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The biological extinction that occurred at the Permian–Triassic
boundary represents the most extensive loss of species of any
known event of the past 550 million years. There have been a wide
variety of explanations offered for this extinction. In the present
paper, a number of the more popular recent hypotheses are
evaluated in terms of predictions that they make, or that they
imply, concerning the global carbon cycle. For this purpose, a mass
balance model is used that calculates atmospheric CO2 and oceanic
␦13C as a function of time. Hypotheses considered include: (i) the
release of massive amounts of CO2 from the ocean to the atmosphere resulting in mass poisoning; (ii) the release of large amounts
of CO2 from volcanic degassing; (iii) the release of methane stored
in methane hydrates; (iv) the decomposition and oxidation of dead
organisms to CO2 after sudden mass mortality; and (v) the longterm reorganization of the global carbon cycle. The modeling
indicates that measured short-term changes in ␦13C at the boundary are best explained by methane release with mass mortality and
volcanic degassing contributing in secondary roles. None of the
processes result in excessively high levels of atmospheric CO2 if
they occurred on time scales of more than about 1,000 years. The
idea of poisoning by high levels of atmospheric CO2 depends on
the absence of subthermocline calcium carbonate deposition during the latest Permian. The most far-reaching effect was found to
be reorganization of the carbon cycle with major sedimentary
burial of organic matter shifting from the land to the sea, resulting
in less burial overall, decreased atmospheric O2, and higher atmospheric CO2 for the entire Triassic Period.

T

he biological extinction that occurred at the Permian–
Triassic (P兾Tr) boundary represents the most extensive loss
of species of any known event of the past 550 million years (1).
Both marine and terrestrial fauna and flora were affected. Many
hypothetical processes have been offered to explain this event,
including changes in sea level, climate change, large scale
volcanism, overturn of the ocean with the release of toxic gases,
massive methane release from methane hydrates, a bolide impact, plus many others of an historical interest (see refs. 1 and
2 for a review). There is some confusion over whether certain
geochemical signatures at the P兾Tr boundary represent causes or
effects of the extinction. For example, a sudden cataclysm caused
by the impact of an asteroid or comet (3, 4) or passage of the
earth through a supernova (5), could have resulted in mass
mortality, which in turn would have brought about changes in the
geochemical properties, such as carbon isotopic composition, of
the earth-air-ocean system. In this case, some geochemical
changes would represent effects, not causes of the extinction.
This situation agrees with the findings of Twitchett et al. (6) of
excursion in carbon isotopic composition after the extinction of
both plants and animals.
It is not the purpose of this paper to evaluate all of the many
hypotheses, but rather to examine some of the more recent ones
and to see what consequences involving the global carbon cycle
would result. In this way, both causes and effects will be
considered. It has been well established that there was a large
and rapid drop at this time in oceanic ␦13C, as recorded in
carbonates and organic matter (refs. 6–10 and many other
studies). All of the theories discussed in the present paper
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address this sharp drop in ␦13C. A plot taken from Bowring et al.
(11) is shown in Fig. 1. By constructing a global model for both
total carbon and ␦13C, in an attempt to match the large drops in
␦13C, some quantitative limits on the hypotheses can be placed.
In this paper the following hypotheses will be examined.
(i) The idea (12) that severe ocean stratification over an
extended period resulted in the buildup of very high concentrations of isotopically light dissolved CO2 in the subthermocline
ocean as a result of the transfer downward of the remains of
surface-dwelling organisms followed by their oxidation to CO2
(‘‘the biological pump’’). When the ocean overturned because of
climate change, this large mass of CO2 was degassed into the
atmosphere, resulting in the poisoning and mass mortality of a
wide variety of organisms.
(ii) The idea that a burst of very isotopically light CH4 from
the breakdown of methane hydrates in sediments resulted in
greenhouse warming or methane poisoning (9, 10).
(iii) The idea that volcanogenic CO2 released with the massive
eruptions of Siberian basalts could have introduced enough
isotopically light CO2 to both lower the oceanic ␦13C appreciably
(13) and raise CO2 to induce greenhouse warming and兾or
produce sulfate aerosols to induce global cooling and toxicity
(13, 14).
(iv) The idea that sudden mass mortality of terrestrial and
marine organisms led to a ‘‘strangelove’’ (dead) ocean and a
landscape littered with rotting vegetation that led to a global
fungal spike. Oxidation of the biogenic remains contributed to
a rapid drop in oceanic ␦13C (2) and rise in atmospheric CO2.
(v) The idea that sudden mass mortality of the terrestrial and
marine organisms resulted in a long term irreversible reorganization of the global carbon cycle (15). Total global organic
carbon burial decreased, and the locus of major deposition
shifted from the terrestrial to the marine environments with a
consequent drop in atmospheric oxygen (16). The cause of the
mass mortality is left open, but it should have occurred rapidly.
Carbon Model Description
The global carbon cycle calculations of the present paper are
based on the BLAG model (17) as simplified by Beerling and
Berner (18). Separate mass balance expressions for total carbon,
calcium (plus magnesium), and 13C are included in the modeling.
A diagrammatic presentation is shown in Fig. 2. The model
calculates the variation with time of all of the fluxes shown in Fig.
2 along with the concentrations of CO2 in the atmosphere,
dissolved inorganic carbon and calcium in the oceans, and the
␦13C value of the oceans. Starting conditions for fluxes and
masses were those for the late Permian derived from GEOCARB
modeling (19) amended to include data on ␦13C for the latest
Permian (ref. 20; E. Grossman, personal communication). Before each introduced perturbation, a steady-state cycle was
assumed. Also, oceanic concentrations of dissolved Ca and
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Results
Ocean Overturn. Knoll et al. (12) showed that if the oceans

accumulated as much dissolved CO2 as they assumed, then a

Methane Release. The carbon cycle model was run with the

Fig. 2. Diagram for the carbon cycle box model used in the present paper.
Fv ⫽ flux of volcanic CO2; Fm ⫽ flux of methane from methane hydrates (the
methane is assumed to be oxidized to CO2 essentially instantaneously); Fwc ⫽
uptake of CO2 by means of the weathering of carbonates (twice this value is
the flux of carbon to the oceans from carbonate weathering); Fwsi ⫽ uptake
of atmospheric CO2 by means of the weathering of Ca–Mg silicates with
transfer of the carbon to the oceans; Fbg ⫽ burial flux of organic carbon in
sediments; Fwg ⫽ weathering flux of ancient sedimentary organic carbon
(kerogen); Fbio ⫽ flux of CO2 caised by the mass mortality of terrestrial biota;
Fbc ⫽ burial flux of marine carbonates ( ⫽ flux of CO2 from ocean to the
atmosphere). Modified from Beerling and Berner (18).
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perturbation being a hypothetical release of methane with
␦13C ⫽ ⫺65‰ sufficient to rapidly drop the oceanic ␦13C value
by 7–8‰ (Fig. 3A). Oxidation of CH4 to CO2, either in the
oceans (by bacteria) or in the atmosphere (by OH radicals), was
assumed to be instantaneous. The CH4 release was assumed to
occur over 20,000 years, with a peak at 10,000 years after the start
of the experiment. This assumption agrees roughly with the
suggested time span of the extinction (24). This sudden release
is capable of reproducing the maximum measured short term
changes in ␦13C of the oceans ranging up to 8‰ at the P兾Tr
boundary as reported by Baud et al. (8) and Bowring et al. (11).
However, the total integrated mass of released CH4 needed is
about 4,200 Gt C (1 Gt C ⫽ 1015 g of carbon), which is several
times higher than that postulated to explain the ␦13C drop for the
Paleocene thermal maximum (25). Suggestions of much higher
P兾Tr boundary drops in ␦13C up to 10‰ (6, 10) require about
twice as much methane. Note that after the initial drop, the value
of ␦13C rises to a steady state as the light carbon is mixed with
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inorganic carbon similar to the present ocean were assumed at
the start of each run. Because of the ‘‘short’’ times involved,
several factors normally included in models of the long-term
carbon cycle, such as the GEOCARB model, when applied over
millions of years, are not considered. These include changes in
continental size, position, and topography, and changes in the
hydrological cycle and solar radiation. By contrast, such GEOCARB subjects as changes in the rates of global sedimentary
organic matter burial, rates of weathering accompanying
changes in CO2 greenhouse-controlled temperature, and rates of
volcanic CO2 degassing, are considered in the present paper.

EVOLUTION

Fig. 1. Measurements of ␦13C of carbonates vs. stratigraphic position at the
Meishan, China, Permo–Triassic boundary locality. Horizontal scale is ␦13C in
‰; large numbers are ages in million years. After Bowring et al. (11).

sudden upwelling or turnover could release toxic levels of CO2
to the atmosphere. However, there is a serious problem with this
scenario. Their assumed value of atmospheric PCO2 ⫽ 10,000
atm (1 atm ⫽ 101.3 kPa), which before turnover is equivalent
to a dissolved CO2 concentration of 400 M in the subthermocline ocean, would lead to highly acidic conditions, and any
CaCO3 existing on the seafloor would dissolve. To test the
hypothesis of Knoll et al., a simple calculation, whereby 400 M
dissolved CO2 reacts with CaCO3 to equilibrium, was done in an
ocean with original contents of dissolved Ca2⫹ and HCO⫺
3 as at
present. The effective equilibrium constant for the reaction was
the value obtained from the masses of CO2, and dissolved Ca2⫹
and HCO⫺
3 present in the modern ocean (17, 21). Exchange with
the atmosphere was ignored. The final equilibrium value of
dissolved CO2 is equivalent to a PCO2 of only 1,400 atm, not
10,000 atm. This result is not materially affected by accounting
for the extra alkalinity added during bacterial sulfate reduction.
Inclusion of the addition of an extra 1,000 M HCO⫺
3 from
sulfate reduction, as assumed by Knoll et al., results, after
equilibration with CaCO3, in a PCO2 of 1,700 atm. (This is a
maximum value because sulfate reduction is assumed by Knoll
et al. to produce only H2S and not HS⫺, which is the dominant
sulfide species in present seawater.) Thus, inclusion of sulfate
reduction makes little difference in the result.
The question then arises whether an atmospheric PCO2 of
about 1,500 atm would be sufficient to bring about mass
poisoning of marine organisms. It is unlikely, judging that this
and higher levels of atmospheric CO2 appeared to have been
maintained during long periods of the Mesozoic (22) without
major adverse effects on shallow-water fauna. The only way that
the Knoll et al. hypothesis (12) could work is if the ocean floor
up to a few hundred meters depth was devoid of calcium
carbonate sediment and that negligible CaCO3 was sedimented
past the thermocline over the long period during which the high
level of CO2 was built up. To neutralize 400 M dissolved CO2
would require the dissolution of about 5 m of CaCO3 depositing,
or already deposited on, the seafloor during the period of CO2
increase; this is equivalent to a deposition rate of only 0.25 cm
per thousand years (kyr) for two million years, and includes not
just the ‘‘deep sea’’ but all seafloor within about 500 m of the
surface, where carbonate sedimentation by such processes as
turbidity currents could have been much higher. Was the subthermocline seafloor devoid of carbonates at this time? The
great decrease during the late Permian in shelf area available for
shallow water CaCO3 deposition (23) suggests that at this time
there must have been appreciable CaCO3 deposition onto the
deep sea floor simply to balance the global calcium and carbon
budgets.

Fig. 3. Plots of oceanic ␦13C and atmospheric CO2 vs. time as a result of the
input of methane hydrate-derived CH4 to the atmosphere or oceans. It is
assumed that the methane is oxidized essentially instantaneously to CO2 in
either case. (A) ␦13C. (B) CO2.

heavier carbon derived from carbonate weathering. Also, allowing the methane to be given off directly to the oceans, rather than
to the atmosphere, makes no major difference in the results (Fig.
3A). This alternative formulation was done simply by replacing
the flux between CH4 and the atmosphere in Fig. 2 by a flux from
CH4 directly to the oceans.
Quick release of such large quantities of methane, after
oxidation to CO2 (mean residence time of CH4 in the atmosphere is only 10 years), results in only a relatively small rise in
atmospheric CO2 (Fig. 3B). This rise is not nearly sufficient to
induce mass mortality by means of greenhouse warming. The
effect of CH4 release, thus, is to drag down ␦13C, but not to add
excessive CO2 to the atmosphere. The large required mass of
methane hydrate needed to produce the measured ␦13C excursions could have been supplied by the extensive burial of
methane hydrate during the latest Permian, as evidenced by a
sustained high value of ␦13C in the oceans at that time. As will
be shown below, derivation of light carbon from any other
terrestrial source, such as organic matter or mantle CO2, does
not even approach these changes without invoking unreasonably
high total masses of biomass or volcanic rocks. Thus, unless the
light carbon is extraterrestrially derived, it appears that CH4
degassing may have played a prominent role in the changes
accompanying the Permo–Triassic extinction. If the degassing
was so rapid that it swamped the oxidizing capacity of the ocean
and atmosphere, then a possible drop in stratospheric ozone,
caused by reaction with excessive CH4, could have accounted for
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Fig. 4. Plots of oceanic ␦13C and atmospheric CO2 vs. time as a result of the
input of volcanically derived CO2. The terms fast and slow refer to inputs
lasting approximately 30,000 and 200,000 years, respectively. (A) ␦13C. (B) CO2.

excessive UV-B radiation and the drastic changes in the terrestrial flora that occurred across the P兾Tr boundary (26).
Volcanic CO2 Release from Siberian Volcanism. According to Renne
et al. (13) between 2 and 3 million cubic kilometers of volcanic
material was ejected over a period of about 1 million years near
the P兾Tr boundary in the Siberian region. When the estimates
of 3.5 ⫻ 1012 and 1.6 ⫻ 1013 g of CO2 per km3 for the release of
CO2 from modern basalts (27, 28) are used, this amounts to a
total CO2 degassing between 2,000 and 13,000 Gt C. To test how
this degassing would affect the ␦13C of seawater and the CO2
level of the atmosphere, a model calculation was done with the
excess volcanic CO2 serving as the sole perturbation of the
otherwise steady-state carbon cycle. The results are shown in Fig.
4A for a release of 11,000 Gt C as CO2 with ␦13C ⫽ ⫺6‰. As
can be seen it is impossible to match the measured drops in ␦13C
as found by many investigators (e.g., Fig. 1). Also, the rise in
atmospheric CO2 is only moderate going from 300 ppm to about
700 ppm at the peak value (Fig. 4B). In order for CO2 to rise to
higher values and ␦13C to drop more, the degassing from
volcanism must have occurred over much shorter time scales.
The results of letting degassing occur over just 30,000 years is
also shown in Fig. A and B. As can be seen, the drop in ␦13C is
still insufficient and the rise in CO2 is only moderately higher.
(To get CO2 to rise above 1,000 ppm it is necessary to have the
entire degassing occur within 3,000 years, which is highly unlikely). Volcanic degassing by itself is clearly insufficient to
explain the P兾Tr changes in ␦13C documented in Fig. 1.
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Sudden Mass Mortality. If there had been mass mortality of

Reorganization of the Carbon Cycle. As emphasized by Broecker

terrestrial vegetation as the result of an impact, solar flare, etc.,
then there would be a rapid input of isotopically light CO2 to the
atmosphere as the result of rotting of the vegetation and the
oxidation of soil carbon that was not being replenished by
litterfall. Evidence for mass mortality at the P兾Tr boundary is
the presence of a fungal pollen ‘‘spike’’ (29–31), representing the
massive global decomposition of woody material. The total
carbon in present day terrestrial vegetation plus soils is approximately 2,000 Gt C. If we assume the same value for the latest
Permian terrestrial biota, then one can examine the consequences of adding this much carbon as CO2 to the global carbon
cycle. To represent sudden mass mortality of land plants the
carbon cycle model was run with an input of 2,000 GtC as CO2
to the atmosphere, with a ␦13C value of ⫺25 ‰, over a very short
period of less than 1,000 years. Results for atmospheric CO2 and
␦13C for the oceans as a function of time are shown in Fig. 5. As
can be seen, even oxidizing all terrestrial biota and soil carbon
(an unrealistic scenario) over a very short time is insufficient to
drop the ␦13C value to the values recorded by the measurements
of many investigators. Also, the rise in atmospheric CO2 is only
about a doubling, which would not lead to a massive lethal
greenhouse effect. If the CO2 release from biogenic decay is
extended over a longer period, the drop in ␦13C is the same but
the rise in CO2 is less, showing this calculation to be for a
maximum effect.
Mass mortality would also have affected marine plankton. The
killing of marine plankton would stop the ‘‘biological pump,’’
whereby photosynthetically fixed and isotopically light carbon is
transferred to the deep ocean by settling of dead plankton and
its oxidation back to CO2 in deep water. This situation has been
referred to as a ‘‘strangelove’’ ocean. The drop in ␦13C of
dissolved inorganic carbon in the surface ocean as a result of
oceanic overturn following cessation of the biological pump has
been shown by D’Hondt et al. (32) for the Cretaceous–Tertiary
mass extinction to be about 1–1.5‰. Also, cessation of the
present-day biological pump has been shown by Sarmiento and
Orr (33) to result, after exchange with the atmosphere, in a rise
in atmospheric CO2 from 280 ppm to about 500 ppm. If these
results are added to those of Fig. 6 for the mass mortality of
terrestrial vegetation, we are still left with an insufficient drop in
␦13C to match the larger changes shown in Fig. 1 and a rise in CO2
insufficient to cause a major lethal greenhouse effect. Thus, the
mass mortality hypothesis as a sole cause of the drop in ␦13C
appears to be untenable.
Berner

and Peacock (15) and Berner and Raiswell (34), the large drop
in the global rate of burial of organic matter occurring between
the Permian and Triassic periods was likely caused by a drop in
terrestrial production resulting in a shift of the major focus of
burial from the terrestrial-plus-marine environments to the
marine environment alone. The drop in global organic burial is
further documented by the large drop in coal deposition between
the Permian and Triassic (35, 36) and to a shift in major
production from (high biomass) arborescent to (low biomass)
herbaceous flora (29, 31). Furthermore, Broecker and Peacock
(15) suggest that this shift occurred suddenly at the P兾Tr
boundary as a result of a sudden mass mortality of terrestrial
organisms combined with burial of marine organic matter under
more highly anoxic bottom waters because of a decrease in the
efficiency of the marine food web. In support of the latter, an
increase in anoxic black shales at the boundary has been
documented by several authors (e.g., refs. 37–39).
A drop in the total global burial rate of organic matter in
sediments between the Permian and Triassic periods has been
documented by sedimentary rock analyses (35) and by carbon
and sulfur isotope mass balance modeling (15, 16). If the high
oceanic ␦13C (⫹5‰) values found for the early and midPermian are maintained right up to near the P兾Tr boundary (ref.
20; E. Grossman, personal communication), then modeling
calculations (40) using rapid recycling and the 13C fractionation
reported by Hayes et al. (41) result in a drop in the burial rate
from 60 Gt C/kyr in the late Permian to 24 Gt C/kyr in the early
Triassic. During this time span, the rate of CO2 generation from
the weathering of rock-bound kerogen on the continents is
assumed to be constant at 60 Gt C/kyr (though it may have
actually increased because of the exposure of coal-rich sediments
from a drop in sea level; see ref. 42). To test the Broecker and
Peacock hypothesis, we assume that the drop in burial rate, and
consequent imbalance between organic burial and organic
weathering, occurred essentially instantaneously at the P兾Tr
boundary and continued for a long time. Results are shown in
Fig. 6. This situation results in a slow but persistent rise in
atmospheric CO2 level and drop in ␦13C until the carbon system
returns to a new steady state. The reorganization hypothesis,
thus, predicts the correct overall change in ␦13C between the
Permian and Triassic but fails to produce a rapid change. This
result is due to the buffering capacity of the ocean plus the
uptake of CO2 by continental weathering. However, if combined
with the sudden drop in ␦13C caused by mass mortality, as
discussed above, the Broecker and Peacock idea predicts ␦13C
values closer to those observed (Fig. 1).
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Fig. 6. Plots of oceanic ␦13C and atmospheric CO2 vs. time as a result of a
sudden drop in global organic C burial rate from 60 Gt C/kyr to 24 Gt C/kyr with
a constantly maintained organic C weathering rate of 60 Gt C/kyr.

EVOLUTION

Fig. 5. Plots of ␦13C and atmospheric CO2 vs. time for the sudden mass
mortality of terrestrial vegetation with all vegetation plus soil carbon converted to CO2. Note the much shorter time scale compared with Figs. 3 and 4.

Fig. 7. Plots of the burial rate of sedimentary organic carbon (Fbg) and pyrite
sulfur (Fbp) vs. time for the Phanerozoic computed by the means of the model
of Berner (2001), amended to include new ␦13C data for the late Permian (Mii
et al., ref. 20; E. Grossman, personal communication)

If there were a prolonged period whereby small land cover,
such as bryophytes, replaced forests on the land surface, then the
rate of consumption of atmospheric CO2 by the weathering of
silicates could have been reduced by as much as a factor of 4 (19).
With this assumption I examined the consequences of suddenly
lowering the initial value for Ca–Mg silicate weathering (Fwsi;
see Fig. 2) by a factor of 4 at the P兾Tr boundary and letting it
stay at this low value for 100,000 years, at which time reforestation of the land surface resulted in a rapid rise to the initial
Permian Fwsi value. Results for this situation combined with the
simultaneous imbalance in the burial and weathering of organic
matter made no major difference in results from those for
organic matter imbalance alone. The level of atmospheric CO2
attained a peak about 200 ppm higher than in the organic
imbalance alone scenario, but with little difference in ␦13C.
The effect of the reorganization of carbon burial can be seen
in a broader context in terms of calculations of the burial rates
of organic carbon and pyrite sulfur over the Phanerozoic. Results
using the C and S isotope mass balance model are cited above
(40), but results with the new late Permian high oceanic ␦13C
values of Grossman are shown in Fig. 7. The sudden drop in
organic burial and rise in pyrite burial across the P兾Tr boundary
is apparent on the time scale of the entire Phanerozoic. This
finding demonstrates the importance of the Permo–Triassic
extinction as having a major effect on not only the global carbon
cycle but also that of sulfur.
The ratio of organic C burial to pyrite S burial over Phanerozoic time is shown in Fig. 8, along with calculated levels of
atmospheric oxygen, which was done also by C–S isotope modeling (40). The P兾Tr extinction is accompanied by a large drop
in O2 and an increase in S兾C ratio. The latter is just what would
be expected for a shift from mainly terrestrial burial in low-S
fresh water to mainly marine burial in high-S seawater. Accompanying the drop in O2, GEOCARB modeling (19) shows a
concomitant rise in CO2 from the late Permian to the early
Triassic (spanning about 20 million years) of 1,000–1,500 ppm.
On a much shorter time scale (the Phanerozoic modeling of O2
and GEOCARB has a time resolution of only 10 million years), a
rise in sedimentary pyrite burial across the P兾Tr boundary is also
shown by a rapid rise in oceanic ␦34S (3, 15, 42). This is additional
evidence of a rapid shift from burial of organic matter in low-S
fresh continental waters to burial in sulfate-rich seawater, which
provides sufficient sulfur for abundant pyrite formation (34).
The finding of earliest Triassic pyrite-rich shales (37, 39) is in
accord with the rapid rise in 34S at the boundary (3). Also, the
S兾C values found for the early Triassic are characteristic of an
4176 兩 www.pnas.org兾cgi兾doi兾10.1073兾pnas.032095199

Fig. 8. Plots of the ratio of the burial rates of pyrite S and organic C, and of
atmospheric oxygen concentration vs time for the Phanerozoic based on the
amended GEOCARB III model (19) (see caption for Fig. 6 for details).

ocean with excessive pyrite burial as compared with that at
present.
Combination of Processes. It has been suggested that the P兾Tr
extinction was brought about by a synergistic combination of
causes (1). With this idea in mind I have calculated a best fit to
the observed ␦13C data for at the P兾Tr boundary by combining
the hypotheses above. Here the carbon cycle reorganization is
combined with sudden mass mortality of land plants and marine
biota, Siberian volcanism, and rapid methane release from
clathrates. Rates and durations of input and integrated amounts
of CH4, volcanic CO2 (slow release), and biogenic CO2 are the
same as those cited above. Results are shown in Fig. 9 and there
is good overall agreement with observations, both on the short
time scale and on the longer period time scale. The atmospheric
CO2 values are the highest of all of the simulations as might be
expected for an addition of all inputs. Of course, multiple ␦13C
pulses, such as those shown in Fig. 1, are not reproduced, but this
could have been done by introducing a number of inputs at
different times.
Could this combined result be in accord with a reasonable
scenario connecting all of the events? One suggestion is as
follows: the impact of a bolide (or atmospheric disturbance)
could have caused sudden mass mortality of marine and terrestrial organisms. The accompanying pressure wave could have

Fig. 9. Plots of ␦13C and CO2 vs time for the combined inputs of carbon to the
atmosphere from mass terrestrial mortality, CH4 hydrate decomposition, and
volcanic CO2 degassing combined with an imbalance in the rates of burial and
weathering of sedimentary organic matter.

Berner

Conclusion
Some of the theories for the mass biological extinction at the
P兾Tr boundary do not stand up to critical analysis with regards
to their predictions concerning the global carbon cycle. The
buildup of extremely high levels of dissolved CO2 in the subsurface ocean, followed by oceanic overturn, degassing, and mass
CO2 poisoning, is unlikely if there were CaCO3 sediments
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present below the thermocline at that time. Neither volcanic
degassing nor mass mortality of terrestrial organisms alone could
have provided enough isotopically light carbon to bring about the
drops in ␦13C recorded at the P兾Tr boundary. Release of large
amounts of methane from stored methane hydrates to the carbon
cycle best explains the ␦13C measurements, but supplies little
CO2 to the atmosphere. It is possible that a combination of mass
mortality from an impact or radiation blast was combined with
methane release and volcanic CO2 release to help account, at
least partly, for the extinction. The long-lasting effect of this
extinction was that the major locus of organic carbon deposition
shifted from the continents to the oceans, which led to an overall
lower global burial rate of organic matter, lower atmospheric O2,
and higher atmospheric CO2 throughout the Triassic Period.

EVOLUTION

triggered both the release of CH4 from stored hydrates and the
initiation of Siberian volcanism. After the initial events of the
first 10,000–30,000 years, the reduction of land plant productivity lasted for millions of years, leading to a drop in global organic
carbon burial and a shift of the major site of burial from the
terrestrial to the marine environments. This hypothesis helps to
explain the very low level of Triassic coal deposition as compared
with that during the Permian. Initial increased organic burial in
the marine environment, caused by the sudden input of dead
organisms, led to a higher frequency of euxinic basins and a
greater burial of sedimentary pytite in the early Triassic. This is
only one of several conceivable scenarios, but it shows that the
Permian–Triassic extinction could have been brought about by a
variety of causes.

