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Abstract

Carbon cycle disturbance associated with mass extinction at the end of the Permian Period continued through the Early Triassic,
an interval of approximately 5 million years. Coincidence of carbon cycle stabilization with accelerated Middle Triassic biotic
recovery suggests a link between carbon cycling and biodiversity, but the cause of Early Triassic carbon isotope excursions remains
poorly understood. Previous modeling studies have focused exclusively on the initial negative excursion in 8'>C across the
Permian—Triassic boundary and have not addressed the cycles of positive and negative excursions observed through the Early
Triassic. This study uses a simple carbon cycle box model to investigate potential causes underlying the series of Early Triassic
carbon isotope excursions and to assess possible relationships between isotope excursions and coeval patterns of carbonate
deposition. According to the model, introduction of carbon with the isotope composition of volcanic CO, produces small negative
carbon isotope excursions followed by larger and more protracted positive excursions. Positive excursions result because increased
pCO; causes warming, enhancing marine anoxia and associated regeneration of phosphate and thus allowing greater productivity.
In addition, carbonate weathering is more sensitive than organic carbon weathering to changes in atmospheric pCO, and climate,
causing an increase in the overall 8'*C composition of weathered carbon. Therefore, the full Early Triassic record of negative and
positive carbon isotope excursions can only be accounted for within the model by several pulses of carbon release characterized by
varying mixtures of organic and mantle isotope compositions. Thermal metamorphism of coal and carbonate rocks in the crust of
the Siberian craton during eruption of the Siberian Traps flood basalts provides the most plausible mechanism for such a carbon
release scenario. If multiple episodes of CO, release account for Early Triassic carbon cycle instability (regardless of their precise
trigger), then cessation of CO,; release is likely to explain acceleration of biotic recovery early in the Middle Triassic.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction extinction. Primary evidence for carbon cycle perturba-
tion comes from the large negative excursion in 6'°C of

Multiple observations reflect disturbance of the carbonates and organic matter beginning near the
global carbon cycle coincident with end-Permian mass extinction horizon [1-4]. Substantial changes in the
style of shallow marine carbonate deposition also

* Corresponding author. Tel.: +1 650 725 1602; fax: +1 650 725 0979. occurred globally across the Permian—Triassic boundary
E-mail address: jlpayne@stanford.edu (J.L. Payne). (PTB) [5]. In particular, widespread oolites [6] and
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precipitated microbialites containing aragonite fans [7—
10] suggest disturbance beyond mere isotope effects [5].
Facies and geochemical evidence for marine anoxia
[11-13], even in shallow water settings [14,15], and
substantial warming in polar regions [16] is difficult to
account for in the absence of elevated atmospheric
pCO,. Finally, selective extinction of marine organisms
susceptible to hypercapnia (i.e., CO, narcosis) [17]
indicates a causal relationship between carbon cycle
disturbance and biological extinction. Although anoxia
[18], hypercapnia [17], and hydrogen sulfide poisoning
[19] have all been proposed as proximal causes of
extinction, each is likely to require increased atmo-
spheric pCO, to generate the conditions required to
cause widespread biological harm. Moreover, these
physiological stresses can act synergistically and thus
need not be thought of simply as alternative kill
mechanisms [20]. In short, carbon cycle disturbance
appears to have played a central role regardless of the
precise end-Permian kill mechanism(s).

Subsequent to the extinction event, a series of
negative and positive excursions in the 6'°C of
carbonates occurred during the Early Triassic [1,21],
an interval of approximately 5 Ma [22,23]. Positive
excursions reached 6'>C values as high as +8%o and
negative excursions went as low as —3%o in marine
carbonates (Fig. 1) [1,21,24]. Close correspondence of
records from South China [1], Turkey [25], and
elsewhere across Tethys [21,26] indicates that excur-
sions reflect global carbon cycle changes [26—28]. The
first two large positive excursions reached maxima near
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Fig. 1. Composite 8'*C record from the Upper Permian through Middle
Triassic compiled from stratigraphic sections on the Great Bank of
Guizhou, an isolated Late Permian to Middle Triassic carbonate
platform in the Nanpanjiang Basin of southern China. Data are from [1].
Symbols are used to indicate data from the same stratigraphic section.
Abbreviations: Changhs. — Changhsingian; Griesbach. — Griesba-
chian; Smit. — Smithian; Spath. — Spathian; L. Perm. — Late
Permian; Trias. — Triassic.

the Dienerian—Smithian and Smithian—Spathian sub-
stage boundaries and the last major positive excursion
peaked early in the Anisian stage [1,21,26]. The most
pronounced intervening negative excursion occurred
during the Smithian [1,21,26]. Excursions lasted, on
average, approximately 500 ky, although precise time
constraints on individual excursions are lacking. Fig. 1
illustrates 0'°C data of Payne et al. [1] from southern
China because it is the most detailed Early—Middle
Triassic 6'°C record from a single locality, but
comparison to other studies indicates this record is
broadly representative of global patterns [1,26,27].
Carbonate rock fabrics such as precipitated carbonate
microbialites, aragonite fans, and giant ooids are
widespread in the immediate aftermath of the extinction
and recur within younger Lower Triassic strata [29,30].
The Early Triassic was also characterized by delayed
biotic recovery [31]; shallow marine benthic commu-
nities experienced only limited increase in diversity,
ecological structure, and the size of organisms [32—-36].
Conditions set in place at the time of extinction appear
to have persisted or recurred through the Early Triassic.
Therefore, explanations for Early Triassic carbon
isotope excursions may shed light not only on mechan-
isms underlying delayed biotic recovery but also on the
cause(s) of the mass extinction.

Numerous hypotheses have been proposed to explain
the boundary excursion in 6"*C: overturn of a stratified
ocean with isotopically light deep waters [17], release of
isotopically light methane during destabilization of
methane clathrates [37—39] or thermal metamorphism
of coal measures [40,41], drastic reduction of organic
carbon burial in the aftermath of extinction [42],
increase in organic-carbon weathering [43], collapse of
the biological pump [44], and subaerial diagenetic
alteration [45] (although diagenesis was later rejected by
the same author [46]). Mass balance calculations [39]
and carbon cycle box models [38,42,44] generally favor
the oxidation of light carbon from sedimentary reser-
voirs to account for the 4'°C excursion, although
collapse of the isotope gradient within the water column
can also account for this feature [44].

Early Triassic geochemical and paleontological
records pose additional challenges to modeling efforts.
Repeated carbon isotope perturbations through the Early
Triassic are incompatible with methane release from
seafloor gas hydrates because insufficient time is
available between events for regenerating methane
clathrates [1], although one cannot rule out the release
of methane as a primary driver for any one excursion,
particularly the Permian—Triassic boundary excursion
[37,38]. The Early—Middle Triassic carbon isotope
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record has not been the focus of any previous modeling
studies. Moreover, little is known regarding the precise
stratigraphic and temporal relationships among Early
Triassic biological events, the occurrences of particular
carbonate facies (e.g., microbialites, aragonite fans, and
large ooids) and carbon isotope fluctuations. Both
extinction and recovery are intimately linked with
carbon cycle behavior as recorded in the geochemical
and sedimentological records [1,5]. Improved under-
standing of these links and improved resolution of
combined geochemical and paleontological records are
essential to achieving satisfactory understanding of
extinction and recovery processes.

In this study, building upon previous models of
Berner [38] and Grard et al. [42], we investigated
potential relationships between changes in carbon
isotopes and carbonate sedimentology through the
Early Triassic using a simple carbon cycle box model.
We focused on the potential influence of carbon released
from volcanism and the oxidation of organic matter and
methane on the isotope composition of carbon in the
oceans and on the carbonate alkalinity and carbonate
saturation state of the oceans. We also compared the
pattern and timing of carbon isotope change under
disturbance scenarios to the pattern of change in
carbonate alkalinity and carbonate saturation state —
important factors in carbonate sedimentation — by
tracking the carbonate alkalinity of seawater in the
model. The specific goals of the study were to: (1)
provide quantitative constraints on explanations for the
observed Early Triassic carbon isotope record; and (2)
investigate potential coupling between carbon isotope
excursions and patterns of carbonate sedimentation
through changes in seawater carbonate chemistry.
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2. Model description

The model used in this study is a one-box ocean
model describing the global organic and inorganic
carbon cycles and their isotope compositions and
including mass balance equations for carbonate alkali-
nity, phosphate, and oxygen. The model structure is
illustrated schematically in Fig. 2. As a simplified
model, it was intended not to explain observed data in
detail but, rather, to outline the range of scenarios
compatible with observations that should be targeted for
more detailed future field and modeling studies.
Parameterization of the model is described briefly
below. A complete list of equations and parameter
values used for the model is available as supplementary
online material.

The model tracks organic and inorganic carbon input
from weathering, CO, release from volcanism, and
carbon release from the oxidation of reduced sedimen-
tary carbon reservoirs such as organic matter and
methane clathrates. Carbon is removed from the
ocean—atmosphere system through organic and inor-
ganic carbon burial. Carbonate alkalinity is delivered to
the oceans via silicate and carbonate weathering and
carbonate alkalinity is removed from the oceans via
carbonate burial. Atmospheric carbon dioxide is calcu-
lated at each (1000 y) time step assuming equilibrium
with the total carbon in the ocean—atmosphere system
and carbonate alkalinity (see supplementary online
material) [47]. In our model runs, atmospheric carbon
dioxide was set to an initial equilibrium value of
1500 ppm, in accord with Berner and Kothavala’s [48]
estimate of atmospheric pCO, from GEOCARB III. The
dependence of carbonate and silicate weathering fluxes

atmospheric oxygen = 5.3 x 10'? mol
atmospheric CO, = 1500 ppmv

phosphate weathering = 130 x 10'® mol/ky
organic carbon weathering =8 x 10 5 mol/ky
carbonate weathering = 24 x 1015 mol/ky
silicate weathering=8 x 1

05 mol/ky

total carbon
7.42x 10'8 mol

oceanic phosphate
3x10"% mol

carbonate alkalinity = 8.06 x 10" mol

MORB

. organic C burial = 8 x 1015 mol/ky
degassing carbonate C burial = 28 x 105 mol/ky

(incl. in metamorphic phosphate burial = 130 x 107° mol/ky
& volcanic COs flux)

Fig. 2. Schematic illustration of the carbon cycle model used in this study. The complete set of steady state values and equations is provided in the

supplementary online materials.
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on temperature and runoff is parameterized following
Berner’s carbon cycle model [49] (see supplementary
online material). Change in global average temperature
is calculated as function of atmospheric pCO,, follow-
ing Walker et al. [50] (see supplementary online
material). Carbonate depositional flux is parameterized
as a function of the difference between carbonate
alkalinity and total carbon — an approximation of the
carbonate ion concentration [51].

Organic carbon burial is modeled to be proportional
to phosphate availability, assuming phosphate limitation
on primary productivity and organic carbon burial at the
timescale of the model. Because phosphate is preferen-
tially recycled from sediments into the water column
relative to carbon under anoxic conditions [52], the
burial ratio of organic carbon to phosphate is allowed to
vary following a sigmoidal curve from approximately
the Redfield ratio (C:P=130) to 31 times the Redfield
ratio as a function of the change in global average
temperature — a crude proxy for anoxia. Higher global
average temperatures tend to favor anoxia by reducing
the solubility of O, in seawater, an effect observed in
GCM simulations [e.g., [53]].

Organic carbon weathering and organic carbon burial
are assumed to be the only sink and source, respectively,
for oxygen. In this regard, our neglect of the sulfur cycle
is an important area for future refinement. Parameter-
ization of organic carbon burial is focused on marine
processes, thus neglecting important differences
between marine and terrestrial organic carbon burial.
However, the absence of Early Triassic coal deposits
globally suggests burial of terrestrial organic carbon was
limited, with little variability [54]. The model assumes
organic carbon weathering to be constant through time
(aside from specified releases from sedimentary reduced
carbon reservoirs) because field observations and
modeling indicate quantitative oxidation of all organic
carbon made available via tectonic uplift [55]. It is
beyond the scope of available data to parameterize
tectonic supply of sediment at the timescale of the model
and therefore this factor is assumed to have been
constant through the interval investigated.

3. Results

We used model experiments to investigate the
behavior of the global carbon cycle in response to
three separate forcings: volcanism, oxidation of organic
carbon, and oxidation of biogenic methane. We then
explored combined scenarios in an attempt to reproduce
the observed Late Permian through Middle Triassic
carbon isotope record. Within each experiment, several

permutations were run to test the sensitivity of the model
to disturbance parameters.

3.1. Single perturbation by volcanism

3.1.1. Scenario description

Siberian Trap volcanism is one obvious source of
potential carbon cycle disturbance during the Early
Triassic [41,56—59]. The original volume of erupted
material is somewhat uncertain. Including the recently
discovered basalts in the West Siberian Basin, it is likely
to be on the order of 3x10° km® [60,61]. If the
concentration of degassed CO, from trap eruptions was
similar to values measured at the Kilauea volcano
(1.5%10"* mol C/em® melt) [62], then 3 x 10"® mol (or
approximately 30000 Gt where 1 Gt=10" g) would
reflect a reasonable estimate of CO, release from
Siberian Trap volcanism. If thermal metamorphism
and decarbonation of carbonates and organic carbon
(e.g., coal seams) by mafic flows and sills enhanced
volatile release [41,60], then the amount of CO, released
may have been substantially larger [41]. To investigate
the potential effects of these eruptions, we modeled the
release of 3x 10" mol of volcanogenic CO, (§'*C=
—5%) over periods of 100, 300, and 600 ky. Eruption
over 100 ky represents a reasonable lower limit on the
duration of the Siberian Trap eruptions, whereas 600 ky
is an intermediate value [56]. Eruption over longer
timescales produce smaller excursions than that illu-
strated for the 600 ky scenario.

3.1.2. Model results

Fig. 3 illustrates the evolution of 6'*C in seawater
under the 100 ky and 600 ky eruption scenarios. Results
for the 300 ky scenario are intermediate and are
therefore not presented. The carbon isotope response
to this type of perturbation is a negative excursion
followed by a positive excursion of longer duration.

8 —
= 100 ky volcanism 3x10'® mol carbon
6 0w 600 ky volcanism 3x10"® mol carbon
;\ = = 100 ky volcanism 6x1 0'8 mol carbon
O 4 \
& 1 s,
w n\n‘"‘. =
2 -
wlfpobe,
1000 2000 3000 4000 5000 6000

2= Time (ky)

Fig. 3. Carbon isotope records from model runs involving the release
of volcanogenic CO,. Interval of carbon release indicated by a gray
bar.
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Because the total quantity of CO, release was held
constant, shorter eruptive duration was associated with
greater eruptive flux of CO,, yielding a larger initial
negative excursion. Rather than enhancing the negative
excursion, doubling the eruptive flux reduced the
duration of the negative excursion and amplified the
subsequent positive carbon isotope excursion because
higher atmospheric pCO, increased the development of
anoxia and recycling of phosphate, thus enhancing
organic carbon burial (Fig. 3).

Carbon isotope response is controlled by changes in
both weathering and burial processes. Fig. 4 illustrates
the organic and carbonate burial and weathering fluxes
(Fig. 4A), the fraction of organic carbon in burial
(forg buria) and weathering fluxes (not including volcano-
genic CO3) (forg weathering) (Fig. 4B) for the 100 ky,
3%10" mol scenario. The carbonate weathering flux
increased in response to increased atmospheric pCO,
(Fig. 4A) because the carbonate weathering rate
depended on runoff and temperature in the model,
both functions of pCO,. The resulting decrease in the
proportional weathering of organic carbon (Fig. 4B) led

A
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©
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- = — Carbonate weathering
S 30000
x ——— e .
S 20000
2 Organic burial
S 10000k B i Organio wethering
OD 1000 2000 3000 4000 5000 6000
B

forg weathering

Fraction of organic carbon

forg burial

0 1000 2000 3000 4000 5000 6000

Time (ky)

Fig. 4. Organic and inorganic carbon weathering and burial fluxes
under the release of 3x 10" mol C over 100 ky. Interval of carbon
release indicated by a gray bar. A) Organic carbon and carbonate burial
and weathering fluxes. B) Fraction of carbon burial and weathering
(not including volcanogenic CO,) in the form of organic carbon.
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Fig. 5. Effects of volcanic release of 3x 10" mol C over 100 ky on
marine carbonate chemistry and atmospheric pCO,. Interval of carbon
release indicated by a gray bar. Carbon isotope record for this scenario
presented in Fig. 3.

to an increase in 6'°C of weathered carbon. The
carbonate burial flux initially decreased in response to
increased atmospheric pCO, because total carbon
increased more rapidly than carbonate alkalinity, leading
to decreased carbonate saturation (Fig. 5), despite an
immediate increase in carbonate alkalinity (Fig. 5).
Organic carbon burial increased (Fig. 4A) due to
buildup of oceanic phosphate concentrations. Increased
weathering, driven by increased atmospheric pCO,, led
to an increase in phosphate delivery to the oceans,
increasing organic carbon burial. Further increase in
organic carbon burial was permitted by the preferential
recycling of phosphate under anoxic conditions. For a
given total release of CO,, more rapid release resulted in
higher maximum atmospheric pCO, and, thus,
enhanced anoxia, greater phosphate recycling, and
higher rates of organic carbon burial. In short, the initial
response of burial processes was toward a greater
proportion of organic carbon burial and heavier values
of 6'C (Fig. 4A). As carbonate alkalinity built up, the
rate of CaCO; burial eventually increased above the
steady state value, thus driving 8'°C in the oceans to
lighter values and providing a negative feedback to
return the system to steady state. Accounting for
weathering and burial of inorganic and organic carbon
separately suggests that the overall response to a large
and rapid input of CO, with a mantle isotope
composition (8"°C near —5%o) is likely to be a short-
lived negative excursion of 1%o or less followed by a
more pronounced positive excursion of potentially a few
permil [63]. The reaction of the carbon cycle to a rapid
addition of CO, initially pushed the ocean toward a
heavier carbon isotope composition — opposing the
influence of the addition of light carbon. Enhanced
silicate weathering and resulting increase in the CaCOj;
burial flux eventually returned the system to steady state
by sequestering the added carbon.
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In the 100 ky (3x10'® mol C) scenario, carbonate
alkalinity of seawater and carbonate saturation state
exhibited significant change in response to the volcanic
CO, flux (Fig. 5). Following within 100—200 ky of the
initial depression in carbonate saturation, sufficient
added carbon had been converted to carbonate alkalinity
via silicate weathering to increase the carbonate
saturation state to nearly twice its steady-state value
(Fig. 5). The increase and maximum in carbonate
weathering preceded the increase and maximum in
carbonate burial (Fig. 4), enhancing the magnitude of
the positive excursion (driven primarily by elevated
organic carbon burial) (Figs. 3, 5). Atmospheric pCO,
reached 4000 ppm, then decayed toward steady state
after the additional volcanic carbon flux ended (Fig. 5).
Although the carbon cycle model is greatly simplified, it
suggests that patterns of carbonate deposition which
respond to global changes in carbonate alkalinity and
saturation state may leave a characteristic signature in its
temporal relationship to the isotope excursion, with the
maximum rate of carbonate deposition occurring prior
to the peak in 6'°C, at least under the parameterization
considered in this example. The temporal offset may be
large enough to be detected if it affects patterns of
carbonate deposition in globally identifiable ways (see
Section 4. Discussion).

3.1.3. Sensitivity to anoxia

Atmospheric oxygen concentration, productivity, and
circulation affect oceanic oxygen content [64] through
effects on oxygen solubility, oxygen consumption, and
oxygen supply, respectively. Oxygen solubility is a
function of temperature and, therefore, increased global
temperature at sites of deep water formation can cause
decreased oxygen content of seawater. The preferential
recycling of phosphate into the water column during
organic burial under anoxic conditions provides a
potential positive feedback on organic carbon burial
[52]; it allows marine productivity to continue unabated
even at high rates of organic carbon burial. Enhanced
organic carbon burial resulting from phosphate recy-
cling could then exaggerate positive excursions in 6> C.
Fig. 6 illustrates the 6'°C evolution of seawater under
two parameterizations of the C:P burial ratio (Fig. 6) for
the 100 ky, 3x10'® mol eruption scenario. Differences
in parameterization account for uncertainty in the
magnitude of the interaction between increased tem-
perature, oxygen solubility, productivity, and the mixing
rate of the oceans. Under the more sensitive parameter-
ization (lower threshold for anoxia and increased C:P),
the positive excursion in 6'C is both more rapid and of
greater amplitude (Fig. 6) due to the increased role of
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Fig. 6. Carbon isotope composition of buried carbonates and its
relationship to the C:P burial ratio under two different parameteriza-
tions of C:P burial rations as a function of change in temperature.
Change in temperature is a function of the change in atmospheric
pCO; (see supplementary online materials). Scenario considered is the
release of 3% 10" mol C over 100 ky.

phosphate recycling in enhancing organic carbon burial.
Because organic carbon burial provides a negative
feedback on atmospheric pCO,, the positive excursion
also ends more rapidly under the high sensitivity
scenario. As this example illustrates, the sensitivity of
C:P burial ratios to environmental changes (atmospheric
pCO,, temperature, etc.) helps to control the isotope
response to disturbance of a given magnitude. The large
difference in model results between the two parameter-
izations suggests that the model, and perhaps the carbon
cycle itself, are contingent upon the sensitivity of marine
anoxia to boundary conditions of climate and con-
tinental configuration. The sensitivity of the system
need not remain constant through time, and so there is
unlikely to be a single parameterization that accurately
captures the behavior of the system over any extended
interval of geological time.

3.2. Single perturbation by oxidized organic matter

3.2.1. Scenario description

After starting the model at steady state, we perturbed
it by adding 2x 10'® mol (approximately 20000 GT) of
oxidized organic carbon (§'*C=-25%0) over 100 ky
and 10" mol over 20 ky. On the order of 1000 km® of
sedimentary organic carbon are required to release
10'® mol C (or 10000 km® of coal to produce an
equivalent quantity of thermogenic methane, assuming
10% efficiency of carbon release). Economic coal seams
alone represent on the order of 1000 km® in the upper
Paleozoic Tungusskaya series, and preserved carbonate-
rich upper Paleozoic sediments of the Tungusskaya
series represent approximately 300000 km® [65]. It
appears likely that hundreds or, perhaps, even thousands
of Siberian Traps flows and sills approach the total
volume of coal required to release 2 x 10'® mol C [41],
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indicating that thermal metamorphism during intrusion
and eruption could account for significant carbon
release in the Early Triassic.

3.2.2. Model results

The release of organic matter caused a negative
excursion in 6'°C of approximately 4% in the 100 ky
scenario and 3% in the 20 ky scenario (Fig. 7A, B). The
lighter isotopic composition of organic carbon and
smaller quantity of carbon released in comparison to the
volcanism scenarios damped the magnitude of the
positive excursion that followed the initial negative
excursion in the volcanism scenarios to less than 1%o.
The positive excursion was damped due to more limited
development of anoxia and more limited effects on
carbonate weathering. The more rapid release of carbon
in the 20 ky scenario caused a more severe decrease in
saturation state than the 100 ky scenario due to the
higher flux of carbon release, but caused a smaller
subsequent increase in saturation state due to the smaller
total quantity released and smaller effect on carbonate
and silicate weathering (Fig. 7C, D). Changes in
carbonate alkalinity were smaller in the 20 ky scenario
due to the smaller quantity of carbon released and the
consequently smaller weathering pulse that followed
(Fig. 7C, D). Maximum atmospheric pCO, was
approximately equal for the two scenarios, but elevated
pCO, persisted substantially longer in the 100 ky
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scenario due to the greater quantity of carbon released
and longer timescale of release (Fig. 7C, D).

3.3. Single perturbation by methane

3.3.1. Scenario description

After starting the model at steady state, we perturbed
it with the addition of 5x10'7 mol carbon (approxi-
mately 5000 GT) over 20 ky using the isotope
composition of biogenic methane from seafloor clath-
rates (6'°C=—60%0). The precise amount of methane
stored in seafloor clathrates is poorly constrained, but
this amount is likely within a factor of two of the total
quantity of seafloor clathrates that currently exist [66].
Due to isotope constraints, the quantity of methane
introduced is necessarily smaller than the modeled
release of organic carbon and much smaller than the
modeled release of volcanogenic CO,. The methane
release scenario has previously been chosen as a
preferred explanation for the PTB negative carbon
isotope excursion based on field observations [37,67]
and mass balance calculations [38,39].

3.3.2. Model results

The addition of methane caused a rapid negative
excursion in '>C of approximately 3%o (Fig. 8A). The
isotope perturbation decayed away over the course of
approximately 300 ky (Fig. 8A). Carbonate saturation
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Fig. 7. Effects of the release organic carbon. Interval of carbon release is marked with a gray bar. A, C) Release of 2 x 10'® mol C over 100 ky. B, D)
Release of 10'® mol C over 20 ky. A, B) Carbon isotope composition of buried carbonates. C, D) Records of carbonate saturation, carbonate alkalinity,

and atmospheric pCO,.
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Fig. 8. Effects of the release of 5 x 10'” mol C from methane clathrates
over 20 ky. Interval of carbon release is marked with a gray bar. A)
Carbon isotope composition of buried carbonates. B) Records of
carbonate saturation and carbonate alkalinity of the oceans, and
atmospheric pCO,.

decreased severely as a result of the carbon release
(Fig. 8B), but the subsequent weathering pulse and
increase in organic carbon burial were too small to cause
more than a minor subsequent increase in saturation
state or carbonate alkalinity (Fig. 8B). Likewise,
atmospheric pCO, increased only to approximately
2500 ppm, about half the increase observed in the 20 ky
scenario for organic carbon release. The smaller effects
on carbonate saturation, alkalinity, and atmospheric
pCO, all reflect the smaller quantity of carbon required
to produce the observed carbon isotope excursion under
the methane scenario.

3.4. Fitting the Early Triassic carbon isotope record

3.4.1. Model results

None of the models experiments produced multiple
excursions in '°C beyond a single negative-to-positive
couplet. Only the volcanism scenarios produced positive
excursions in 6'°C of the magnitude observed in the
Early Triassic record. For the model to account for the
Early Triassic 6'°C record, several pulses of volcanic
CO;, release are required. Fig. 9A illustrates the §'°C
record produced by modeled episodes of organic carbon
release, with an average o3C composition of —25%o,
chosen to fit the timing and approximate magnitudes of
the negative excursions in 6'°C from the Early Triassic
record. We then added episodes of volcanogenic carbon
release with an average 6'°C composition of —5%o
(Fig. 9A) to fit the observed carbon isotope record to the

best degree possible. The intent of this exercise was not
to identify a unique scenario to account for the full Early
Triassic record; rather, it was to identify at least one
scenario that is broadly consistent with the observed
isotope record and available geological evidence.
Moreover, 6'>C of —25%o need not reflect oxidation
only of organic matter but, rather, could reflect the
average isotope composition of a mixture of isotopically
lighter (e.g., biogenic or thermogenic methane) and
heavier (e.g., volcanogenic CO, or carbonate rocks)
sources of carbon. Fig. 9B illustrates the volcanic
(—5%o0) and organic carbon (—25%o) fluxes, respectively,
added to the steady state model to approximate the
Early Triassic record. Fig. 9C illustrates the evolution
of atmospheric pCO, and carbonate saturation under
the preferred scenario. We have presented results
without methane due to concerns that the timescale
for methane clathrate regeneration is too long to
accommodate multiple, large releases during the Early
Triassic [1]. Although the timing and magnitude of the
preferred combined model run do not perfectly match
the observed data, we consider the fit adequate given
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uncertainties with respect to the Early Triassic time-
scale and magnitude of carbon isotope excursions.
Substantial further improvements require refinement
of the model (e.g., through parameterization of the
sulfur cycle, terrestrial organic carbon burial, or sea
level) or improved resolution of the Early Triassic
timescale, rather than through adjustments to the
proposed scenario.

3.4.2. Sensitivity to model parameterization

The model is relatively insensitive to the precise
parameterization of silicate and carbonate weathering
feedbacks. Adjustment of weathering sensitivity within
the range of values advocated by Berner [49] does not
qualitatively alter the results. Substitution of simpler
weathering feedbacks employed in earlier models [e.g.,
[50]] also yields similar results.

Long-term modeling from isotope records suggests
an approximate 50% decline in atmospheric pO, from
the Permian to the Middle Triassic, including a 25%
decline from the latest Permian through the end of the
Early Triassic [68]. Such a drastic drop is not produced
in the model presented above due to differences in
model assumptions. It is possible to impose this decline
in atmospheric oxygen on the model by decoupling
atmospheric oxygen content from organic carbon burial
and weathering controls assumed in the model. Such
decoupling enhances organic carbon burial, particularly
late in the Early Triassic as oxygen concentrations reach
low values. As a result, it returns values of 6'°C
approximately 1%o heavier near the end of the model
run, but otherwise deviations from the results present in
Fig. 9 are less than 0.5%o. As indicated by Figs. 3 and 6,
carbon isotope records produced by our model are most
sensitive to the parameterization of the anoxia feedback.

4. Discussion

There are two classes of explanation for continued
Early Triassic carbon cycle instability: continuing
environmental disturbances or lingering effects from a
single disturbance. Within the model considered above,
we were unable to generate continuing carbon isotope
excursions over the required timescale from a single
disturbance. We were able to produce a record
quantitatively similar to the Early—Middle Triassic
carbon isotope record through multiple injections of
carbon with volcanogenic (8'*C=-5%0) and organic
(63 C==25%o) isotope signatures.

The failure of the model to produce multiple
excursions in response to a single injection of carbon
suggests that multiple Early Triassic events are required

to explain the observed carbon isotope record. However,
multiple excursions are not impossible to generate in
principle. For example, Zachos and Kump [69] modeled
an example of damped oscillatory behavior in the
carbon cycle when interplay between silicate weath-
ering, climate, and ice-sheet size is considered. A
decrease in atmospheric pCO, causes a cooling that
allows ice sheets to expand. As they do, silicate
weathering terrains are covered, which reduces weath-
ering and allows pCO, to increase. The ice sheets
growth rate responds to atmospheric pCO, (climate) and
the rate of atmospheric pCO; rise (buffered by the larger
ocean reservoir) responds to ice sheet size. That is, each
component responds to the first derivative of the other,
and their time constants are similar and, thus, the system
is a damped oscillator. Although more complex and
realistic models may contain appropriate feedbacks to
generate oscillatory behavior of the required magnitude
in the Early Triassic carbon cycle, we are unaware of
any existing models that do generate oscillations of the
observed magnitude.

Unlike negative 6'°C excursions, which can be
explained in multiple ways depending on magnitude and
timescale [e.g., [38]], positive excursions are more
difficult to account for because there are no known
sources for the simple release of large quantities of '*C-
rich carbon. Increased carbonate weathering and organic
carbon burial in response to elevated atmospheric pCO,
and anoxia-phosphate feedbacks were the primary
drivers of positive carbon isotope excursions in the
model runs, but they are not the only potential
mechanisms for generating positive shifts in 6'°C of
several permil. Rapid exposure of a large area of
carbonate rock, for example, could also influence the
isotope composition of weathered carbon by increasing
the proportional contribution of inorganic carbon to the
weathering flux, as has been suggested in association
with the Ashgill (Late Ordovician) glaciation [70]. In
the case of the Early Triassic, however, there is no
evidence for significant glaciation. Permo-Carbonifer-
ous glaciation ended within the Permian and, if
anything, the Lower Triassic was warmer than the
Late Permian [e.g., [16]]. Moreover, sea level was rising
across the Permian—Triassic boundary and into the Early
Triassic [71].

Grard et al. [42] produced a 5%o positive excursion in
their model (illustrated in their Fig. 7) as a byproduct of
phosphate buildup from an 80% reduction in organic
carbon burial specified for the prior 700 ky to account
for the PTB negative excursion. The absence of any
observed positive excursion immediately following the
PTB negative excursion (Fig. 1) renders such a scenario



J.L. Payne, L.R. Kump / Earth and Planetary Science Letters 256 (2007) 264-277 273

doubtful as the cause of the PTB negative excursion. We
also view maintaining extremely low organic carbon
burial for a protracted period as an unrealistic explana-
tion for subsequent positive carbon isotope excursions
because productivity should increase as phosphate
builds up (unless other factors in the post-extinction
ocean prevented it). In the face of increased productiv-
ity, maintaining low organic carbon burial would require
decreasing burial efficiency through time — a scenario
that is especially unlikely during intervals of widespread
anoxia and reduced bioturbation [35,72] such as the
earliest Triassic [14,15]. It does appear that terrestrial
organic carbon burial decreased drastically across the
Permian—Triassic boundary, but it also appears to have
remained low throughout the Early Triassic [54].
Therefore, we view changes in terrestrial organic carbon
burial as unlikely to account for Early Triassic carbon
isotope fluctuations. The model presented in this study
does not require an arbitrary imposition of temporarily
reduced organic carbon burial to produce subsequent
positive excursions in 6'*C, suggesting that it may come
closer to reflecting underlying carbon cycle processes.
Although the effects of elevated atmospheric pCO, on
the weathering and burial of carbon are not the only
scenarios that can account for the Lower Triassic 6'>C
record, they provide a relatively simple explanation for
available data.

The models in this study and in previous studies
[38,42,44] have not addressed the potential role of sea
level in controlling the proportion of organic carbon in
burial and weathering fluxes. Sea level is a potentially
important control on both the weathering and burial of
carbon — particularly to the degree that sea-level change
is linked to preferential weathering of carbonates or
burial of organic carbon. For example, sea level rise
could flood tropical river deltas — major sites of organic
carbon burial — with deep waters within the oxygen
minimum zone, linking organic carbon burial to sea
level [sensu [73]].

The effects on patterns of carbonate deposition
predicted by changes in carbonate saturation provide a
test against the geological record independent of the
0'3C record. The Great Bank of Guizhou in Guizhou
Province, China, is a locality where sufficient data exist
to test the relationship between the carbon isotope
record and the occurrence of precipitated carbonate
fabrics. The 20 ky release scenario preferred to explain
the PTB negative excursion implies rapid reduction in
carbonate saturation followed by an excursions to
maximum carbonate saturation, all during the negative
carbon isotope excursion, consistent with the occurrence
of microbialites within the negative excursion (Fig. 10)
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Fig. 10. Carbon isotope record from the Dajiang section in the interior
of the Great Bank of Guizhou (data from [1]), an isolated Late Permian
through Middle Triassic carbonate platform in South China [80].
Microbialite horizons are indicated by gray bars. Microbialites occur
primarily during negative carbon isotope excursions and during
increases in 6'>C at this site, generally consistent with predictions of
high carbonate saturation at these times in modeled scenarios of carbon
release.

and possible carbonate dissolution at the base of the
microbialites [46]. Moreover, the coincidence of mass
extinction with an abrupt negative excursion in 6'°C is
best explained by a rapid event or series of events. Later
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Early Triassic positive and negative excursions require
larger, but more protracted, release of volcanogenic and
organic carbon. Under these more gradual release
scenarios, maxima in carbonate saturation and carbonate
alkalinity occur between the initial negative excursion
and the maximum of the subsequent positive excursion.
Microbialites in the interior of the GBG occur primarily
during the negative excursion, becoming absent before
the peak of a large positive excursion in '°C (Fig. 10).
If associations between carbon isotope excursions and
the prevalence of certain carbonate facies are produced
by events hypothesized above, then future studies
should identify the same associations at widely
separated localities unlikely to reflect the same local
depositional controls.

As has been recognized previously [37-39], the
boundary excursion in 6'°C, taken alone, is most easily
accounted for by the introduction of light carbon from
organic matter or methane, given the lack of observa-
tional constraints on isotope gradients within the water
column. Collapse of the biological pump, and the
associated 6'°C gradient between shallow and deep
water, can also cause a transient excursion in surface
water 6'°C [44,74,75] without requiring cessation of
organic carbon burial [74]. Scenarios involving larger
and, in particular, more rapid releases of carbon are
better able to account for associated extinction and the
deposition of precipitated carbonate fabrics across the
tropics in the immediate aftermath of the event.

The magnitude of the isotopic excursions in surface
waters may have been enhanced by temporary collapse
of the biological pump, but extremely low rates of
marine organic carbon burial appear unlikely to explain
the excursion because of the associated problem of
phosphate buildup that should cause a subsequent
positive carbon isotope excursion. Moreover, a low
organic burial scenario does not provide any explanation
for extinction or associated carbonate depositional
phenomena. We currently favor a scenario of rapid
release of organic carbon and volcanogenic CO, during
Siberian Traps eruptions [sensu [40,41]] because it can
account for the timing and rapidity of extinction as well
as subsequent widespread deposition of oolites and
precipitated carbonate microbialites. The Siberian Traps
are unusual among flood basalt provinces because they
were erupted through continental strata rich in coal and
carbonate rocks [41]. The volume and high temperature
of Siberian Traps magmas open the possibility of
extensive thermal metamorphism and associated dec-
arbonation of coal and carbonate strata in the crust [41].
Borehole observations of sedimentary strata on the
Siberian Platform support the hypothesis of extensive

contact metamorphism associated with igneous intru-
sives [76], and coal seams can be observed in outcrop to
be intruded above and below by Traps-related sills (L.
Elkins-Tanton, pers. comm., 2006). However, the extent
and magnitude of thermal metamorphism and associated
degassing of CO, are poorly constrained at present.

Although Siberian Traps eruptions almost certainly
were occurring at the time of mass extinction [56], the
extent to which eruptions continued during the Early
Triassic is poorly constrained. Most of the Siberian
Traps flows near Noril’sk appear to have been erupted
between 252 and 251 Ma [56], but other flows and sills
may be as much as several million years younger
[56,77]. Because the duration of the Early Triassic is at
most 5 Ma [22,23], much of the Early Triassic carbon
isotope record can be accounted for even if eruptions
persisted for only a few million years. Moreover, the
Griesbachian to Smithian interval characterized by the
largest isotope excursions may represent only the first
2 Ma or less of Early Triassic time [23]. Mundil et al.
[78], using a new technique to prepare zircons that is
designed to reduce the effects of lead loss, obtained a
date for the Permian—Triassic extinction of 252.6 Ma,
more than 1 My older than the date obtained for the
extinction by Bowring et al. [79] and for the main pulse
of traps eruptions by Kamo et al. [56]. Differences in
sample preparation techniques between the study of
Mundil et al. [78] and previous studies make it difficult
to evaluate whether or not these results indicate a major
pulse of traps eruptions during the Early Triassic. Some
associated intrusions clearly post-date the extinction
horizon [77]. However, the occurrence of sufficiently
intense volcanism to drive of Early Triassic carbon
isotope excursions requires additional radiometric con-
straints on Siberian Traps eruptions.

It is attractive to hypothesize carbon release during
Siberian Traps eruptions as the primary trigger of
extinction because this scenario can also account for the
Early Triassic interval of carbon isotope excursions
[1,21], episodic anoxia [14], and delayed biotic recovery
[31] through continued carbon release. Other mechan-
isms proposed to account for the PTB negative 6'°C
excursion either cannot explain all subsequent negative
excursions (methane release) or leave positive excur-
sions unaccounted for (organic carbon oxidation,
methane release, collapsed biological pump). Likewise,
extinction scenarios requiring a singular event (such as
bolide impact) suffer from an inability to account for the
series of observed carbon isotope excursions, at least
until appropriate feedbacks are identified to generate
multiple, large carbon isotope excursions following a
single trigger.
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5. Conclusions

Based upon model results, we hypothesize that the
Permian—Triassic boundary excursion was produced by
the introduction of approximately 10'® mol of carbon in
less than 20 ky, most of which was derived from organic
carbon within the crust rather than mantle-derived
volatiles (as previously proposed by [40,41]). We
hypothesize that subsequent negative and positive
carbon isotope excursions resulted from larger but
more protracted releases of carbon, over 100 ky or
more, also associated with episodes of Siberian Traps
emplacement. Variation in the proportions of carbon
from coals, carbonate rocks, and Siberian Traps magmas,
in addition to variations in the rate and magnitude of
carbon release can account for differences in the shape
and magnitude of Early Triassic carbon isotope excur-
sions. In additional to explaining carbon isotope
variations, such a scenario can account for the timing
of' mass extinction and the extensive deposition of Lower
Triassic microbialites and carbonate precipitates, includ-
ing the stratigraphic relationships between microbialites
and carbon isotope excursions.
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