show an upward progression from
oxic to euxinic facies. Red and oxic bedded chert
passes upward to gray, dysoxic bedded cherts. In
the Wujiapingian, the cherts disappear and give
way to laminated anoxic shale with abundant py-
rite. Black, organic-rich claystone records mid-
Changxingian euxinic conditions in which total
organic carbon is on the order of 4-10%, and
534S gets about 20 %o lighter than in the under-
lying unit, indicating bacterial sulfate reduction.
Early Triassic gaps in chert (Erwin, 1993; Kid-
der and Erwin, 2001) as well as phosphorite
(Trappe, 1994) are both consistent with the wide-
spread anoxia that continued into the Early Tri-
assic. Both gaps are likely a function of dimin-
ished nutrient input and upwelling intensity
given the expected low levels of chemical rock
weathering and weak wind-driven oceanic circula-
tion. Reduced wind stress (Table 2) suggested by
Zhang et al. (2001), and weakened wind-driven
upwelling (Hotinski et al., 2000) have been used
in model attempts to generate deep-ocean anoxia.
That the extinction wiped out organisms that
could assist in burial of phosphorus and silica is
probably why the gaps did not begin in the Late
Changxingian. If the chert gap resulted from nu-
trient limitation, a reduction in mass of radiolar-
ian tests would be expected during the chert gap.
Examples of test reduction exist (Racki and Cor-
dey, 2000; Kozur, 1998; Wignall and Newton,
2003), but freshened surface waters would also
favor test reduction as radiolarians strove to re-
main buoyant, if they could tolerate lowered sal-
inities. A return to more robust radiolarian tests
occurs in the Spathian (Yao and Kuwahara,
1997), when supplies of nutrients and silica recov-
ered. The few Early Triassic phosphate occur-
rences noted by Trappe (1994) are small deposits
that are restricted mostly to high paleolatitudes
(Fig. 1). Trappe attributed the minimal phosphate
deposition to low relative sea level which greatly
reduced the amount of available shelf area for
phosphate deposition, but this is inconsistent
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Fig. 8. Postulated thermoclines for the Early Permian, Late
Permian, and Early Triassic based on the model maps in
Fig. 1. Early Permian thermoclines would resemble those of
the modern icehouse world, whereas the Late Permian and
Early Triassic shold exhibit quite different thermoclines given
the prediction of warm, saline bottom water. Storm wave
base in the Early Permian should have been comparable to
that of the modern icehouse. Storm wave base in the Late
Permian and Early Triassic should have been deeper without
shallow cold water to limit growth of cyclonic storms. The
1000-m suggestion on this figure is a crude estimate, and the
Early Triassic storm wave base was probably deeper than
the Late Permian one as suggested in Figure 5.

with the rapid transgression across the Permo-Tri-
assic boundary (Table 1; Wignall and Hallam,
1992, 1993). If the Early Triassic ocean was vig-
orously circulating, more and richer phosphate
deposits would be expected. The high-latitude oc-
currence of most of the few known low-grade
phosphate deposits in the Early Triassic suggests
those areas as sites where minor wind-driven up-
welling could potentially tap more nutrient-rich
waters.

4. Rapid events
4.1. Stable isotopes

Sulfate values of &S shifted dramatically
across the Permo-Triassic boundary (Fig. 9).

The sharp increase began late in the Changxin-
gian and continued through the Scythian (Clay-

pool et al., 1980; Holser, 1988; Hallam and
Wignall, 1997), as §*S rose from about +11 %o,
to more than +25%. (Fig. 9).

Three explanations have been proffered for the
534S shift. Preferential removal of 32S by burial in
pyrite that formed via bacterial sulfate reduction
would increase 8**S in the evaporites (e.g. Hallam
and Wignall, 1997; Broecker and Peacock, 1999).
Alternatively, both Holser (1977) and Claypool et
al. (1980) favored brine generation because they
contended that the amount of pyrite genesis
needed to bring about the shift was not achiev-
able. Those authors did not perhaps anticipate the
extensive nature of the euxinia and associated
framboidal pyrite (Wignall and Twitchett, 2002)
or the Siberian traps. Our model is consistent with
increases in 3**S being driven by both of these
proposed mechanisms. We do not attempt to de-
termine which may have been dominant. A third
possibility for generation of the &S anomaly is
the release of mantle sulfur from a bolide impact
(Kaiho et al., 2001), although Koeberl et al.
(2002) questioned both the impact evidence and
the 8*S interpretations. We also point out that
the 8**S anomaly began before the rapid end-Per-
mian extinction event and the suggested synchro-
nous impact event.

We suggest that anti-estuarine circulation gen-
erated sinking brines at mid-latitude continental
margins through much of the Late Permian. Hal-
lam and Wignall (1997) argued against the brine
mechanism by pointing out that what was prob-
ably the chief source of heavy brines in the Late
Permian, the Zechstein Basin, was filled in before
the end of the Permian. However, such basins
tend to trap brines as evaporites rather than de-
livering 8%S-rich water to the deep sea. Erwin
(1993) suggested that the global record of signifi-
cant Late Permian evaporite genesis ended at
about the beginning of the Changxingian (Fig.
2). Although spectacular evaporite-accumulating
basins like the Zechstein Basin and the Delaware
Basin were no longer active by the Changxingian,
we speculate that intense, mid-latitude evapora-
tion in a hot, dry world could generate brines
along the outer edge of the exposed Late Permian
Pangaean shelves (Fig. 1) and deliver warm, saline
bottom water to the oceans. The associated
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downwelling would deliver nutrient-poor water to
the deep sea.

Widespread euxinic waters should favor precip-
itation of small-diameter pyrite framboids in the
water column (Wilkin et al., 1996; Wilkin and
Barnes, 1997). Such framboids are common in
the deeper-water Permo-Triassic section in Japan
(Kajiwara et al., 1994). Wignall and Twitchett
(2002) reported a distinct change from only a
few large (~40 um diameter) framboids in well-
oxygenated and bioturbated muddy siltstones in
the Late Permian of East Greenland upward into
dark gray laminated muddy siltstones that bear

the expected population of small framboids with
diameters of mostly <6 pum.

A long-term Late Permian decline in §'3C (Hal-
lam and Wignall, 1997) is consistent with our pre-
dictions for long-term reductions in nutrients and
productivity. A sharply negative excursion (Fig.
9) began just below the Permo-Triassic boundary
at a number of sections (e.g. Holser et al., 1989;
Gruszeynski et al., 1989; Magaritz et al., 1992;
Bowring et al., 1998). This rapid drop from
+2%0 to —2%o0 may have occurred in less than
165000 years in South China (Erwin et al., 2002)
and perhaps lasted only tens of thousands of
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years (Bowring et al., 1998; Twitchett et al.,
2001).

Attempts to balance the 8'3C budget have sug-
gested contributions of many factors for generat-
ing the anomaly (e.g. Gruszcynski et al., 1989;
Erwin, 1993; Broecker and Peacock, 1999; Wig-
nall, 2001; Berner, 2002). Suggested inputs in-
clude volcanism, bicarbonate input from conti-
nental weathering, gas hydrates, and oxidation
of biomass (e.g. Erwin, 1993; Wignall, 2001).
Although the Siberian traps now appear to have
been at least twice as large as previously thought
(Reichow et al., 2002), they probably still failed to
release enough CO; to generate the anomaly (Er-
win, 1993; Wignall, 2001), particularly since much
of the eruption post-dated the anomaly (Wignall,
2001). We suggest that rates of chemical weath-
ering of continental rocks would be too slow to
produce such a rapid §'3C anomaly. However,
release of characteristically 8'3C-light gas hy-
drates could have constituted a significant compo-
nent of the excursion, assuming suitable mecha-
nisms existed to release them. High atmospheric
methane in the Early Triassic has been suggested
(Erwin, 1993; Morante, 1996; Krull and Retal-
lack, 2000; Krull et al., 2000; Sheldon and Retal-
lack, 2002). Deep-sea warming would favor hy-
drate release (e.g. Wignall, 2001; Bice and
Marotzke, 2002).

Oxidation of living biomass as it went extinct
would help lower overall 8'*C values, but not by
enough to account for the anomaly (Erwin, 1993).
Erosion of carbon exposed on the shelf before the
extinction would be significant (Holser et al.,
1989, 1991), but that would have taken place
over a relatively long interval that preceded the
8'3C anomaly (Erwin, 1993). Berner (1989) sug-
gested that in a warm, dry world burial rates of
organic matter would be reduced because much
dead biomass would oxidize before burial, but it
does not explain the rapidity of the 8'3C shift.

Broecker and Peacock (1999) added that a shift
from an efficient Permian food web to a less effi-
cient Triassic one would have contributed to the
anomaly by allowing increased burial of marine
organic matter with sulfides. Such an inefficient
system would probably increase phosphorus re-
moval from the ocean, consistent with our low

nutrient predictions. Berner’s (2002) review of
the anomaly reaffirms Erwin’s (1993) suggestion
that methane release was the most potent influ-
ence on the brief 83C anomaly, though other
factors contributed as well. Berner (2002) favors
a reorganization of the carbon cycle (Broecker
and Peacock, 1999) and overall reductions in car-
bon burial.

Falling strontium isotopic ratios through the
mid-late Permian to a Phanerozoic low in the lat-
est Permian (Burke et al., 1982; Denison et al.,
1994) are consistent with the declining relative
continental influence (Table 1) and our suggested
waning of silicate weathering as dry climates ex-
panded on a fully assembled Pangaea. Our model
suggests that the silicate weathering decline
should have continued through the Early Triassic.
However, the 37Sr/%¢Sr trend reversed itself (Fig.
9) and increased sharply in the Changxingian
(Gruszcynski et al., 1989; Martin and Macdou-
gall, 1995; Korte et al., 2003).

Existing explanations for the 87Sr/*Sr anomaly
are problematic. A decline in mid-ocean ridge ac-
tivity could account for the increase in the Sr
ratio, but this is not presently testable. Intensifi-
cation of terrestrial chemical weathering is a sec-
ond hypothesis for the 87Sr/*0Sr increase (Erwin,
1993; Martin and MccDougall, 1995). Higher lev-
els of atmospheric water vapor and CO, and
warmer temperatures would favor such weather-
ing. However, significantly increased chemical
weathering should have initiated cooling, which
does not appear to have happened. Korte et al.
(2003) suggested that widespread clastic sedimen-
tation could have produced the anomaly, but de-
trital clastics are unlikely to have altered the sig-
nature preserved in biogenic carbonates and
apatities unless the erosion of the source terranes
from which those clastic sediments were derived
exposed fresh silicate rock. On a fully sutured
Pangaea, unroofing and exposure of ®’Sr-rich
granite roots of the quiescent low-latitude orogen-
ic belt (Fig. 1) may have tapped a radiogenic Sr
hotspot analogous to that suggested for the mod-
ern Himalayan orogeny (e.g. Richter et al., 1992;
Raymo, 1994), but whether such weathering of
such granites took place fast enough to produce
the anomaly is questionable. In our view, a sat-
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isfactory cause of the Sr-isotope anomaly is yet to
emerge.

A sharp negative shift in 8'80 values in the
Gartnerkofel core in the Austrian Alps (Holser
et al., 1989) is consistent with warming by as
much as 5°C that postdates the 8'*C discussed
above (Fig. 9). Although oxygen isotope results
are more commonly altered by diagenetic effects
than those for carbon, the suggested warming is
consistent with other evidence for warmth. The
negative 8'30 spike could also reflect abundance
of storm-generated meteoric water. The large cy-
clonic storms we propose would produce rain-
water that is extremely light in 8'30 because rising
of water vapor to the high altitudes common in
such storm systems would intensively fractionate
rainwater. That the 8'30 spike slightly follows the
8'3C anomaly is consistent with intensification of
storms and warmth in the Early Triassic.

4.2. Transgression and rapid warming

A rapid third-order transgression (Hallam,
1989; Wignall and Hallam, 1992, 1993; Wignall
and Twitchett, 1996) began in the early-mid
Changxingian and continued across the Permo-
Triassic boundary into the Scythian (Table 1,
Fig. 9). Before this transgression flooded exposed
Pangaean shelves, the ocean was at its lowest rel-
ative level in the Phanerozoic (Hallam, 1977; Vail
et al.,, 1977). The magnitude of the transgression
is estimated at just a few tens of meters (P.
Wignall, pers. comm.). Smaller Late Permian
landmasses were bounded by submerged shelf
area while the Pangaean landmass was riding
high (Hallam and Wignall, 1997). The spread of
anoxia has been suggested as a possible cause of
the marine portion of the Permo-Triassic extinc-
tion (Hallam, 1989; Wignall and Hallam, 1992,
1993; Wignall and Twitchett, 1996). Radiometric
dates (Bowring et al., 1998) suggest that the entire
Changxingian lasted only about 2 Myr. The Per-
mian part of the transgression lasted perhaps only
1 Myr with the entire flooding event perhaps con-
tinuing for another million years into the Early
Triassic (Erwin et al., 2002).

The cause of the transgression has so far re-
mained unresolved. Tectonics have served as a

default explanation for sea-level change, and
have been suggested for this event (e.g. Hallam
and Wignall, 1997). Although Hallam (1999)
proffered the emplacement of a large igneous
province as a possibility, no suitable tectonic
event has yet been identified. Until evidence for
such an event becomes available, other non-tec-
tonic hypotheses should be considered.

We suggest that an intense thermal expansion
of the world ocean for the last million years of the
Permian and through the first million years of the
Triassic offers a plausible non-tectonic mecha-
nism. This mechanism may also apply to other
transgression/anoxia/extinction events (e.g. Hal-
lam and Wignall, 1999) in the geologic record
for which no causal evidence of a transgression
has been identified. Thermal expansion may ex-
plain up to half of the ~ 12-cm sea-level rise since
the late 19th century, and it has been estimated
that sea-level has fluctuated perhaps as much as
5 m during swings in deep-ocean temperature
driven by Milankovitch cycles (Kump et al.,
1999). We propose that WSBW finally and rap-
idly filled the deep ocean during the last million
years of the Permian (Fig. 5) and corresponded to
rapid intensification of global warming. Heating
of Late Permian surface and deep-ocean waters
could have thermally expanded them on a scale
consistent with the few tens of meters (P.B.
Wignall, pers. comm.) sea-level rise corresponding
to the third-order transgression. Assuming an
average whole-ocean temperature increase from
a warm 15°C in the Late Permian to an extremely
warm 30°C in the Early Triassic yields ~ 20 m of
thermal expansion. The whole-ocean temperatures
we use are simple averages of polar and equato-
rial shallow (upper 1 km) and deep (lower 3 km)
temperatures in Fig. 1.

The 2 Myr 15°C rise in whole-ocean and Earth-
surface temperature would probably trigger meth-
ane release from submarine gas hydrates (Dickens
et al., 1995; Bice and Marotzke, 2002). The at-
tendant release of extremely isotopically light car-
bon would explain the negative carbon isotope
shift (Erwin, 1993) and also cause further warm-
ing atmospheric O, consumption as methane oxi-
dized to CO,. High-latitude global warming
would wipe out the remaining cool-adapted glos-
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sopterid coal forests (Hallam and Wignall, 1999),
causing further warming and O, lowering via the
loss of their carbon burial function. The increase
in fungal spores that peaks near the Permo-Trias-
sic boundary (Visscher et al., 1996; Erwin et al.,
2002) records non-combustive destruction of these
latest Permian forests. The Siberian traps erup-
tions across the Permo-Triassic boundary (Erwin
et al., 2002) contributed to further global warm-
ing via CO, emission and atmospheric O, con-
sumption via oxidation of SO, emissions to sul-
fate that fueled the oceanic pyrite genesis that led
to heavy Early Triassic 8**S (e.g. Hallam and
Wignall, 1997; Broecker and Peacock, 1999; Er-
win et al., 2002; Wignall and Twitchett, 2002).
Drainage of former coal forest aquifers would ac-
count for approximately 5 more meters of sea
level rise based on modern figures (Sahagian et
al., 1994; Berner and Berner, 1996), for a total
rise of ~25 m.

The global warming and ocean volume expan-
sion transgression would introduce new feedbacks
into our model, including the sharp changes in
sulfur and carbon isotopes. Solar heating of shal-
low waters on the newly flooded shelves would
intensify already elevated cyclonic storm activity.
The shallow shelf waters would be more suscep-
tible to rapid salinity variation from the runoff
generated by those storms. Warm, shallow, mid-
latitude shelf waters would be even more readily
evaporated than before, enhancing warm brine
formation.

4.3. A proposed model for the extinction

The abrupt end-Permian extinction (Bowring et
al., 1998) coincides with rapid 8'*C anomaly (e.g.
Holser et al., 1989; Gruszcynski et al., 1989;
Magaritz et al., 1992; Bowring et al., 1998). The
extensive marine extinction (Erwin, 1993; Hallam
and Wignall, 1997; Erwin et al., 2002) and terres-
trial devastation (Retallack, 1995; Visscher et al.,
1996; Hallam and Wignall, 1997) are correlative
in East Greenland (e.g. Twitchett et al., 2001),
but the extinction has also been suggested to be
diachronous, occurring later in high latitudes
(Wignall and Newton, 2003). Hallam and Wignall
(1997) noted that the end-Permian extinction was

the only major blow suffered by insects since their
origin, and they suggested that the loss of insects
was the reason why the zone of fungal enrichment
(Visscher et al., 1996) that began about 1 Myr
before the extinction (Erwin et al., 2002) is so
conspicuous. Tracking of the forest loss by fungal
spores in concert with the thermally induced
transgression could reflect destruction of forests
as global warming intensified and generated the
transgression. Whatever the cause of the extinc-
tion, which now appears to have been diachro-
nous (Wignall and Newton, 2003), the hot Late
Permian climate combined with intense and fre-
quent storms, salinity fluctuations, low atmo-
spheric and oceanic oxygen levels, high sulfide
levels, and limited availability of nutrients may
explain why the rapid end-Permian extinction
was so much worse than the sudden end-Creta-
ceous extinction, which occurred in a warm cli-
mate, but not one as unfavorable as the Late
Permian.

Recent work by Becker et al. (2001) has revived
interest in a bolide impact to explain the extinc-
tion. The search for direct evidence for the impact
of an extraterrestrial body will undoubtedly con-
tinue, and until more unequivocal evidence is
found, further debate will ensue. A bolide impact
would certainly trigger numerous wide-ranging ef-
fects. However, we refrain from championing this
mechanism because the results of Becker et al.
(2001) have not yet been reproducible (Farley
and Mukhopadhyay, 2001), and ongoing contro-
versy regarding the placement of the boundary at
the sampling site in Japan continues (Isozaki,
2001; Becker and Poreda, 2001). Other impact
evidence discussed earlier (Kaiho et al., 2001) re-
mains controversial (Koeberl et al., 2002).

As noted above, we suggest that as WSBW be-
came established in the deep ocean, the heat
caused not only thermal expansion and the trans-
gression, but the warmer waters also released
methane from sea-bottom clathrates that pro-
moted further warming (e.g. Bice and Marotzke,
2002). Increased warming would sharply increase
cyclonic storm activity, further contributing to
methane release from ocean waters. Although
we cannot prove that this effect of WSBW took
place just prior to the extinction, it is tempting to
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suggest that it did because of the solutions it pro-
vides that have bearing upon the extinction and
related events. Indeed, Erwin et al. (2002) sug-
gested nine factors that must be accommodated
in explanations of the extinction. An abbreviated
version of their list includes: (1) widespread shal-
low- and deep-water anoxia; (2) the rapid marine
and terrestrial 8'*C excursion that coincides with
the boundary in the marine sections of China; (3)
the temporal coincidence of the Siberian traps
volcanism and the extinction; (4) the rapid
(<500 kyr) marine extinction and its occurrence
during transgression; (5) absence of latest Per-
mian glaciation; (6) evidence for rapid global
warming at widely separated locations; (7) a rise
in fungal spores over about 1 Myr leading up to
the extinction; (8) controversial evidence for bo-
lide impact; (9) the suggestion that shallow-ma-
rine ecosystems were disrupted after extinction-re-
lated changes in the deep ocean and in terrestrial
ecosystems were already underway. Our model is
consistent with all of these. Although it does not
require a bolide impact, the rapid global warming
is consistent with the effects of an impact should
evidence for an extraterrestrial event become
more concrete. Similarly, the timing of the Sibe-
rian traps eruptions also fit within the outline of
our model. Though it is possible that the intense
warming might have happened even without the
eruptions, they undoubtedly contributed signifi-
cantly.

5. The aftermath (and the recovery)
5.1. Delay

The unusually long Early Triassic recovery
(Hallam, 1991) took at least twice as long as re-
coveries following other major extinctions (Erwin,
1998a,b). Although the scale of ecosystem devas-
tation at the end of the Permian was clearly un-
precedented in Earth history, we suggest that un-
favorable climatic and oceanographic conditions
contributed to delayed Early Triassic recovery,
consistent with Hallam’s (1991) suggestion that
widespread anoxia perpetuated the delay.

The extinction itself would have severely af-

fected the Earth system, and it probably intensi-
fied conditions that ultimately delayed the recov-
ery. Some of the expected effects include: (1)
addition of greenhouse gases to the atmosphere
during decay of terrestrial biomass, but more im-
portantly the loss of CO, drawdown capability
suffered with land plant and ocean plankton ex-
tinctions, (2) a sharp decline in atmospheric oxy-
gen driven by the decay of dead biomass and
release of CHy from warming oceanic clathrates
coupled with the sharp curtailment in photosyn-
thetic production of oxygen, and (3) further re-
ductions in nutrient availability when high-lati-
tude forest destruction led to further reductions
in silicate weathering.

The Early Triassic gaps discussed earlier help to
frame the dire nature of the Early Triassic (Table
1, Fig. 2). The inability of the forests to recolonize
mid- and low latitudes, as marked by the coal gap
(Veevers et al., 1994; Retallack et al., 1996), as-
sured the continuance of extreme aridity and
warmth in these zones. Herbaceous lycopods
were the dominant flora during the delayed recov-
ery of the Early Triassic (Looy et al., 1999; Yar-
oshenko, 1997). Their role in photosynthetic CO,
drawdown and burial was minimal compared to
that of the preceding coal-generating forests. Sim-
ilarly, their small root systems made them rela-
tively ineffective catalysts for silicate weathering
by reducing their mechanical weathering compo-
nent and weakening their ability to retain local
waters as effectively as the coal-generating conif-
erous forest ecosystems. Continuation of the
orogeny gap (Table 1, Fig. 2) would also continue
to depress nutrient mobilization and CO, draw-
down.

The chert and phosphorite gaps (Erwin, 1993;
Trappe, 1994) are consistent with the lack of a
viable mechanism for concentrating nutrients.
Wind-driven upwelling in the Early Triassic was
probably weak because of reduced planetary wind
velocities. Only limited amounts of nutrients were
available at the depths tapped by upwelling.
Deep-reaching cyclonic storms in our model
would upwell great volumes of deep anoxic
waters. Following the passage of storms, some
upwelled nutrients would be temporarily available
until local opportunistic dysoxic biotas (e.g. acri-
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tarchs) depleted the nutrient recycling loop by
burying those nutrients in faecal matter and
dead tissue. Lacking bioturbation, remobilization
of those nutrients would be minimal. Such a sys-
tem would favor dysoxic primary producers with
dormant stages, such as acritarchs, that could
wait out near-sterile conditions that mark the
Early Triassic (Balme, 1970; Eshet, 1992). Short
food chains/webs dominated by opportunistic
taxa (Table 1) are consistent with the intermittent
nutrient availability that we outline in an ocean
that was probably anoxic to euxinic over wide
areas at fairly shallow depths (Wignall and
Twitchett, 2002). The reef gap (Fagerstrom,
1987) reflects the absence of framework- or
mound-building metazoans, although small cya-
nobacterial reefs mark the Early Triassic (Schu-
bert and Bottjer, 1992). As metazoan reefs typi-
cally thrive in stenohaline, nutrient-poor waters
at stable temperatures (Wood, 1999), extreme
warmth and/or storm- and monsoon-driven sur-
face salinity oscillation would inhibit Early Trias-
sic metazoan reef growth.

5.2. Recovery

Increased orogenic and floral contributions to
silicate weathering and hence, CO, drawdown
and rising nutrient availability in the mid-late Tri-
assic (Table 1; Fig. 2) may have helped to fuel
recovery. The onset of the high-latitude Yensha-
nian and Indosinian orogenies as South China
and Cimmeria collided with Laurasia (Veevers,
1989) would have increased silicate weathering
by exposing fresh, unweathered rock. The silicates
in such a high-latitude orogeny would normally
be expected to chemically weather only minimally
(Moore and Worsley, 1994), but the abnormally
warm and moist high paleolatitudes of the Early
Triassic were probably effective sites for chemical
weathering. Although denudation of the older
high-latitude Uralian orogenic belt was probably
still ongoing, it would not likely have been an
effective chemical weathering contributor in the
latest Permian and Early Triassic because the col-
lisional convergent phase during which it would
have been effective (if warm) was over. Coniferous
forest recovery at the beginning of the Middle

Triassic (Looy et al., 1999) probably increased
photosynthetic CO, drawdown and intensified
chemical weathering that released nutrients from
terrestrial settings to the continents and oceans.
Nutrient and oxygen availability probably also
increased as sediment bioturbation resumed
(Twitchett, 1999). As plankton capitalized on in-
creased nutrients, photosynthetic oxygen produc-
tion probably increased along with carbon burial,
cooling, and the end of widespread anoxia and
the phosphate and chert gaps. That recovery ap-
pears to have been initiated at high paleolatitudes
(Wignall et al., 1998) is consistent with our pre-
dicted climate conditions that favor high-latitude
refugia.

6. Tests of the model

A number of our model predictions are testable
in the rock record. Frequent and intense cyclonic
storms that formed most easily in the tropics and
then traversed a wide range of latitudes while up-
welling waters from a considerable oceanic depth
are a key component of the model. We predict
that the frequency, intensity, and maximum depth
of Late Permian and Early Triassic storm deposits
should be high, but also caution that frequency
will be difficult to measure because large and fre-
quent storms are likely to have eroded the depos-
its of preceding storms leaving an amalgamated
record. Storm wave base is likely to have reached
much deeper than the norm, and storm intensity
was probably about as high any time in Earth
history. The wavelength of hammocky cross-strat-
ification may serve to test for intensity. Ito et al.
(2001) linked this wavelength with modeled Me-
sozoic and Cenozoic CO; values. Their promising
preliminary results suggest that a rise in storm
intensity may match a model peak for CO; in
the Cretaceous. Intense Early Triassic storm ac-
tivity is consistent with unusual flat-pebble con-
glomerates reported by Wignall and Twitchett
(1999), although lack of bioturbation also con-
tributed to the origin of these deposits. Braided
rivers should have become more common relative
to meandering rivers from the equator to middle
latitudes through the Late Permian as forests re-
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treated from desert and monsoonal climates, and
an abrupt rise of braided deposits to the domi-
nant fluvial style should have marked the end-
Permian devastation of terrestrial floras. Ward
et al. (2000) have found this to be the case in
the Karoo sequence in South Africa. They suggest
that this might be a global pattern, and recent
work by Michaelsen (2002) suggests a similar re-
lationship in Australia. The few surviving Early
Triassic radiolarian taxa would have faced serious
limitations in nutrients, including silica. Silica-ef-
ficient radiolarian tests with reductions in the
number, size, and thickness of spines, increased
aperture diameter of pores, and an overall mini-
mal volume are expected in the Early Triassic.
Results from Racki and Cordey (2000), Kozur
(1998) and Wignall and Newton (2003) support
this test. Preservation of such gracile specimens
is intrinsically difficult, and would be made even
more so in a silica-deficient ocean. We suggest
looking for them in and around the few low-grade
Early Triassic phosphate deposits reported by
Trappe (1994). Siliceous sponges would have
been at least equally conservative in their use of
silica. In the late Changxingian and early Gries-
bachian ocean characterized by widespread euxi-
nia, populations of small pyrite framboids are ex-
pected to have been common, and have been
reported from both deep (Kajiwara et al., 1994)
and shallow (Wignall and Twitchett, 2002) depos-
its. Inclusion in future quantitative modeling of
poleward warm deep-water transport and conse-
quential increased storm transport of atmospheric
latent heat and of polar heat trapping by clouds
would serve as additional tests. Assuming that
sinking warm brines is sustainable in ocean circu-
lation modeling would test that factor.

7. Conclusions

Waning of the Alleghenian/Variscan/Hercynian
orogeny may have been the initial cause of warm-
ing that set in motion a chain reaction of feed-
backs that led continued warming via significant
changes to Earth’s atmosphere, biosphere, oceans,
and terrestrial landscape. Conditions for life sup-
port were increasingly degraded on the Late Per-

mian Earth, setting the stage for the extreme glob-
al warming and rapid, catastrophic extinction
(e.g. Bowring et al., 1998; Erwin, 2002). The un-
usually long delay in post-extinction recovery
(Hallam, 1991; Erwin, 1998a,b) probably resulted
at least in part from the severity of the ecosystem
collapse. However, the extinction itself probably
intensified the already harsh conditions (e.g. low
oxygen, high temperature, low nutrients), possibly
contributing to the delay in recovery (e.g. Erwin
et al., 2002). Our synthesis of a wide range of
Permian and Triassic information and integration
of that information with modeling results has
yielded, in itself, a model for the evolution of
the Permo-Triassic Earth system that raises sev-
eral points for consideration in future models for
climate change in this interval, as well as the ex-
tinction:

1. The necessity of continued poleward heat
transport to maintain the warm, high-latitude cli-
mates suggested by available data requires consid-
eration that sinking warm brines suggested by
previous workers (Chamberlin, 1906; Brass et
al., 2002; Zhang et al., 2001; Bice and Marotzke,
2002) were important. In the unusual latest Per-
mian and Early Triassic greenhouse climate, the
‘haline mode’ may have been more sustainable
than suggested by Zhang et al. (2001).

2. The loss or weakening of the thermocline
and its replacement in some areas by a halocline
above a warm and deep ocean would allow large
cyclonic storms to mine heat from warm, deep
waters. The ever larger storms would increase
the role of the atmosphere in poleward latent
heat transport.

3. The moist climates indicated by high-latitude
Late Permian and Early Triassic vegetation sug-
gests that the polar atmospheric circulation cells
broke down or weakened. Cloud cover fed by
condensing moisture released by the warm polar
ocean would trap heat and maintain polar
warmth and rainfall.

4. The changes in ocean circulation suggested
for poleward heat transport also favor develop-
ment of deep-ocean anoxia. Factors such as low
atmospheric oxygen and weakened bottom water
generation (e.g. Hotinski et al., 2000, 2001) as
well as sinking warm brines (Zhang et al., 2001;
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Bice and Marotzke, 2002) have been shown to be
quantitatively somewhat weak in generating and
maintaining deep-water anoxia when modeled in-
dividually. The combined effect of these multiple
factors were probably able to achieve the wide-
spread anoxia that is already well known (e.g.
Wignall and Twitchett, 1996, 2002).

5. If WSBW rapidly expanded in the deep sea
in the latest Permian as we suggest, it could have
released ocean-water methane to intensify warm-
ing that not only caused the transgression, but
also factored significantly in the extinction.
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