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ABSTRACT

On shallow-marine carbonate buildups in
south China, Turkey, and Japan, uppermost
Permian skeletal limestones are truncated by
an erosional surface that exhibits as much as
10 cm of topography, including overhanging
relief. Sedimentary facies, microfabrics, car-
bon isotopes, and cements together suggest
that erosion occurred in a submarine set-
ting. Moreover, biostratigraphic data from
south China demonstrate that the surface
postdates the uppermost Permian sequence
boundary at the global stratotype section
and truncates strata within the youngest
known Permian conodont zone. The occur-
rences of similar truncation surfaces at the
mass-extinction horizon on carbonate plat-
forms across the global tropics, each overlain
by microbial buildups, and their association
with a large negative excursion in 6°C fur-
ther suggest a causal link between erosion of
shallow-marine carbonates and mass extinc-
tion. Previously proposed to account for
marine extinctions, the hypothesis of rapid
carbon release from sedimentary reservoirs
or the deep ocean can also explain the petro-
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graphic observations. Rapid, unbuffered
carbon release would cause submarine car-
bonate dissolution, accounting for erosion of
uppermost Permian skeletal carbonates, and
would be followed by a pulse of high carbon-
ate saturation, explaining the precipitation
of microbial limestones containing upward-
growing carbonate crystal fans. Models for
other carbon-release events suggest that
at least 5x 10 g of carbon, released in
<100 k.y., would be required. Of previously
hypothesized Permian-Triassic boundary
scenarios, thermogenic methane production
from heating of coals during Siberian Traps
emplacement best accounts for petrographic
characteristics and depositional environ-
ment of the truncation surface and overlying
microbial limestone, as well as an associated
carbon isotope excursion and physiologically
selective extinction in the marine realm.

Keywords: extinction, carbonate platform, car-
bon cycle, microbialite, calcification.

INTRODUCTION
Mass-extinction events are commonly associ-

ated with sedimentary facies changes reflecting
environmental and biological disruption. The
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end-Permian mass extinction, the most severe
extinction event in the history of animal life
(Erwin, 2006), is associated with abrupt changes
in sedimentary facies. On land, cessation of coal
deposition (Retallack et al., 1996), changes in
paleosol composition (Retallack, 1999; Sheldon,
2006), and fluvial depositional styles (Ward et
al., 2000) all indicate substantial biological and
environmental shifts. In shallow-marine carbon-
ate strata, the extinction horizon is associated
with a shift from skeleton-rich to skeleton-poor
sediments (Baud et al., 1997; Payne et al., 2006)
and an abrupt transition from skeletal to micro-
bial and oolitic depositional modes (Baud et al.,
1997, 2005; Sano and Nakashima, 1997; Lehr-
mann, 1999; Kershaw et al., 2002; Lehrmann et
al., 2003; Groves and Calner, 2004; Wang et al.,
2005). The abrupt onset of microbial and oolitic
deposition has been interpreted as a direct con-
sequence of extinction, due to reduced animal
grazing on microbial mats (Schubert and Bott-
jer, 1992; Lehrmann, 1999), decreased skeletal
carbonate deposition (Baud et al., 1997; Ezaki
et al., 2003), increased carbonate saturation of
seawater (Kershaw et al., 2002; Heydari et al.,
2003; Lehrmann et al., 2003), or a combination
of these factors.

The stratigraphic coincidence of the lithofa-
cies transition with an abrupt decrease in fossil
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diversity and abundance (Baud et al., 1997;
Payne et al., 2006) and a negative carbon iso-
tope excursion (Baud et al., 1989) suggests that
the contact corresponds to the time of extinc-
tion, rather than reflecting a biostratigraphically
significant depositional hiatus, and its character-
istics may shed light on the causes of extinction.
The abrupt lithological transition has been sug-
gested to result from subaerial exposure (Sano
and Nakashima, 1997; Heydari et al., 2001;
Unal et al., 2003), submarine erosion (Kershaw
et al., 2002), or submarine carbonate dissolution
(Heydari and Hassanzadeh, 2003). However,
detailed petrographic studies of the contact have
been limited by outcrop quality (e.g., Kershaw
et al., 2002) and diagenetic pressure dissolution
creating stylolites at the contact (e.g., Baud et
al., 2005). Consequently, the precise temporal
and genetic relationships among lithological,
paleontological, and geochemical observations
are unresolved.

Herein we report comparative petrographic
observations of the transition from fossilifer-
ous preextinction strata to microbial limestones
in south China, Turkey, and Japan, representing
eastern Tethys, western Tethys, and Panthal-
assa, respectively (Fig. 1A). This report builds
upon previous studies at each of these localities
(Baud et al., 1997, 2005; Sano and Nakashima,
1997; Lehrmann, 1999; Lehrmann et al., 2003).
Observations described herein suggest wide-
spread but short-lived submarine carbonate ero-
sion prior to deposition of microbial limestones.
Our preferred explanation for the coincidence of
erosion with mass extinction is a pulse of carbon
release (as CO, or methane) sufficiently large
and rapid to induce shallow-water carbonate dis-
solution. This hypothesis can account for prefer-
ential extinction of marine genera in higher taxa
characterized by heavy calcification and limited
elaboration of respiratory organs (Knoll et al.,
1996; Erwin, 2006), as well as the postextinc-
tion interval of widespread abiotic and micro-
bial carbonate precipitation. By comparison to
calculations made for similar scenarios hypoth-
esized for the Paleocene-Eocene Thermal Maxi-
mum (PETM) (Zachos et al., 2005) and in the
near future (Archer et al., 1997; Caldeira and
Wickett, 2003), widespread carbonate dissolu-
tion requires the release of at least 5 x 10" g C
in less (or much less) than 100 k.y.

RESULTS
South China
Geological Setting
The Nanpanjiang Basin of southern China is in

the Yangtze plate, which was located in the equa-
torial eastern Tethys during Permian—Triassic
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time (Enos, 1995). The Nanpanjiang Basin con-
tains several isolated carbonate platforms and
is surrounded by the Yangtze Platform, a vast
attached carbonate platform that extends across
southern China. The isolated platforms contain
Permian-Triassic (P-T) boundary sequences with
microbialite units as thick as 16 m and covering
>10,000 km? (Fig. 1B) (Lehrmann, 1999; Lehr-
mann et al., 2003). The Langbai, Heping, and
Dawen sections are on the Great Bank of Gui-
zhou and the Taiping section is on the Chongzuo-
Pingguo Platform (Fig. 1B). The Great Bank of
Guizhou developed on antecedent topography
near the former Permian margin of the Yangtze
Platform during a Late Permian deepening event
that caused stepback of the Yangtze Platform
margin and drowning of shallow-marine carbon-
ates in a vast area surrounding the Great Bank.
The Chongzuo-Pingguo Platform developed
upon an uplifted fault block in the southern part
of the basin (Lehrmann et al., 2007).

The Late Permian—Middle Triassic depo-
sitional histories of the Great Bank of Gui-
zhou and Chongzuo-Pingguo Platform were
addressed by Lehrmann et al. (1998, 2007).
Further studies have addressed microbialite
development, carbon isotope stratigraphy, and
biotic recovery from the end-Permian extinction
in greater detail (Lehrmann, 1999; Lehrmann
et al., 2001, 2003; Krull et al., 2004; Payne et
al., 2004, 2006). Facies development across the
P-T boundary interval on the Chongzuo-Ping-
guo Platform parallels that on the Great Bank
of Guizhou (Lehrmann et al., 2003). On both
platforms, Upper Permian shallow-marine skel-
etal packstones are overlain by calcimicrobial
framestone with lenses of molluscan grainstone
containing rare brachiopods and echinoderms,
microgastropod packstone, and thin, planar-
bedded, poorly bioturbated micritic limestone
(Fig. 2A) (Lehrmann et al., 2003).

The P-T boundary facies are nearly identi-
cal in the Langbai, Heping, and Dawen sections
of the Great Bank of Guizhou. We investigated
45 m of Upper Permian strata in detail beneath
the P-T boundary in sections on the Great Bank
of Guizhou. Upper Permian strata are thick-
bedded, medium to dark gray, cherty bioclastic
limestones with a diverse biota of brachiopods,
crinoids, rugose corals, sphinctozoan sponges,
bivalves, gastropods, foraminifers, calcareous
algae, and Tubiphytes. The bioclastic packstones
also contain peloids, are consistently massive,
lack hydrodynamic structures, and locally are
mud poor with shelter and geopetal fabrics.
Chert occurs as black nodules and silicified fos-
sils. Changhsingian foraminifers (Palaeofusulina
and Colaniella) are abundant in the upper 10 m
of the Upper Permian skeletal packstones on the
Great Bank of Guizhou (Fig. 2A) (Lehrmann et

al., 2003). The uppermost skeletal packstone bed
at the Dawen section on the Great Bank of Gui-
zhou contains a conodont assemblage includ-
ing Hindeodus latidentatus, H. eurypyge, H.
praeparvus, H. typicalis, and Clarkina carinata
(Fig. 2A; T. Beatty, 2006, personal commun.).
This assemblage indicates an age in the upper-
most H. praeparvus zone or, more likely, the H.
changxingensis zone. The latter interpretation
is indicated by the occurrence of H. eurypyge,
which does not occur below bed 27a at Meishan
(Jiang et al., 2007). The conodont assemblage
at Dawen is associated with abundant fusuli-
nid foraminifers, calcareous algae, articulate
brachiopods, echinoderms, and Tubiphytes,
demonstrating the persistence of a diverse and
abundant biota into the H. changxingensis zone.
H. parvus, the conodont whose first occurrence
defines the base of the Triassic Period at the
global stratotype section and point in Meishan,
China (Yin et al., 2001), occurs within the basal
meter of the microbialite (Fig. 2A; Lehrmann et
al., 2003). Therefore, the contact between the
skeletal packtone and microbialite is interpreted
as the extinction horizon and is interpreted to
be biostratigraphically complete. At the Taiping
section, the occurrence of the conodont H. lati-
dentatus likewise indicates a latest Changhs-
ingian age of skeletal packstone beneath the
microbialite, and the occurrence of H. parvus
within the microbialite indicates an earliest Tri-
assic age (Lehrmann et al., 2003).

Petrography

The contact between fossiliferous packstone
containing Late Permian fossils and the overly-
ing microbialite was not described in detail in
previous studies (Lehrmann, 1999; Lehrmann et
al., 2003) due to limited availability of laterally
extensive, unweathered outcrops. Quarrying
subsequent to the previous studies provided a
fresh exposure at Langbai (Fig. 3A). The con-
tact between skeletal packstone and microbialite
is sharp, irregular, and truncational at Langbai,
exhibiting as much as 10 cm of relief with occa-
sional overhanging topography. Microbial car-
bonate is adhered to the truncation surface and
was precipitated beneath overhangs within shel-
tered cavities (Figs. 3B, 3C). Thin sections of
the surface illustrate that it truncates grains and
cement only in the underlying beds (Figs. 3D,
3E), and does not coincide with stylolites. The
truncation thus formed prior to the deposition of
the microbialite.

Underlying bioclastic packstone beds contain
interparticle porosity partly filled with micrite
and lined with isopachous bladed and fibrous
calcite cements (0.02-0.06 mm) followed
by clear equant calcite (0.02-0.25 mm) that
occluded remaining porosity. The truncation
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Figure 1. Permian-Triassic paleogeography and index maps for studied sections. (A) Paleogeographical reconstruction illustrating
the positions of studied localities. Modified after Scotese (2005). (B) Index map for the Nanpanjiang Basin, south China, illustrating
the positions of the Langbai (LB), Heping (HP), and Dawen (DW) sections on the Great Bank of Guizhou and the Taiping section (TP)
on the Chongzuo-Pingguo Platform. (C) Index map for the Tagkent section, Turkey. (D) Index map for the Takachiho section, Japan.
South China map modified from Lehrmann et al. (2003); Turkey map modified from MTA [General Directorate of Mineral Research
and Exploration], 2002); Japan map modified from Ezaki and Yao (2000).

surface cuts fusulinids, other foraminifers, shell
fragments, and peloids, as well as bladed and
equant calcite cements. The skeletal packstones
do not contain meniscus or pendent cements,
vugs, or silt-filled dissolution voids or fractures.
They also lack burrows and root casts. Samples
taken across the packstone-microbialite contact
in the Dawen section and near the Heping sec-
tion contain a truncation surface nearly identical
to the one described from Langbai.

On the Great Bank of Guizhou and at the
Taiping section, the overlying microbialite
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unit consists primarily of a massive to digitate,
thrombolitic framework of globular to lunate
micrite-walled chambers and dense micrite
clots. The occurrence of rare brachiopods and
echinoderms within molluscan packstone lenses
associated with the microbialite indicates depo-
sition at normal marine salinity. The microbial-
ite is overlain by thinly bedded, sparsely fos-
siliferous micritic limestone. Carbonate crystal
fans as long as 1 cm are abundant near the base,
but rare in the upper part of the microbialite unit
(Fig. 3F). Crystal fans primarily radiate upward

and contain growth bands indicative of mul-
tiple precipitation events. Some are nucleated
on skeletal fragments or micrite clots and occur
within primary cavities in the microbialite. At
Taiping, crystal fans form the primary construc-
tional framework at the base of the microbialite
(Fig. 3F), indicating that the fans grew directly
on the seafloor and produced upward-expanding
digitate structures rather than forming within
cavities in an existing microbial framework. The
carbonate crystal fans are radial, fibrous, have
square-tipped terminations, and are extensively
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Figure 3. Illustrations of Permian—Triassic lithologies from south China. (A) Outcrop photo of irregular contact between fossiliferous Upper
Permian grainstone (light gray) and microbialite (mottled dark gray) at Langbai. (B) Polished slab from Langbai illustrating overhanging
topography on the Permian-Triassic boundary contact and microbialite adhered to overhanging Upper Permian limestone. Arrows indicate
truncated contact between fossiliferous Permian packstone and postextinction sediment-filled cavity. (C) Detail of B. (D) Photomicrograph
of truncational contact between fossiliferous packstone and microbialite (m) at Langbai. Permian foraminifers (Cribrogenerina sp.) are
indicated (f), with one specimen cut by the truncation surface. Arrows indicate the position of the contact, which does not coincide with
stylolites. (E) Detail of D, illustrating truncation of fabric in underlying bed. Arrows indicate the contact between fossiliferous packstone
and the base of the microbialite. (F) Polished slab of basal microbialite at Taiping illustrating framework of upward-radiating carbonate
crystal (aragonite) fans (medium gray), void-filling micrite (light gray), and microbial micritic clots (black).
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recrystallized, suggesting an originally arago-
nitic mineralogy. Similar thrombolitic microbial
mounds occur within younger Early Triassic
strata on the Great Bank of Guizhou (Lehrmann,
1999; Lehrmann et al., 2001). Reexamination of
these younger microbialites confirms that they
consist exclusively of a clotted, micritic frame-
work lacking crystal fans.

Interpretation of Depositional Environment

Changhsingian strata contain a diverse shal-
low-marine biota including fusulinids, calcar-
eous sponges, echinoderms, and Tubiphytes.
Fragmented skeletal grains and local mud-poor
packstones indicate occasional wave agitation,
whereas the lack of hydrodynamic structures,
massive character, thick bedding, and mud-rich
texture indicates relatively low energy condi-
tions and perhaps bioturbation. The combina-
tion of observations indicates an open-marine
subtidal setting above storm wave base.

Neither platform contains evidence of sub-
aerial exposure within the Changhsingian strata.
Beds underlying the truncation surface do not
contain meniscus or pendent cements, vugs or
moldic pores, or silt-filled dissolution voids.
They also lack root casts, alveolar structures,
burrows, and evidence of in situ brecciation of
underlying beds. The 45 m of limestone below
the truncation surface record continuous open-
marine subtidal sedimentation without evidence
of shoal facies or peritidal cycle development.
There is no evidence of highstand systems
tract or sequence development in the Upper
Permian of these sections. The uppermost skel-
etal packstone beds and the truncation surface
on the Great Bank of Guizhou postdate the
sequence boundary at the Meishan section (Yin
et al., 2001; Jiang et al., 2007), and all conodont
zones are present. Together, these features sug-
gest that the truncation surface at the top of the
Changhsingian packstone formed by erosion
and/or omission in a submarine environment,
rather than erosion during subaerial exposure.
The occurrence of a negative carbon isotope

Payne et al.

excursion above, rather than below, the trunca-
tion surface further supports erosion in subma-
rine rather than subaerial conditions.

The occurrence of brachiopods and echino-
derms within grainstone lenses in the overlying
microbialite indicates that open-marine shallow
subtidal conditions continued into the earliest
Triassic. The absence of boring into the trunca-
tion surface suggests rapid deposition of micro-
bial carbonates following erosion and/or low
abundance of bioeroding organisms. If subaerial
exposure had occurred in the Permian—Trias-
sic succession of the Great Bank of Guizhou or
Chongzuo-Pingguo Platform, it would necessar-
ily have occurred abruptly and briefly within a
substantial interval represented by open-marine
conditions and left no diagnostic lithological
signature. Therefore, we interpret the truncation
surface in southern China to reflect omission
and erosion in a submarine environment.

Turkey

Geological Setting

The Tagkent section occurs within the Aladag
nappe, an allochthon thrust south over the
autochthonous series of the Tauride block dur-
ing the Eocene (Monod, 1977; Ozgiil, 1997)
(Fig. 1C). Taskent strata were deposited within
the interior of a vast shallow-marine carbonate
platform developed on the Tauride block in the
western limits of the Tethys seaway during the
Permian and Early Triassic (Marcoux and Baud,
1986; Groves et al., 2005).

The Tagkent section is >1 km thick, consist-
ing of shallow-marine carbonate and siliciclas-
tic strata of Late Permian—-Middle Triassic age
(Fig. 2B). Packages of shale and sandstone indi-
cate that the carbonate platform was attached to
land. Upper Permian strata of the Ceki¢ Dagi
Formation are exclusively limestone and contain
diverse marine fossils. We examined 50 m of the
Upper Permian strata in detail; they consist of
medium to thickly bedded, nodular limestones
with packstone and wackestone texture, and

exhibit burrow mottling, and contain a diverse
biota of foraminifers, fusulinids, articulate bra-
chiopods, echinoderms, gastropods, bryozoans,
and calcareous algae. A Changhsingian age is
indicated by the biseriamminid foraminiferan
Paradagmarita monodi (Fig. 2B; Groves et al.,
2005). Additional foraminifers include lagenids,
hemigordiopsids, staffelids, and other biseriam-
minid foraminifers (Groves et al., 2005). The
fossils, muddy texture, bioturbation, and lack
of hydrodynamic structures in this unit indicate
deposition on a moderately deep, open-marine,
subtidal platform, except for high-energy sub-
tidal conditions indicated by oolite grainstone in
the uppermost 20 cm of the formation (Fig. 2B).

Overlying the Ceki¢ Dagi Formation is the
Triassic Gevne Formation, which contains micro-
bialites in its basal part (Fig. 2B). Occurrences of
the early Griesbachian foraminifer Rectocornus-
pira kalhoriin the microbialites (Unal et al., 2003)
place the P-T boundary near the contact between
the two formations (Fig. 2B). Occurrence of the
conodonts Hindeodus parvus and Isarcicella
isarcica in the stratigraphically equivalent micro-
bialites of the Cliiriikk dag section also support a
basal Griesbachian age (Crasquin-Soleau et al.,
2002). A gradual decline in 6"*C from 4%o to 2%o
in the upper 2 m of the Ceki¢c Dagi Formation
at Taskent (Richoz, 2004) suggests an upper-
most Changhsingian age for these strata and P-T
boundary position near the top of the formation
by comparison to the carbon isotope stratigraphy
of Meishan (Jin et al., 2000).

Petrography

The top of the Ceki¢ Dagi Formation is marked
by a 20-cm-thick oolitic unit (Fig. 2B). The
lower 10 cm of this horizon is a bioclastic grain-
stone composed mainly of well-rounded, sand-
sized, unidentifiable fossil fragments, calcare-
ous algae, a variety of foraminifers including the
Changhsingian foraminifer Paradagmarita, and
rare echinoderms (Fig. 4A). Rounded grains that
appear to be ooids in outcrop are often revealed
in thin section to be well-rounded skeletal grains

>

Figure 4. Illustrations of Permian-Triassic lithologies from Taskent, Turkey. (A) Photomicrograph illustrating calcareous algae (a), rounded
skeletal grains, and unidentifiable, recrystallized grains in the bioclastic grainstone below the Permian-Triassic (P-T) boundary. (B) Photo-
micrograph illustrating recrystallized ooids from a few centimeters below the base of the microbialite. (C) Photomicrograph of gastropod-
bearing oolitic limestone, illustrating recrystallized ooids (o), silt-sized quartz grains (q), gastropods (g), and an echinoderm fragment (e).
(D) Photomicrograph of gastropod-bearing oolitic limestone, illustrating silt-sized quartz (q), isopachous fibrous calcite cement (f), and sparry
calcite cement (s). (E) Polished slab of P-T boundary at Tagkent illustrating the sharp contact between oolite and clotted microbialite as well
as transition to layered microbialite. Three truncation surfaces are indicated by partial tracings with dashed lines. The uppermost truncation
surface indicated marks the contact between the oolitic unit and overlying clotted microbialite. (F) Photomicrograph (reflected light) of the
P-T boundary illustrating truncated ooids (0). Surface corresponds to uppermost truncation surface indicated in E. Aragonite fans grow from
the surface and are overlain by clotted microbial framework. Gastropod shells (g) are also indicated. (G) Photomicrograph of P-T boundary
illustrating concentration of fine quartz grains immediately underlying the base of the microbialite above a sharp truncation surface (arrows)
with underlying, quartz-bearing oolite. The indicated surface corresponds to the uppermost truncation surface indicated in E.
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or superficial ooids (Figs. 4A—4C). Isopachous
bladed cements 0.10-0.25 mm thick encrust
the ooids and skeletal grains, followed by clear,
equant calcite cement that occludes remaining
porosity (Fig. 4D). The bioclastic grainstone is
terminated by a sharp truncation surface over-
lain by 10 cm of oolitic skeletal grainstone with
admixed fine quartz sand. The truncation sur-
face is the lowest of the three truncation surfaces
illustrated in Figure 4E. This upper oolitic-skel-
etal grainstone lacks diagnostic Permian fossils
and contains rare echinoderms and abundant
gastropods up to a few millimeters in maximum
dimension (Figs. 4B—4D). Ooids within this
unit were not observed to nucleate on co-occur-
ring quartz grains. The uppermost truncation
surface is illustrated in reflected and transmitted
light in Figures 4F and 4G, respectively. Ooids
are largely replaced by equant sparry calcite but
are not compacted, indicating that replacement
occurred after burial rather than during early
diagenesis (Figs. 4B—4D). Each erosion surface
truncates ooids, gastropods, and cements.

The uppermost truncation surface at the top
of the oolitic interval is encrusted directly by
radiating fibrous carbonate crystal fans in some
samples (Fig.4F), and a lag deposit of silt-
sized quartz and ooids overlain by microbial
limestone in others (Fig. 4G). Quartz-ooid lag
deposits appear to be concentrated in local topo-
graphic low points on the truncation surface,
and are enriched in quartz relative to underly-
ing sediments. Microbialite immediately over-
lies the crystal fans above the truncation surface
at the top of the oolitic interval (Figs. 2C and
4E—-4G). The base of the microbialite is a throm-
bolitic, mounded biostrome, 10-20 cm thick,
built by irregular micritic clots and containing
constructional voids as much as 2 cm high filled
with micritic sediment, ostracods, gastropods,
and foraminifers (Fig. 4E). The clotted frame-
work varies from chambers bordered by micrite
to solid micritic clots of similar dimensions.
Radiating carbonate crystal fans encrust the
microbial framework. The mounded biostrome
is overlain by a 1 m interval of micrite clots in
discrete layers rather than mounds (Fig. 4E).
Bladed isopachous cements line voids between
clotted layers. Overlying the layered micrite
clots is 2.8 m of laminated to thinly bedded,
unfossiliferous micrite exhibiting wavy bed-
ding, possible stromatolitic mounds, microbial
lamination, and soft-sediment folds (Fig. 2B).

Interpretation of Depositional Environment
Previous studies (Marcoux and Baud, 1986;
Baudetal., 1989; Unal et al., 2003; Groves et al.,
2005) interpreted the oolitic interval to represent
a subaerial exposure surface, but did not provide
detailed petrographic observations to support
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this interpretation. Our investigation revealed no
diagenetic fabrics definitive of subaerial expo-
sure (e.g., meniscus or pendent cements, vugs,
or large silt-filled voids) (Hillgartner, 1998;
Immenhauser et al., 1999; Sattler et al., 2005).
The carbon isotope composition of the oolites
is heavier than that of the overlying microbial-
ite (Richoz, 2004), contrary to observations of
other exposure surfaces on carbonate platforms
(Immenhauser et al., 1999). Cementation by
bladed isopachous calcite cements within the
oolite, and the absence of pendent or meniscus
cements, instead suggests marine phreatic con-
ditions. Ooids replaced by equant calcite spar
in this unit resemble ooids leached by subaerial
diagenesis; however, the lack of compaction,
dropped nuclei, or internal sediment within the
ooids suggests replacement after burial rather
than dissolution during early diagenesis. Thus,
we interpret the truncation surfaces within the
upper 10 cm of the Ceki¢ Dagi to have formed
by submarine omission and/or erosion.

Our interpretation does not necessarily con-
tradict the interpretation of Unal et al. (2003),
that the oolite at the top of the Cekic Dagi
Formation at Taskent is equivalent to Wignall
and Hallam’s (1992) first punctuated aggrada-
tional cycle of the P-T boundary interval at Tes-
ero (Italy), with the second aggradation cycle
missing in the Tagkent area. If the Unal et al.
(2003) correlation is correct, it merely suggests
that erosion in the Tagkent area occurred in a
submarine setting, rather than during subaerial
exposure. However, similar to the case in south-
ern China, the upper 50 m of Upper Permian
strata at Taskent are entirely subtidal and lack
any peritidal cyclicity indicative of highstand
or sequence boundary development leading up
to the oolite and truncation surfaces. Of course,
this interpretation does not rule out the possi-
bility that other regions on the same carbonate
platform underwent subaerial exposure.

Baud et al. (2005) suggested that the trunca-
tion surface and concentration of silt-sized quartz
at the contact between the oolite and microbial-
ite formed during diagenetic pressure dissolu-
tion. Such is clearly the case in their illustrated
sample (their Fig. 4D), but our examination of
multiple slabs and thin sections from Tagkent
reveals that stylolites are not ubiquitous at this
contact. Our samples clearly demonstrate early,
syndepositional truncation and sedimentary lag
concentrations of silt-sized quartz underlying
the base of the microbialite.

The basal Triassic microbialite unit is inter-
preted to have been deposited in shallow, open-
marine subtidal environments, by analogy to
the similar microbialites in southern China.
The presence of marine phreatic cements and
absence of vadose cements are consistent with

shallow, open-marine deposition. However,
definitive stenohaline taxa such as brachio-
pods and echinoderms have not been identified
within the microbialite unit at Tagkent.

Japan

Geological Setting

The Takachiho section occurs in the Chichibu
terrane of central Kyushu (Fig. 1D). It repre-
sents shallow-marine carbonate sedimentation
on a Panthalassic seamount that was tectonically
embedded into the Jurassic subduction-gener-
ated accretionary complex of southwest Japan.
The geologic setting, facies, and depositional
setting of this section were described in detail
by Sano and Nakashima (1997). The Takachiho
section contains dolomitized skeletal wacke-
stone-mudstone of the Upper Permian Mitai For-
mation overlain by Early Triassic calcimicrobial
framestone in the base of the Kamura Formation
and Early-Middle Triassic bivalve wackestone-
packstone (Fig.2C) (Sano and Nakashima,
1997). Kanmera and Nakazawa (1973) reported
the fusulinid foraminifers Nankinella, Staffella,
and Codonofusiella from the Upper Mitai
Formation, indicating a Late Permian (middle
Changhsingian) age. The presence of H. parvus
and /. isarcica within the calcimicrobial frame-
stone in the basal part of the Kamura Formation
demonstrates a basal Triassic Griesbachian age
(Koike, 1996; Sano and Nakashima, 1997).

The Mitai Formation is entirely composed of
pervasively dolomitized, thickly bedded, skel-
etal-peloidal wackestone-mudstone. The lower
part contains diverse foraminifers, crinoids,
echinoids, gastropods, bivalves, Tubiphytes, and
calcareous algae (Sano and Nakashima, 1997).
The upper part of the Mitai Formation exhibits
a gradual upward decrease in skeletal abundance
and diversity. The basal 0.9 m of the overlying
calcimicrobial framestone is also dolomitized
(Fig. 2C). By analogy to sections in Turkey and
China, we have placed the boundary between
the Mitai and Kamura Formations within the
dolomitized interval, at the contact between the
wackestone containing Upper Permian fusulinids
and overlying microbial carbonates (Fig. 2C).

Petrography

Dolomitization obscures the basal contact
of the microbialite in outcrop at Takachiho.
One dolomitized sample was determined, upon
investigation of polished slab and thin section,
to contain the contact between fossiliferous
wackestone and the overlying microbialite. The
contact exhibits vertical topography and sharply
truncates underlying peloidal wackestone con-
taining fusulinid and miliolid foraminifers
(Figs. 5A, 5B). Crystal fans encrust the surface
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Figure 5. Illustrations of Permian-Triassic lithologies from Takachiho section, Japan. (A) Photomicrograph of the contact between peloidal
wackestone and overlying microbialite. Note vertical contact on the left side of the figure and the crystal fans (c) developed immediately
above the contact. (B) Photomicrograph illustrating two fusulinid foraminifers immediately underlying the truncation surface. (C) Detail
of B, illustrating undulatory bands of micrite immediately overlying the truncation surface. (D) Polished slab of the microbialite illustrat-
ing clotted framework and abundant encrusting carbonate crystal fans (indicated by arrows). (E) Polished slab of the microbialite unit
illustrating layering in the clotted framework. Note abundant fibrous cement and fans (medium gray) within cavities. (F) Photomicrograph
of the microbialite illustrating dark micritic clots overgrown by radial fibrous cements.
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in a sheltered cavity (Fig. 5A). The surface is not
stylolitized (Figs. 5SA, 5B), and is directly over-
lain by undulatory bands of micrite 10-20 um
thick (Figs. 5B, 5C) that may reflect the pres-
ence of microbial mats and/or cements growing
on the truncation surface.

The microbialite framework consists of
micrite-walled chambers and solid micritic clots
locally encrusted with abundant carbonate fans
(Figs. 5D-5F) (Sano and Nakashima, 1997).
Micritic clots are cemented by 0.2-0.5 mm of
fibrous calcite cement, followed by a similar
thickness of clear, equant sparry calcite. In some
samples, fibrous calcite cement completely
occludes voids in the clotted framework and
clear, equant calcite cement is absent (Fig. S5F).
The uppermost 0.9 m of dolomitized strata
was previously assigned to the Mitai Forma-
tion by Sano and Nakashima (1997), but con-
tains clotted microbial framework. Aside from
dolomitization, this interval is otherwise petro-
graphically identical to the base of the overlying
Kamura Formation as it was previously defined.
Therefore, we interpret the contact between
dolomitized skeletal wackestone and dolomi-
tized microbialite to correspond with the similar
lithological contact in south China. Dolomitiza-
tion appears to be secondary in these strata, as
supported by vertical and lateral patchiness of
dolomitization in the base of the microbialite.
Constructional voids in the microbialite are as
much as 1 cm in maximum dimension and con-
tain skeletal grains and fragments of the micro-
bialite framework. Samples taken near the base
of the microbialite that appear clotted in hand
sample commonly consist primarily of radiating
crystal fans growing from darker, micritic nuclei
(Fig. 5D). As at other localities, the carbonate
fans are fibrous and recrystallized, suggesting
an originally aragonitic mineralogy.

Interpretation of Depositional Environment
Sano and Nakashima (1997) interpreted the
uppermost Mitai Formation and the overlying
microbial framestone to have been deposited
in a tidal-flat environment. However, they also
reported rare crinoids within the microbialite,
indicating normal-marine salinity, and our fur-
ther investigation has revealed the occurrence
of fusulinid foraminifers in the uppermost cen-
timeter of the skeletal wackestone. Vertical and
lateral patchiness of dolomitization over a few
decimeters, its persistence across the lithologi-
cal contact between fusulinid-bearing wacke-
stone and microbialite, and coarsely crystalline
texture in many samples indicate that it occurred
during burial diagenesis and is unlikely to reflect
evaporative, intertidal depositional conditions.
Moreover, fusulinids are indicative of normal
marine environments, rather than evaporative
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intertidal settings (Fliigel, 2004). Therefore,
although changes in fossil abundance and com-
position within the Mitai Formation indicate
upward shallowing, we interpret the uppermost
beds to have been deposited in an open-marine,
shallow subtidal environment.

DISCUSSION
Permian-Triassic Depositional Events

Similar patterns of carbonate deposition and
erosion occur across the P-T boundary in south
China, Turkey, and Japan. Upper Permian skel-
etal carbonates are abruptly overlain by micro-
bialite containing earliest Triassic conodonts
and lacking diagnostic Permian fossils. In
south China, the uppermost skeletal packstone
beds are biostratigraphically younger than the
uppermost sequence boundary interpreted at the
intensively studied Meishan section. The ages of
the beds immediately underlying the truncation
surfaces at the Turkish and Japanese sections are
not as well defined, but correspondence of litho-
logical and carbon isotope data suggests similar
stratigraphic completeness.

Biostratigrapic completeness does not rule out
subaerial exposure between skeletal and micro-
bial carbonate deposition. Truncation surfaces
can be developed on carbonate platforms dur-
ing intervals of subaerial exposure, submarine
omission, and submarine erosion. Distinguish-
ing subaerial and submarine scenarios is diffi-
cult because subaerial exposure does not always
leave diagnostic lithological evidence and,
when it does, such evidence may be removed by
subsequent submarine erosion (Immenhauser et
al., 1999; Sattler et al., 2005). Lithological and
geochemical observations of the studied sec-
tions provide no positive evidence for exposure
and are consistent with erosion in a submarine
environment. Facies underlying the surface are
subtidal, rather than intertidal, and there are no
shallowing-upward cycles to indicate highstand
systems tract or sequence development. Isopach-
ous cements lining voids indicate marine phre-
atic cementation. Vugs and meniscus or pendent
cements indicative of exposure and meteoric
diagenesis have not been observed at any of
these sites. Thus, the truncation surface lacks
most or all of the features commonly associated
with subaerial exposure on carbonate platforms
(Hillgartner, 1998; Immenhauser et al., 1999;
Sattler et al., 2005). Similarly, the presence of
stenohaline taxa within the skeletal carbonates
at all three localities and within the microbial-
ite interval in south China and Japan indicates
deposition within waters of normal marine
salinity below and above the truncation surface.
Cryptic exposure surfaces may be identified

in some cases via the isotopically light carbon
and oxygen isotope composition of underly-
ing strata, acquired during meteoric diagenesis
(Immenhauser et al., 1999; Sattler et al., 2005).
In the case of the truncation surfaces addressed
in this study, however, carbon isotope data uni-
versally reveal lighter values above the surface
rather than below it (Musashi et al., 2001; Krull
et al., 2004; Payne et al., 2004; Richoz, 2004).

The contact between skeletal packstone and
microbialite in south China is younger than
the sequence boundary interpreted to occur
shortly before the mass extinction at Meishan
and other localities. It is also biostratigraphi-
cally complete, suggesting that erosion did not
remove a substantial thickness of sediment or
corresponding time. Although biostratigraphic
data cannot rule out the possibility that the trun-
cation surface was developed earlier in Turkey
and Japan than in southern China, lithological
and geochemical correspondence among the
sites suggests that strata underlying the surface
are correlative. Moreover, the occurrence of H.
parvus within the microbialite at all three locali-
ties confirms coeval deposition of the overlying
strata. Therefore, if subaerial exposure occurred
on these platforms, it occurred coincident with
mass extinction and without leaving diagnostic
petrographic or geochemical evidence. Conse-
quently, we prefer to interpret the truncation sur-
face as a submarine erosion surface developed at
the time of extinction.

Similar depositional histories appear to char-
acterize other P-T boundary strata in carbonate
depositional systems. Heydari and Hassanzadeh
(2003) suggested that submarine dissolution
occurred at the Abadeh section in Iran on the
basis of poor textural preservation of uppermost
Permian beds, but did not illustrate an erosional
surface (see also Heydari et al., 2003). In other
localities, a boundary clay is present between
fossiliferous Upper Permian strata and overly-
ing microbialites (Baud et al., 1997; Haas et
al., 2006). In the Sichuan basin of China, ero-
sion below the base of the microbialite may be
minimal (Kershaw et al., 1999). Kershaw et al.
(2002) reported an absence of petrographic fea-
tures diagnostic of subaerial exposure, but noted
that outcrop quality of the contact was generally
poor, preventing detailed analysis of the con-
tact. At Meishan, China, Cao and Shang (1998)
reported several burrowed surfaces within bed
27: they were able to correlate the lowest such
surface, at the top of bed 27a, across all of the
Meishan quarries and suggested that erosion by
burrowing might have been enhanced by disso-
lution at this level. The surface exhibits as much
as 3 cm of relief and is immediately overlain by
small rock and shell fragments that appear to be
derived from the underlying bed (Cao and Shang,
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1998); however, they did not present photomicro-
graphs or a detailed description of the surface.
In contrast, they found that overlying burrowed
surfaces could not be correlated among separate
sections. Biostratigraphically, the level of wide-
spread burrowing and possible dissolution at
Meishan appears to correlate with the truncation
surface on the Great Bank of Guizhou.

The precise timing of the main P-T boundary
extinction pulse appears to vary slightly among
sections when all fossil occurrence patterns are
taken at face value. At Meishan, last occurrences
of Permian fossils cluster at the top of bed 24e
(Jin et al., 2000), whereas extinction on the
Great Bank of Guizhou appears to be correlative
with the top of Meishan bed 27a. In Hungary,
extinction appears to have occurred immedi-
ately below or within the boundary shale that
underlies the microbialite (Haas et al., 2006).
Although such observations could indicate a
diachronous extinction pattern, they could also
reflect local lithofacies controls on fossil occur-
rences that result in offsets between last occur-
rences among sections and/or minor sampling-
and facies-related offsets in conodont ranges.
Because lithofacies variation, fossil abundance
patterns, and sampling intensity can affect the
precise arrangement of observed first and last
occurrences for fossil species in any give strati-
graphic section (Signor and Lipps, 1982; Hol-
land, 1995), it is unlikely that last occurrences
will correlate to the centimeter scale among
widely separated sections representing differ-
ing tectonic settings and depositional environ-
ments. In this case, the deposition of shale at the
boundary on attached carbonate platforms and
carbonate ramps may also reflect reduced car-
bonate production and resulting concentration
of siliciclastic sediments.

Explanatory Models

When each is taken in isolation, none of the
lithological features associated with the P-T
boundary in the carbonate platforms is unique
to this interval. Truncation surfaces are com-
mon features on carbonate platforms, and many
appear to occur without subaerial exposure
(Hillgartner, 1998; Immenhauser et al., 1999;
Sattler et al., 2005). Microbial mounds are com-
mon in the Phanerozoic geological record, both
in isolation and in association with metazoan
reef builders (Webb, 1996). Even crystal fans
are common within Permian and Triassic reef
carbonates (Grotzinger and Knoll, 1995; Flii-
gel, 2002). What sets the P-T boundary interval
apart is that the abrupt transition from skeletal
to microbial and oolitic facies in carbonate plat-
forms occurred across the global tropics and
was coeval with a biotic crisis and a large carbon
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cycle perturbation. A satisfactory model of P-T
boundary events should account for each of these
features, as well as data from other sources.

Extinction

One possibility is that the truncation sur-
face, overlying microbialite, and carbon isotope
excursion are all consequences of extinction and
do not directly reflect or require any particular
extinction mechanism. Rampino and Caldeira
(2005) suggested that collapse of primary pro-
ductivity and the biological pump in the after-
math of the extinction could account for the neg-
ative carbon isotope excursion. They noted that
this scenario would also produce a short-term
decrease in the carbonate saturation of seawa-
ter as pCO, increased, followed by an interval
of ~1 m.y. characterized by elevated carbonate
saturation as silicate weathering responded to
increased pCO,. Under this model, erosion and
truncation would occur immediately following
mass extinction during the interval of reduced
carbonate saturation, and microbialite deposi-
tion would follow during the interval of elevated
silicate weathering.

Carbon Release via Upwelling

Some extinction models (e.g., Knoll et al.,
1996; Kump et al., 2005) propose carbon trans-
fer from the deep ocean to the surface ocean and
atmosphere. As a result of the biological pump,
deep waters are enriched in nutrients and CO,
and surface waters are nutrient deficient and
equilibrated with atmospheric CO, at much
lower concentrations. Under typical circum-
stances, upwelling deep waters evolve to surface
waters with minimal degassing, because biologi-
cal uptake of CO, in excess of that in equilibrium
with the atmosphere is supported by upwelling
nutrients (e.g., Broecker and Peng, 1982). How-
ever, if those upwelling waters are toxic to most
phytoplankton (Kump et al., 2005), or if bio-
logical productivity is otherwise unable to keep
pace with upwelling (as might have occurred
during biospheric crises, such as the end-Per-
mian extinction), CO, degassing will take place,
promoting intensive cementation on the outer
shelf to slope at the site of upwelling and forc-
ing atmospheric pCO, to rise globally. In areas
far from upwelling zones, including inner shelf
settings, equilibration with CO, accumulating
in the atmosphere from degassing could cause
local carbonate undersaturation. Such a model
has been proposed to account for abundant sea-
floor fans in outer shelf sediments deposited late
in the Early Triassic (Woods et al., 1999).

Carbon Release from Sediments
Other models propose carbon release from
sediments to the atmosphere and oceans (Krull

and Retallack, 2000; Erwin, 2006). Carbon
release from sediments to the atmosphere would
force the system globally, initially promoting
widespread seafloor carbonate dissolution in
all settings, and subsequently causing rapid car-
bonate deposition through accelerated silicate
and carbonate weathering and resultant delivery
of carbonate alkalinity to the oceans (Archer et
al., 1997). Destabilization of methane clathrates
on the seafloor (Krull and Retallack, 2000) and
thermogenic methane production during inter-
actions between Siberian Traps magmas and
carbon-rich crustal strata (Svensen et al., 2004;
Erwin, 2006; Retallack and Krull, 2006) are the
primary proposed sources of sedimentary car-
bon for these scenarios.

Comparison of Data with Models

As predicted by all models, erosional fea-
tures that could reflect carbonate dissolution
have been observed primarily in shallow-water
facies on carbonate platforms, rather than in
outer shelf sections. Contrary to the upwelling
model, however, microbial limestones contain-
ing crystal fans also tend to be localized in the
shallowest settings, on carbonate platform tops
(Kershaw et al., 2002; Lehrmann et al., 2003),
immediately overlying potential dissolution
surfaces. Carbonate precipitates have not been
observed immediately overlying the P-T bound-
ary in outer shelf settings. Thus, the predicted
environmental separation of dissolution and
precipitation under the upwelling and/or over-
turn models is not observed. Instead, available
stratigraphic evidence indicates a separation of
dissolution and precipitation in time rather than
space, as predicted by the extinction-driven and
sedimentary carbon-release models. However,
the upwelling and sedimentary release scenar-
ios are not necessarily mutually exclusive. Ini-
tial release of carbon to the atmosphere could
have led to warming that triggered anoxia and
the buildup of alkalinity, total CO,, and hydro-
gen sulfide in the deep sea (Knoll et al., 1996;
Hotinski et al., 2001; Beauchamp and Baud,
2002), followed by catastrophic upwelling of
anoxic, high-alkalinity deep water to the sea
surface (Grotzinger and Knoll, 1995; Knoll et
al., 1996; Kershaw et al., 2002; Lehrmann et al.,
2003). We prefer the upwelling and sedimentary
release models to the extinction-driven model
of Rampino and Caldeira (2005) because they
provide a causal explanation for extinction as
well as associated sedimentary and geochemical
observations. We prefer the sedimentary release
models to the upwelling models because they
better account for the environmental and tem-
poral relationships between truncation surfaces
and microbialites containing carbonate fans. Of
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the sedimentary release models, thermogenic
methane production during Siberian Traps erup-
tions can better account for continuing large car-
bon isotope excursions during the 5 m.y. of the
Early Triassic (Payne et al., 2004; Korte et al.,
2005; Lehrmann et al., 2006), because the time
scale for seafloor methane clathrate regenera-
tion is too long to explain these features (Payne
et al., 2004), and the initial release at the P-T
boundary would have largely depleted the clath-
rate reservoir.

Could carbon release to the atmosphere occur
with sufficient rapidity to cause widespread
carbonate dissolution? A similar scenario is the
favored explanation for the observed pattern of
carbonate accumulation during the PETM event
(Zachos et al., 2005). Numerical modeling indi-
cates that the release of ~5 x 10" g (5000 Gt) of
carbon in less than a few thousand years would
exceed the buffering capacity provided by dis-
solution of deep-sea carbonate sediment in the
modern ocean (Archer et al., 1997). Caldeira
and Wickett (2003) calculated a decrease in
surface ocean pH by >0.7 units and deep-ocean
pH by 0.4 units for oxidation of 5000 Gt carbon
over time scales of <100 k.y., corresponding to
a fivefold reduction in carbonate ion concentra-
tion. The concentration of Ca ions is conser-
vative on these time scales and, therefore, the
fivefold reduction in carbon ion concentration
translates approximately to a fivefold reduction
in carbonate saturation of seawater. Experi-
ments demonstrate substantial sensitivity of
many extant calcifying organisms to much more
modest changes in seawater pH and carbonate
saturation (e.g., Gattuso et al., 1998; Langdon
et al., 2000; Riebesell et al., 2000). Although the
Permian ocean may have contained a larger dis-
solved inorganic carbon reservoir (Rampino and
Caldeira, 2005), it would have been less effec-
tively buffered from CO, input by seafloor car-
bonate dissolution than the modern ocean due
to the absence of pelagic calcifiers and associ-
ated deep-sea carbonate accumulations (Ridg-
well and Zeebe, 2005). The Paleozoic and early
Mesozoic carbonate compensation depth (CCD;
the depth below which carbonate sediments are
not preserved, today near 4000 m water depth)
may also have been quite shallow (Jenkyns and
Winterer, 1982; Malinky and Heckel, 1998)
near the continental shelf-slope break, shoaling
to continental shelf depths when inputs of alka-
linity to the ocean waned or large inputs of car-
bon dioxide to the atmosphere occurred. Short-
term buffering of CO, release (on time scales
of ~10k.y.) by carbonate dissolution could
only have occurred in shallow shelf carbon-
ates, which provide a less efficient buffer due
to their more limited surface area (Archer et al.,
1997). Thus, even release of <5000 Gt carbon
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could likely have caused an excursion of the
CCD onto carbonate platforms and a substantial
increase in atmospheric pCO,. Partial restric-
tion of water circulation on the shallow-marine
carbonate platforms examined in this study may
have enhanced the magnitude of dissolution at
these localities if the time scale of significant
change in atmospheric pCO, was shorter than
the time scale of water mixing across the plat-
forms. The silicate weathering feedback would
have operated similarly to today, with ~200 k.y.
required for silicate weathering and associated
delivery of carbonate alkalinity to return the sys-
tem to steady state (Archer et al., 1997), compat-
ible with the estimated duration of microbialite
deposition (Lehrmann et al., 2003).

It is important to distinguish the transient
pulse in carbonate deposition driven by rapid
release of carbon into the ocean-atmosphere
system from longer-term changes in the steady-
state carbonate saturation of seawater. The near
absence of skeletal carbonate sinks through
much of the Early Triassic (Payne et al., 2006)
is likely to have caused a long-term shift in the
carbonate saturation of seawater that can help
to explain the persistence of large ooids, micro-
bialites, flat-pebble conglomerates, and other
carbonate facies more typical of Proterozoic and
early Paleozoic strata (Pruss et al., 2005).

Comparison to the PETM suggests that the
minimum carbon release required for shal-
low-marine carbonate dissolution at the P-T
boundary is unusual, but not unprecedented.
The severe biological consequences of the end-
Permian event, however, suggest either a much
larger carbon release or much greater sensitiv-
ity of the Earth system to carbon release at that
time. The Late Permian marine biota contained
a much higher proportion of taxa inferred to be
sensitive to changes in pCO, and carbonate satu-
ration (sensu Knoll et al., 1996) than does the
modern ocean. However, end-Permian extinc-
tion rates were much higher than Paleocene-
Eocene extinction rates, even among less sensi-
tive taxa. The limited buffering capacity of the
Late Permian oceans resulting from the absence
of deep-sea carbonate sediments suggests that a
similar carbon release would have had a much
larger effect on the carbonate chemistry of Late
Permian oceans.

At present, we prefer a model of extinc-
tion and carbonate dissolution driven by the
release of sedimentary carbon to the atmosphere
because it best accounts for the observation that
microbialites universally postdate the truncation
surface. The reduction in seawater carbonate
saturation and briefly undersaturated conditions
implied by petrographic observations would
have potentially severe biological consequences.
Ambient carbonate saturation exerts significant

control on the rate (and mineralogy) of calcifica-
tion in extant marine taxa (Gattuso et al., 1998;
Marubini and Atkinson, 1999; Langdon et al.,
2000; Riebesell et al., 2000; Ohde and Hossain,
2004). Taxa with heavy calcification and lim-
ited ability to buffer calcifying fluids from sur-
rounding seawater are most vulnerable to rapid
changes in ambient conditions, and genus-level
extinction rates vary dramatically across higher
taxa as a function of skeletal mineralogy and
degree of calcification. Heavily calcified genera
were most strongly affected, genera with phos-
phatic skeletons were least affected, and moder-
ately to lightly calcified genera had intermediate
extinction rates (Knoll et al., 1996, 2007). Thus,
a combination of high pCO, and reduced sea-
water carbonate saturation may have acted syn-
ergistically in preferentially eliminating heav-
ily calcified marine taxa with limited ability to
compensate physiologically for rapid changes in
the carbonate chemistry of surrounding seawa-
ter. This is not to say that other environmental
stresses, especially anoxia and H,S (Wignall
and Hallam, 1992; Wignall and Twitchett, 1996;
Kump et al., 2005), could not also have been
important agents of extinction. Such stresses
were no doubt present (Wignall and Twitchett,
2002; Grice et al., 2005), but must account more
for the magnitude than the selectivity of marine
extinctions (Knoll et al., 2007).

CONCLUSIONS

Evidence of shallow-marine carbonate disso-
Iution across the extinction horizon followed by
a pulse of rapid, postextinction carbonate pre-
cipitation suggests massive carbon release and
extinction in <100 k.y., supporting the shorter
end of time scales compatible with other geo-
chronological and sedimentological data (Bow-
ring et al., 1998; Rampino et al., 2000; Twitchett
et al., 2001). Such a scenario can account for
physiological selectivity of extinction (Knoll et
al., 1996, 2007) through the combined effects of
increased pCO, and CaCO, undersaturation of
large areas of tropical oceans. Resultant shal-
low-marine anoxia and euxinia and H,S release
to the atmosphere may have enhanced the mag-
nitude of extinction (Kajiwara et al., 1994; Wig-
nall and Twitchett, 1996; Isozaki, 1997; Hotin-
ski et al., 2001; Grice et al., 2005; Kump et al.,
2005). Siberian Traps interactions with carbon-
ates and coals of the Tugusskaya Series (Erwin,
2006), methane release from gas hydrates (Krull
and Retallack, 2000), and bolide impact (Becker
et al., 2001) into carbon-rich crustal strata could
each account for carbon release, although con-
tinuing Siberian Traps magmatism (Ivanov et
al., 2005) also provides an explanation for per-
sistent Early Triassic carbon cycle instability
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(Payne et al., 2004; Payne and Kump, 2007).
Regardless of the source of carbon, however,
associated effects on carbonate dissolution and/
or precipitation indicate dramatic fluctuations
in oceanic CaCO, saturation during and after
marine extinctions. Whether the magnitude of
extinction and associated changes in carbonate
dissolution and/or precipitation primarily reflect
the quantity of carbon released, the buffering
capacity of the oceans, or the taxonomic and
physiological composition of the marine fauna
has yet to be determined. However, the lesser
taxonomic and ecological severity of extinction
associated with later episodes of massive carbon
release (McElwain et al., 1999; Svensen et al.,
2004) suggests that the magnitude of the end-
Permian biodiversity crisis was contingent upon
biological and geological contexts.
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