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Microfacies analysis and point counts of thin sections from
608 hand samples were used to track changes in the abun-
dance and diversity of fossil grains through the extended re-
covery interval following end-Permian mass extinction on
the Great Bank of Guizhou (GBG)—an isolated Late Perm-
ian to Late Triassic carbonate platform in south China. Ex-
posure of a two-dimensional cross-section of the platform
permits the comparison of faunal patterns along an envi-
ronmental gradient from shallow to deep water. The diverse
Late Permian biota was dominated by calcareous sponges,
crinoids, articulate brachiopods, foraminifera, and calcar-
eous algae. In contrast, Early Triassic communities were
dominated by mollusks, with increasing abundance of cri-
noids beginning in the Spathian. Increase in the diversity
and abundance of fossils on the GBG was confined to a brief
interval near the Spathian-Anisian boundary and concen-
trated along the platform margin. Later Middle Triassic di-
versification, the return of calcareous algae and calcareous
sponges, and the appearance of scleractinian corals did not
substantially alter the mollusk-crinoid-Tubiphytes assem-
blage before the end of the Middle Triassic. The low abun-
dance of skeletal grains in Lower Triassic strata implies: (1)
similarities in the relative contributions of micrite, micro-
bialites, and oolites to Neoproterozoic carbonates result, at
least in part, from the temporary removal of skeletal sinks
for calcium carbonate; and (2) animals with hard skeletons
remained at low abundance from the time of the end-Perm-
ian extinction through much of the Early Triassic.

INTRODUCTION

Early Triassic ecosystems bear little resemblance to
their Paleozoic counterparts, exhibiting an unprecedented
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taxonomic dominance by mollusks and a complementary
decrease in the representation of sponges, crinoids, bra-
chiopods, and other non-motile, epifaunal suspension
feeders characteristic of Paleozoic ecosystems (Bambach
et al., 2002). They also differ substantially from Middle
Triassic assemblages, which herald the onset of more di-
verse communities that contain the seeds of later Mesozoic
and modern shallow-marine ecosystems.

Extinction at the end of the Permian Period eliminated
67% of Late Permian marine genera and 56% of genera
known from the latest Permian Changhsingian stage (see
Sepkoski, 2002). The major extinction pulse occurred rap-
idly at the end of the Permian, in less (or much less) than
500 ky (Bowring et al., 1998; Rampino and Adler, 1998;
Jin et al., 2000; Rampino et al., 2000), preferentially af-
fecting animals with passive respiratory systems and
heavy calcification (Knoll et al., 1996). Whereas the trig-
ger and kill mechanisms remain controversial (see, e.g.,
Wignall and Hallam, 1992; Knoll et al., 1996; Becker et al.,
2001; Basu et al., 2003; Becker et al., 2004), the selectivity
of the extinction appears to account in large part for the
post-extinction ecological revolution: heavily calcified or-
ganisms with passive respiratory systems also tend to be
non-motile, epifaunal suspension feeders (e.g., brachio-
pods, crinoids, and sponges). Ecologically, as well as taxo-
nomically, the extinction was the most severe of the Phan-
erozoic (McGhee et al., 2004).

Differences between Early and Middle Triassic ecosys-
tems are not as well understood, and several obstacles
have slowed progress in characterizing and interpreting
the pattern of Triassic recovery. First, attention initially
was focused on the extinction itself, rather than the recov-
ery. Second, few expanded stratigraphic sections span the
Early and Middle Triassic without a substantial change in
depositional environment. Third, many Lazarus taxa (Ja-
blonski, 1986) known to persist from the Late Permian to
the Middle Triassic have never been observed within Low-
er Triassic strata (e.g., Batten, 1973; Erwin, 1996; Wignall
and Benton, 1999; Twitchett et al., 2000; Wignall and Ben-
ton, 2000; Twitchett, 2001). Their absence may be due ei-
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ther to changes in the abundance and size of organisms
during the Early Triassic (Wignall and Benton, 1999;
Twitchett, 2001; Payne, 2005) or to the poor quality of the
Lower Triassic fossil record, resulting, for example, from
the rarity of silicified Lower Triassic fossil assemblages
(Schubert et al., 1997).

Consequently, much of what is known of the pattern of
Triassic recovery is derived from compilations of taxonom-
ic diversity on regional and global scales. For example,
Sepkoski’s (2002) database shows that global genus diver-
sity remained static through the first half of the Early Tri-
assic, then began to increase in the Smithian (late Early
Triassic); the greatest diversity increase, however, did not
occur until the Anisian (Sepkoski, 2002), at least 4 million
years after the extinction (Martin et al., 2001). Indepen-
dent studies of global gastropod diversity (Pan and Erwin,
1994; Erwin, 1996) and brachiopod diversity from south-
ern China (Shen and Shi, 1996) parallel the pattern ob-
served in Sepkoski’s compilation.

Diversity within marine communities also was low
throughout the Early Triassic (Schubert and Bottjer,
1995; Rodland and Bottjer, 2001). The most diverse as-
semblages known are dominated by ten or fewer genera of
bivalves and gastropods (e.g., Twitchett et al., 2004), and
some Griesbachian (earliest Triassic) bedding planes con-
tain macrofaunal assemblages that consist nearly exclu-
sively of a single taxon, such as the pectinid bivalve Clar-
ata (Schubert and Bottjer, 1995) or the phosphatic bra-
chiopod Lingula (Rodland and Bottjer, 2001). Generally,
local communities were dominated by bivalves, gastro-
pods, and, in the Spathian, echinoderms, showing very
limited ecological and taxonomic diversity (Schubert and
Bottjer, 1995) and universally lacking the large species of
gastropods common in the Permian and Middle Triassic
(Fraiser and Bottjer, 2004; Payne, 2005). Preliminary
analyses indicate a comparable absence of large species
across several higher taxa (Price-Lloyd and Twitchett,
2002).

Sedimentary features of Lower Triassic strata reinforce
the impression of delayed Early Triassic recovery inter-
preted from taxonomic compilations. More than that, how-
ever, they record qualitative changes in fossil assemblages
and sedimentary systems that suggest there is more to ex-
plain than low species richness. Metazoan reefs are absent
from Lower Triassic rocks (Fligel, 1994); instead, stro-
matolites, thrombolite-like buildups, and seafloor carbon-
ate precipitates are common in Lower Triassic shallow-
marine shelf settings (e.g., Schubert and Bottjer, 1992;
Baud et al., 1997; Lehrmann, 1999; Lehrmann et al., 2001;
Lehrmann et al.,, 2003; Pruss, 2004). Two abundant
groups of Permian fossils, calcareous algae (Fliigel, 1985)
and calcareous sponges (Riedel and Senowbari-Daryan,
1991), also are absent (or nearly absent) from Lower Tri-
assic strata, although they reappear in Middle Triassic de-
posits. The only exceptions to this pattern are a red alga
similar to Gymnocodium, reported from the Griesbachian
Vardebukta Formation of Spitsbergen (Wignall et al.,
1998), and the green alga “Acicularia,” reported from the
latest Spathian of northeastern Iran (Baud et al., 1991).
Generally low levels of bioturbation (Twitchett, 1999;
Pruss and Bottjer, 2004a) also are reflected by the occur-
rence of flat-pebble conglomerates (Wignall and Twitch-
ett, 1999), and ribbon rock (Lehrmann et al., 2001), as well

as the preservation of wrinkle structures derived from mi-
crobial mats in open-marine environments—a phenome-
non largely restricted to hypersaline lagoonal environ-
ments through most of the Phanerozoic (Pruss et al.,,
2004).

Despite increasing attention to the Lower Triassic fossil
record, the mechanism underlying the delayed recovery is
poorly understood. Debate continues as to whether the
slow recovery primarily reflects the magnitude of the ex-
tinction or, alternatively, resulted from persistent envi-
ronmental inhibition. Stanley (1990) suggested that ad-
verse climatic conditions slowed recovery, whereas Hal-
lam (1991) and other workers (Wignall and Hallam, 1992,
1993, 1996; Woods et al., 1999; Rodland and Bottjer, 2001;
Kidder and Worsley, 2004) have argued that anoxia and
related oceanographic conditions delayed diversification.
Erwin (1996, 1998) suggested that the magnitude of the
extinction provides an alternative explanation for the slow
recovery, and recent models of evolutionary diversification
incorporating the effects of species-species interactions in
diversity increase may help to explain an apparent lag be-
tween extinction and the interval of most rapid diversifi-
cation (Erwin et al., 2004).

Ecological models, however, do not easily account for the
sedimentary phenomena noted above, or for geochemical
evidence suggesting fluctuating environmental conditions
throughout the Early Triassic (see, e.g., Marenco et al.,
2004; Newton et al., 2004; Payne et al., 2004). Formulating
convincing tests of ecological versus environmental con-
trols on recovery using the fossil and rock records has
proven challenging. For example, it is attractive to inter-
pret large Early Triassic carbon isotope fluctuations doc-
umented on the Great Bank of Guizhou (Payne et al.,
2004) and elsewhere (Baud et al., 1996; Atudorei and
Baud, 1997; Atudorei, 1999; Horacek et al., 2001) as evi-
dence for continuing environmental disturbance, but they
may reflect ecological control of the carbon cycle (Payne et
al., 2004). Constraining scenarios that account for these
long-term Early Triassic phenomena is important not only
for understanding controls on recovery. If these conditions
were set in place at the Permian—Triassic boundary, they
also may help to constrain explanations for the extinction
itself.

Distinguishing the roles of ecological and environmen-
tal factors in governing the recovery requires, at the very
least, highly resolved paleontological records of recovery
across the Permian—Triassic boundary and through the
Early—Middle Triassic transition. By virtue of its well-pre-
served architecture as an isolated carbonate platform of
Late Permian to Late Triassic age and its expanded strati-
graphic sections, the Great Bank of Guizhou (GBG) is a
nearly ideal place to examine the fossil record of the Tri-
assic recovery. Lehrmann et al. (1998) documented the
evolution of the platform from an isolated bank in the lat-
est Permian to a low-relief bank rimmed by oolitic shoals
in the Early Triassic, followed by a high-relief, reef- and
escarpment-rimmed platform in the Middle Triassic
(Lehrmann et al., 1998; figs. 7, 9, 11). Subsequent studies
on the GBG have presented detailed descriptions of the fa-
cies found across the Permian—Triassic boundary (Lehr-
mann et al., 2003), including an investigation focused on
the calcimicrobial facies (Lehrmann, 1999), as well as
Lower Triassic peritidal cyclic facies found in the platform
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FIGURE 1—Schematic map of the study area. (A) Location map of the Great Bank of Guizhou (modified from Payne et al., 2004). (B) Schematic
cross-section of the GBG. A symmetrical geometry is presented here, although the southern margin of the platform is not well exposed.
Stratigraphic sections are marked with a black line, and names indicated.

interior (Lehrmann et al., 2001; Yang and Lehrmann,
2003).

In this study, environmental constraints provided by
platform architecture and lithofacies are used to docu-
ment the pattern of local faunal change across the end-
Permian extinction and through the Early and Middle Tri-
assic recovery interval, and across an environmental gra-
dient from the platform interior to the basin margin. The
ability to observe the entire recovery interval within a con-
sistent environmental framework at a single geographic
setting is rare due to the long duration of recovery. Fossil
occurrences from the GBG, therefore, provide a high-qual-
ity dataset that can advance understanding of the pat-
terns of Triassic recovery when compared with observa-
tions from other localities with more limited stratigraphic
or environmental range.

GEOLOGICAL SETTING

The stratigraphic architecture of the platform has been
the subject of detailed investigations previously (Lehr-
mann, 1993; Lehrmann et al., 1998), and therefore, is ad-
dressed only briefly here. The isolated platform formed in
the Late Permian during drowning of the southern margin

of the Yangtze Platform. Following retreat of the Yangtze
Platform margin, a few topographic highs on the seafloor
provided nuclei for isolated platforms, including the GBG.
The GBG evolved from a low-relief bank with oolitic mar-
gins during the Early Triassic into a reef-rimmed, high-re-
lief platform in the Middle Triassic before drowning and
burial in siliciclastic basinal sediments in the Carnian
(Lehrmann et al., 1998).

A faulted syncline between the towns of Bianyang and
Bangun exposes a cross-section of the platform, with stra-
ta on the east limb of the syncline dipping to the west-
southwest at approximately 60° (Fig. 1). Expanded and
relatively complete stratigraphic sections are exposed
from the platform interior and the basin margin, permit-
ting comparison of recovery dynamics across an environ-
mental gradient. The essentially continuous succession of
shallow-subtidal to intertidal facies in the platform inte-
rior demonstrates that the platform provides a cross-sec-
tion from shallow- to deep-water conditions throughout
the study interval. Conodont biostratigraphic data and
carbon isotopic data from previous work at the same local-
ities (Payne et al., 2004) allow correlation among platform
and basin sections and to more-distant localities.

A variety of lithofacies is represented within the GBG
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platform architecture (Figs. 1, 2). Late Permian (Changh-
singian) limestones of the Wujiaping Formation consist of
cherty, fossiliferous grainstones and packstones both in
the platform interior and on the basin margin. On the ba-
sin margin, these are overlain by the siliceous shales of the
Dalong Formation. The end-Permian extinction horizon
occurs at the top of the Wujiaping Formation in the plat-
form interior, and at the top of the Dalong Formation on
the basin margin. In the platform interior, a calcimicrobial
horizon, 8-16 meters thick, that overlies the boundary ho-
rizon contains lenses of molluscan packstone and grain-
stone in most sections (Fig. 2). Overlying the calcimicrobi-
al horizon is a thin, relatively diverse interval (by Lower
Triassic standards) of packstone beds up to a few meters
thick. The diverse packstone is overlain in turn by poorly
fossiliferous lime-mudstones of the Daye Formation. Daye
strata are overlain by dolomitized oolitic packstone, fol-
lowed by cyclic peritidal facies (Fig. 2). The cyclic facies of
the Lower Triassic platform interior consist of lime-mud-
stone, lime-packstone, oolites, calcimicrobialites, and flas-
er-bedded ribbon rock interpreted to represent repeated
shallowing from shallow-subtidal to intertidal environ-
ments (discussed in detail by Lehrmann et al., 2001). Low-
er Triassic strata on the basin margin consist of unfossil-
iferous pelagic lime-mudstones and allodapic breccia units
containing clasts of various lithofacies, predominantly oo-
lites and lime-mudstones, but also occasional fossiliferous
grainstones and packstones (Fig. 2). Beginning in the Spa-
thian, strata on the basin margin are dominated by fossil-
iferous packstones and grainstones. Some of these pack-
stones and grainstones exhibit graded bedding, reflecting
turbidity-current transport of sediment downslope from
the platform margin.

Approximately 600 meters of dolomitized shallow-water
strata overlie the Lower Triassic cyclic interval in the plat-
form interior. These strata span the interval from late
Smithian to Anisian (Figs. 1, 2). Above the dolomitic inter-
val, Middle Triassic platform-interior strata contain local-
ly fossiliferous lagoonal and peritidal facies (Fig. 2). Con-
temporaneous basin-margin strata consist of fossiliferous
grainstones and packstones, as well as breccia units con-
taining blocks derived from a platform-margin reef com-
plex. The Middle Triassic platform-margin reef complex
(Fig. 1) also is well exposed and consists of Tubiphytes
boundstones, crinoid and Tubiphytes grainstones, and
large volumes of early marine cement.

METHODS

Six stratigraphic sections were measured on the GBG
(Figures 1, 2). In the platform interior, the Dawen and Da-
jiang sections are Late Permian to Smithian (late Early
Triassic), and the Dawen North and Heping sections cover
the Permian—Triassic boundary interval. On the basin
margin, the Guandao section exposes Late Permian—Ani-
sian (Middle Triassic) strata, and the Upper Guandao sec-
tion spans Spathian (late Early Triassic)-Carnian (Late
Triassic) strata. The Middle Triassic part of the Dajiang
section is more than 1 km thick, but logistically, it is chal-
lenging to sample due to mountainous terrain. Therefore,
four intervals of the Middle Triassic strata within the Da-
jiang section, each approximately 20 meters thick, were
sampled in detail to obtain representative data on plat-

form-interior facies from the Middle Triassic strata. Sam-
ple spacing within all sections was one meter or less where
exposure permitted; additional samples were collected
from beds and intervals of particular interest. In total,
more than 1200 samples were collected. More than 150
samples also were collected from the Middle Triassic reef
margin. Their stratigraphic and geographic positions on
the platform were determined using topographic maps
and GPS. Many clasts within Lower Triassic breccias ex-
posed on the basin margin are derived from the platform
margin, and therefore provide an indirect sample of the
poorly exposed Lower Triassic platform margin.

The difficulty of removing and identifying small shells
from the clean platform limestones is a significant obsta-
cle to detailed taxonomic investigation of those fossils not
easily classified from thin sections. Because the primary
goal of this study was an understanding of the local recov-
ery pattern with high stratigraphic resolution, the pattern
of biotic recovery was investigated primarily using thin
sections. This approach sacrifices taxonomic resolution,
but it has several compensating strengths. It provides
much greater stratigraphic resolution than could be ob-
tained with a more conventional taxonomic approach, es-
pecially in well-lithified strata lacking significant expo-
sure of bedding planes. The use of thin sections also allows
for accurate comparison of abundance, in terms of pre-
served skeletal volume, among taxa of widely varying siz-
es and across a great taxonomic range. Additionally, thin-
section analysis also makes comparisons of abundance
possible among taxa that contain easily identifiable speci-
mens (e.g., gastropods) and those that either disarticulate
(e.g., crinoids) or are too small to be counted in convention-
al studies (e.g., foraminifera, ostracodes). It further facili-
tates standardized sampling by allowing the investigator
to search the same rock area in each sample and to take
samples in the field at standard intervals because high-
quality exposure of bedding planes and easily disaggregat-
ed lithologies are not required. Point-counting also has the
benefit of providing quantitative sedimentological data on
rock composition in conjunction with fossil-abundance
data. Furthermore, this method allows one to quantify the
abundance of fossil grains as a fraction of rock volume,
providing a metric that potentially can track changes in
the absolute abundance of skeletal animals in benthic ma-
rine communities.

Data from thin sections can present quite a different
picture of a fossil community than data from specimen
counts. For example, Jaanusson (1972) showed that
counts of identifiable specimens in an Ordovician lime-
stone from Sweden did not include any crinoids, despite
the fact that these fossils contributed approximately half
of the skeletal grains in the rock. Cephalopods, the major-
ity of body fossils identifiable at the genus level, contrib-
uted an insignificant fraction (just a few percent) of the
skeletal sediment. Although this example is extreme, it
highlights the fact that point-count data from thin sec-
tions provide complementary information to taxonomic
data; together, these approaches can provide a more com-
plete understanding of the ecological structure of fossil
communities than either could alone.

Thin sections were first surveyed for all identifiable fos-
sils, and these were recorded at the lowest taxonomic level
to which they could be assigned confidently. The level of
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TABLE 1—Taxonomic categories used in surveys of thin sections.

Major category Subdivisions

Foraminiferan Genus
Bryozoan
Articulate Brachiopod

Lingulid Brachiopod

Bivalve Pectinid, Non-Pectinid, Ornamented
(non-pectinid)

Gastropod Shape: low spired, medium spired,
high spired, planispiral

Ornamentation: smooth shell, orna-

mented

Cephalopod

Ostracode

Trilobite

Echinoderm Crinoid, Echinoid

Annelid

Rugose coral
Scleractinian coral

Sponge Sphinctozoan, Inozoan, Spicules
Solenoporacean

Dasycladacean alga Vermiporellid, Teutloporellid, Round
Tubiphytes

taxonomic resolution varied by fossil type, ranging from
genus level for foraminifera (based upon Salaj et al., 1983;
Koyliioglu and Altiner, 1989; Kobayashi, 1997; Pronina-
Nestell and Nestell, 2001; and other sources) to phylum or
class level for several other groups (see Table 1). Abun-
dance data were compiled from all thin sections from the
Dajiang and Guandao sections, the Middle Triassic plat-
form margin, and subsets of thin sections from the Dawen
and Upper Guandao sections and the Middle Triassic reef
complex. Counts of 300 points per sample were performed
following the grain-solid method (Fligel, 1982) using a
mechanical stage that stepped the slide at fixed incre-
ments. The grain-solid method is the standard point-
counting technique for determining the volumetric com-
position of a rock. In this method, grains or matrix mate-
rial that fall directly under the cross-hairs of the eyepiece
are counted. Void space within a skeletal grain, therefore,

is counted as the material that is filling the void (e.g., mi-
crite or sparry calcite) rather than as part of the shell.
Considering the effect of irregularly shaped and hollow
fossil grains on the packing of skeletal material, very few
rocks contain more than 50% skeletal material.

Six hundred and eight samples were prepared as thin
sections, and surveyed for fossil content, non-skeletal
grains, and sedimentary fabrics. Of these, 512 contained
fossils. Taxonomic lists of identified fossils are presented
at the stage level in Appendix 1 (http:/www.sepm-org.
archive.index.html), the lowest taxonomic resolution that
could be determined with confidence (complete data on
fossil diversity and abundance for each sample are avail-
able as a supplemental data file at http:/www.sepm-org.
archive.index.html). From the 608 samples, a subset of
349 samples was selected for point-counting to determine
the volumetric contribution of skeletal and non-skeletal
materials to the platform sediment. This subset included
all thin sections from the Dajiang and Guandao sections,
alternate thin-sections from the Upper Guandao section,
and every fourth sample from the Dawen section. The
abundance of fossils and fossil types can depend strongly
on lithology and lithofacies type. Consequently, point-
count data were tabulated by lithofacies, and the relative
thicknesses of lithofacies within the stratigraphic sections
(see Tables 2 and 3) were used as weighting factors to de-
termine the mean fossil content at the substage level.
Mean fossil abundance for individual lithofacies in the
platform interior is shown in Table 4. Intervals of shale
and massive dolomite were excluded from the analysis.
The shale was too heavily weathered in most exposures to
obtain samples conducive to thin sectioning. Strongly do-
lomitized intervals contained little recognizable primary
fabric and were excluded because the original fossil con-
tent could not be ascertained.

RESULTS

The abundance of skeletal and non-skeletal materialsin
the limestone is tabulated for the platform interior in Ta-
ble 5, platform margin in Table 6, and basin margin in Ta-

TABLE 2—Relative thicknesses of lithofacies in the platform interior (in percent). Ribbon rock consists of laminated and flaser-bedded inter-
layers of lime mudstone and grainstone, interpreted to represent muddy tidal-flat deposition (Lehrmann et al., 2001). MW = mudstone/wacke-
stone; PG = packstone/grainstone; TH = thrombolite; OOL = oolite; RR = ribbon rock; DOL OOL = dolomitized oolite; DOL = dolomite.

MW PG TH OOL RR DOL OOL DOL

Dawen

Smithian 75.2 11.9 3.3 6.7 0.0 0.0 2.9

Dienerian 45.0 5.6 10.8 11.5 13.7 6.4 7.0

Griesbachian 64.5 12.7 22.4 0.4 0.0 0.0 0.0

Changhsingian 0.0 100.0 0.0 0.0 0.0 0.0 0.0
Dajiang

Smithian 47.9 1.8 0.7 7.9 0.7 0.0 41.1

Dienerian 30.5 4.9 4.6 8.2 8.0 15.2 28.6

Griesbachian 74.2 3.7 22.1 0.0 0.0 0.0 0.0

Changhsingian 8.4 91.6 0.0 0.0 0.0 0.0 0.0
Mean platform interior

Smithian 61.6 6.9 2.0 7.3 0.4 0.0 22.0

Dienerian 37.8 5.3 7.7 9.9 10.9 10.8 17.8

Griesbachian 69.4 8.2 22.3 0.2 0.0 0.0 0.0

Changhsingian 4.2 95.8 0.0 0.0 0.0 0.0 0.0
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TABLE 3—Relative thicknesses of lithofacies on the basin margin (in
percent). MW = mudstone/wackestone; PG = packstone/grainstone;
BR = allodapic breccia.

MW PG BR
Upper Guandao
Carnian 0.0 36.5 63.5
Ladinian 0.0 86.0 14.0
Anisian 0.0 66.7 33.3
Spathian 10.5 75.7 13.8
Guandao
Anisian 0.0 97.0 3.0
Spathian 43.2 50.8 6.0
Smithian 61.2 2.6 36.2
Dienerian 22.6 0.0 77.4
Griesbachian 58.2 0.0 41.8
Changhsingian 324 67.6 0.0

ble 7. The results are described in temporal sequence be-
low to convey a brief summary of the patterns and trends
observed. The ages for all samples are constrained by co-
nodont biostratigraphy from the Guandao and Upper
Guandao sections. Correlation to the platform interior is
constrained by conodont biostratigraphy (principally
around the Permian-Triassic boundary), physical tracing
of beds, and carbon isotope stratigraphy (Payne et al.,
2004).

Changhsingian

Changhsingian (Latest Permian) platform-interior stra-
ta consist of diverse skeletal grainstones and packstones
containing abundant foraminifera, calcareous sponges,
calcareous algae, solitary rugose corals, and echinoderms
(online Appendix; Fig. 3 A-C). Thinner, interbedded
wackestones contain a similar fauna. On the basin mar-
gin, the skeletal content is much lower and is dominated
by sponge spicules, bryozoans, and brachiopods, with sub-
ordinate radiolarians (online Appendix). Cephalopods also
were observed in the field, although they were not encoun-
tered in thin section. More than 30% of the overall rock
volume in the platform interior and more than 7% on the
basin margin is composed of skeletal material. All samples
contain significant quantities of skeletal grains. The most
abundant skeletal grains in the platform interior derive
from calcareous sponges, echinoderms, dasyclad algae, fo-
raminifera, and Tubiphytes (Table 5). Sponges, brachio-
pods, echinoderms, and bryozoans contributed most of the
biotic grains in basin-margin sediments (Table 7). The

number of distinguishable taxa is high in all stratigraphic
sections, as exemplified by the many genera of foraminif-
era observed (online Appendix). Even within individual
thin sections of Permian carbonates, the number of distin-
guishable taxa commonly reaches or exceeds the aggre-
gate diversity of Griesbachian, Dienerian, and Smithian
stratigraphic sections (Fig. 4). Furthermore, even those
Changhsingian platform-interior samples and (most) ba-
sin-margin samples with the lowest skeletal abundances
contain a higher proportion of skeletal sediment than the
vast majority of Griesbachian, Dienerian, or Smithian
samples from the same part of the platform (Fig. 4).

Griesbachian

The abundance and diversity of skeletal grains within
Griesbachian samples are much lower than for Changh-
singian samples. Skeletal grains comprise only 1.1% of the
total rock volume in the platform interior and essentially
are absent from samples of platform-margin and basin-
margin strata (Tables 5-7; Fig. 3D-F). Breccia clasts de-
rived from the platform margin consist primarily of oo-
lites. Ooids alone contribute 42% of the rock volume in the
sampled breccia clasts (Table 6). In the platform interior,
mollusk shells are the dominant skeletal component. Bi-
valves and gastropods each compose over 40% of the iden-
tifiable metazoan skeletal material, and most of the un-
identifiable fragments are likely molluscan in origin. Echi-
noderms, annelids, and phosphatic and articulate brachio-
pods also make measurable contributions to the skeletal
biota, but they are confined primarily to a thin, diverse
skeletal packstone unit immediately overlying calcimicro-
bial biostromes above the Permian—Triassic boundary
(Fig. 2). Ostracodes do not make a significant volumetric
contribution to the sediment, but are observed in a high
proportion of the samples. Calcareous algae are entirely
absent, and foraminifera are so small and rare that they
were not registered during point-counts. On the scale of
individual samples, the diversity and abundance of fossil
grains in Griesbachian samples rarely reach the mean val-
ues for environmentally similar Changhsingian samples
(Fig. 4).

Dienerian

The composition and abundance of biotic clasts in Di-
enerian samples from the platform interior are very simi-
lar to those of Griesbachian samples (online Appendix, Ta-
bles 5-7; Fig. 5A—C). The skeletal content of the platform-
interior strata is extremely low (1.4%; Table 5), and is

TABLE 4—Skeletal abundances by lithofacies in the platform interior. See Table 2 for abbreviations. Note: lithofacies assignments were made

in the field, rather than based on point-count results.

Changhsingian Griesbachian Dienerian Smithian Middle triassic

MW 20.4 0.1 0.6 0.7 0.5

PG 31.8 10.4 8.5 0.6 0.8

TH 0.6 3.3 0.3

RR 1.1

OOL 0.5 1.1

DOL OOL 0.0

DOL 0.0 0.0
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TABLE 5—Relative abundance of biotic and abiotic components in platform interior limestones (in percent). In some cases, elements of the
fauna are present in trace quantities such that they were identified in thin section, but were not among the points counted. These elements
are marked with an asterisk.

Middle
Changhsingian Griesbachian Dienerian Smithian triassic

Sparry calcite 29.9 15.9 19.1 10.6 22.0
Micrite 374 78.4 64.5 72.6 68.8
Micritic clasts 14 0.1 0.9 0.5 6.6
Recrystallized clasts 0.0 0.1 5.8 9.8 0.8
Peloids 0.0 0.1 0.7 3.3 1.0
Microcrystalline cement 0.1 0.1 0.0 0.0 0.0
Fibrous cement 0.5 0.1 0.0 0.0 0.0
Syntaxial cement 0.1 0.0 0.0 0.0 0.0
Ooids 0.0 0.0 6.5 1.4 0.0
Microbial framework 0.0 4.2 1.0 1.2 0.0
Algae 2.8 0.0 0.0 0.0 0.0
Metazoa 14.0 0.8 1.0 0.5 0.3
Foraminifera 2.6 0.0% 0.0% 0.0% 0.0
Unidentifiable biotic 9.0 0.3 0.4 0.2 0.4
Tubiphytes 2.1 0.0 0.0 0.0 0.0
Identifiable biotic

Algae & Tubiphytes 22.8 0.0 0.0 0.0 14.2

Metazoa 65.2 100.0 99.5 92.4 78.6

Foraminifera 12.1 0.0* 0.5 7.6 7.2
Metazoa

Echinoderms 279 4.7 0.0 0.0 9.2

Bivalves 0.5 43.7 51.3 15.8 27.2

Gastropods 1.8 38.3 30.3 64.6 54.4

Ostracodes 1.2 1.2 15.2 17.3 9.2

Brachiopods 3.9 9.0 0.5 2.3 0.0

Other (Sponges, Corals, Cephalopods, Annelids, Trilobites) 64.6 3.1 2.7 0.0 0.0

TABLE 6—Relative abundance of biotic and abiotic components in platform-margin limestones (in percent). Griesbachian, Dienerian, Smithian,
and Spathian data are derived from clasts in allodapic breccia units exposed in the Guandao section. Anisian data are derived from in-situ
samples of the platform-margin reef complex.

Griesbachian  Dienerian Smithian  Spathian Anisian

Sparry calcite 10.7 12.1 15.4 4.2 22.4
Micrite 36.0 63.1 65.8 85.2 13.5
Micritic clasts 5.1 3.2 6.3 6.4 2.1
Recrystallized clasts 0.0 1.8 2.7 0.0 0.0
Peloids 5.9 0.0 0.0 0.0 0.0
Microcrystalline cement 0.0 0.0 0.0 0.0 23.7
Fibrous cement 0.0 0.0 0.0 0.0 27.5
Syntaxial cement 0.0 0.0 0.0 0.0 0.0
Ooids 42.3 16.5 9.4 0.0 0.0
Microbial framework 0.0 0.0 0.0 0.0 0.0
Algae 0.0 0.0 0.0 0.0 2.3
Metazoa 0.0 2.7 0.2 3.0 14
Foraminifera 0.0 0.0 0.0 0.2 0.0
Unidentifiable biotic 0.0 0.6 0.2 1.0 0.2
Tubiphytes 0.0 0.0 0.0 0.0 6.9
Identifiable biotic
Algae & Tubiphytes No biota 0.0 0.0 0.0 62.2
Metazoa No biota 100.0 89.2 95.1 37.8
Foraminifera No biota 0.0 10.8 4.9 0.0
Metazoa
Echinoderms No biota 0.0 37.4 84.6 76.3
Bivalves No biota 74.0 50.5 7.7 16.9
Gastropods No biota 20.8 0.0 0.0 1.7
Ostracodes No biota 1.3 12.1 7.7 0.0
Brachiopods No biota 0.0 0.0 0.0 1.7

Other (Sponges, Corals, Cephalopods, Annelids, Trilobites) No biota 3.9 0.0 0.0 3.4
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TABLE 7—Relative abundance of biotic and abiotic components in basin-margin limestones (in percent). In some cases, elements of the fauna
are present in trace quantities, such that they were identified in thin section but were not among the points counted. These elements are

marked with an asterisk.

Changh- Gries-
singian  bachian Dienerian Smithian Spathian Anisian Ladinian Carnian

Sparry calcite 1.6 1.5 1.5 5.6 15.0 24.1 30.5 37.8
Micrite 88.0 98.3 98.1 91.8 68.8 43.6 37.7 19.3
Micritic clasts 0.0 0.1 0.1 1.0 8.0 21.6 25.8 31.9
Recrystallized clasts 3.0 0.0 0.0 0.0 0.1 0.5 0.4 2.9
Peloids 0.0 0.0 0.2 0.4 2.8 0.2 0.0 0.0
Microcrystalline cement 0.0 0.0 0.0 0.0 0.0 0.5 0.0 0.6
Fibrous cement 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0
Syntaxial cement 0.0 0.0 0.0 0.0 0.1 0.1 0.0 0.1
Ooids 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Microbial framework 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0
Algae 0.1 0.0 0.0 0.0 0.0 0.2 0.0 0.1
Metazoa 4.6 0.0% 0.1 0.0% 3.9 3.5 2.8 3.2
Foraminifera 0.0% 0.0 0.0 0.0% 0.1 0.1 0.1 0.0%
Unidentifiable biotic 2.7 0.0 0.0 1.2 1.1 14 0.9 14
Tubiphytes 0.0 0.0 0.0 0.0 0.1 4.1 1.8 2.7
Identifiable biotic

Algae & Tubiphytes 2.5 0.0 0.0 0.0 2.9 54.3 38.1 46.3

Metazoa 97.5 100.0 100.0 100.0 95.8 44.2 60.3 53.7

Foraminifera 0.0 0.0 0.0 0.0 14 1.5 1.6 0.0
Metazoa

Echinoderms 8.9 50.0 0.0 66.7 62.5 72.5 53.9 48.3

Bivalves 0.5 0.0 100.0 33.3 27.5 13.6 39.5 27.6

Gastropods 0.0 0.0 0.0 0.0 0.0 1.9 1.3 3.4

Ostracode 2.5 0.0 0.0 0.0 4.1 3.4 2.6 3.4

Brachiopod 16.3 50.0 0.0 0.0 3.9 8.3 2.6 3.4

Other (Sponges, Corals, Cephalopods, 71.7 0.0 0.0 0.0 2.0 0.2 0.0 13.8

Annelids, Trilobites)

dominated by bivalves and gastropods. Similarly to Gries-
bachian strata, gastropods and bivalves comprise over
80% of the identifiable skeletal material. Ostracodes, fo-
raminifera, annelids (serpulids and spirorbids), and bra-
chiopods also are present, but only ostracodes contribute
more than a few percent of the identifiable skeletal mate-
rial (Table 5). The skeletal content of basin-margin strata
is near zero. The higher skeletal content of the platform
margin in the Dienerian largely reflects two fossiliferous
molluscan packstone clasts sampled from breccias on the
basin margin (Table 6). Unlike the stratigraphic sections,
the breccia units were not sampled at regular intervals or
in a random fashion. Rather, fossiliferous clasts were se-
lected preferentially to obtain a picture of the platform-
margin biota. For this reason, the reported skeletal con-
tent of the platform margin likely overestimates signifi-
cantly the mean skeletal content of platform-margin stra-
ta in situ because of this non-random sampling strategy.
There is little evidence in the samples of a benthic or pe-
lagic basinal biota. Although the skeletal content of the
fossiliferous samples is high, the rarity of such clasts with-
in breccia units suggests that a few molluscan banks exist-
ed along a predominantly oolitic platform margin.

Smithian

Smithian platform-interior strata contain a similar bio-
ta to that found in the Griesbachian and Dienerian (online
Appendix; Fig. 5D-F). Gastropods dominate the fauna,
with significant contributions from bivalves and ostra-

codes and minor contributions from foraminifera and bra-
chiopods (Table 5). The skeletal biotic contribution to plat-
form sediments is low (<1%). Identifiable microbial
framework in the thrombolitic units contributes another
1.2% of the sediment volume. This value is a conservative
one because the microbial framework is prone to recrystal-
lization, which renders it unidentifiable. Basin-margin
samples from the Guandao section also exhibit a very low
skeletal abundance (0.3%), consisting of echinoderms and
bivalves (Table 7). Samples of breccias representing the
platform margin contain a similar fauna dominated by bi-
valves and crinoids with minor ostracodes, also in low
abundance (Table 6). The echinoderm material, mostly
crinoids, occurs as loose grains within grainstones and
breccias, indicating that crinoids lived on or basinward of
the platform margin. These samples provide the first in-
dication of a substantial change in the biota since the
Permian-Triassic boundary. The extremely low abun-
dance and diversity of biotic material in all environments
during the Smithian, however, suggest that measurable
biotic recovery from the end-Permian extinction had yet to
affect the GBG at the end of the Smithian.

Spathian

Spathian platform-margin and basin-margin strata
contain a substantially greater abundance of skeletal ma-
terial and higher diversity than underlying Lower Triassic
rocks. Biotic clasts constitute 5.1% of the basin-margin
sediment and 4.2% of breccias derived from the platform
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FIGURE 3—Photomicrographs of representative Permian and Griesbachian samples. All scale bars are 2 mm. (A) Changhsingian skeletal
grainstone containing an articulate brachiopod, inozoan sponge, fusulinid foraminiferan, and echinoderm fragment, from the Dajiang section
(PDJ-30), representing the platform facies. (B) Changhsingian skeletal grainstone containing dasycladacean algae and Tubiphytes from the
basin-margin Heping section (HP-47). (C) Changhsingian skeletal packstone containing sponge spicules, a crinoid ossicle, and a bryozoan,
Guandao section (PGD-2). (D) Griesbachian calcimicrobial boundstone containing microbial framework, micritic sediment fill, and ostracodes,
Dawen North section (PND-7K). (E) Griesbachian carbonate wackestone containing small articulate brachiopods from the platform-interior
Dajiang section (PDJ-64). (F) Unfossiliferous Griesbachian carbonate mudstone from the basin-margin Guandao section (PGD-18).
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FIGURE 4—Histograms of diversity (left column) and fossil abun-
dance (right column) observed within platform-interior samples from
the Changhsingian through the Smithian.

margin. Echinoderms, particularly crinoids, dominate the
skeletal component, which also includes bivalves, cepha-
lopods, foraminifera, brachiopods, ostracodes, and the mi-
croproblematicum Tubiphytes in both platform-margin
and basin-margin settings. Tubiphytes is not a skeleton
analogous to a bivalve or gastropod shell, or even the pre-
served carbonate skeleton of a dasyclad alga. Rather, this
problematic fossil may consist primarily of micritic cement
deposited in association with an alga, perhaps induced by
an enveloping microbial community (Senowbari-Daryan
and Fligel, 1993). Regardless of its origin, however, Tubi-
phytes constitutes a significant component of the rock vol-
ume and provides much of the structure found in the Ani-
sian reef complex. Rare fragments of Tubiphytes are first
found in uppermost Spathian strata, only a few meters be-
low the base of the Anisian. In this study, the Spathian—
Anisian boundary is defined by the first occurrence of
Chiosella timorensis, the conodont that likely will be used
to define the boundary in the GSSP section (Ogg, 2004).
The occurrence of these Tubiphytes fragments below the
Spathian—Anisian boundary suggests that the platform-
margin reef complex had initiated by this time, making it
among the oldest, if not the oldest, known from Triassic
strata (see, e.g., Fliigel, 2002). The increased diversity of
foraminifera (online Appendix) may indicate diversifica-
tion at lower taxonomic levels within other taxa as well.
Spathian samples from the basin margin demonstrate a
significant increase in skeletal contribution to sediment
accumulation and a change in the composition of the biota
(Tables 6, 7; Fig. 6A—C). Pervasive dolomitization of Spa-

thian platform-interior strata prevented analysis of sam-
ples from the Dajiang and Dawen sections. Subdivision of
the Spathian at the Guandao section into three strati-
graphic intervals, each represented by ten samples, indi-
cates that the abundance of metazoan skeletal material
increased gradually throughout the Spathian on the basin
margin, as can be seen in Figure 7. At this fine strati-
graphic scale, it is difficult to differentiate the effects of
changes in the sedimentation rates from an increase in the
rate of production of biotic grains, but these observations
suggest a gradual increase in the abundance of the plat-
form-margin biota.

Anisian

The abundance and composition of skeletal grains char-
acteristic of the Middle Triassic within basin-margin sed-
iments were established within the Aegean, the first sub-
stage of the Anisian. When the Middle Triassic data are
tabulated by stage, there is no trend in the abundance or
composition of biotic clasts on the basin margin from the
Aegean to the Longobardian at the end of the Ladinian
and the Cordevolian at the beginning of the Carnian (Figs.
7-9). This interval represents more than 10 million years
based upon recent dates at the Spathian—Anisian bound-
ary (Martin et al., 2001), within the Middle Triassic (Mun-
dil et al., 1996; Muttoni et al., 2004b), and within the Late
Triassic (Muttoni et al., 2004a). Crinoids contributed the
greatest fraction of grains among the metazoa, followed by
bivalves.

Tubiphytes was the most abundant framework element
within the platform-margin reef complex in the Anisian,
and Tubiphytes grains are significant components of ba-
sin-margin grainstones and packstones (Tables 6, 7; Fig.
6D-F). The skeletal content of the basin-margin strata ap-
proximately doubled, reaching 8.6% in the Guandao sec-
tion and 9.8% in the Upper Guandao section. The taxo-
nomic composition of metazoan skeletal material, howev-
er, did not change appreciably from Spathian levels, con-
tinuing to consist predominantly of crinoid fragments
(Fig. 9). The slightly higher proportion of echinoderm de-
bris and lower content of Tubiphytes in the more basinal
Upper Guandao section may reflect the distribution of cri-
noids primarily along the margin of the platform, basin-
ward of the reef complex (Fig. 1B). In addition to the
changes in abundance and composition of biotic clasts, it
appears that the maximum size of many taxa, particularly
gastropods and crinoids, increased substantially during
the Anisian. Gastropods observed in the platform interior
reach heights of up to 15 cm and routinely are larger than
the largest known specimens from the Early Triassic
worldwide (Niitzel, 2005; Payne, 2005). The earliest Mid-
dle Triassic occurrence of a dasyclad alga on the GBG is
within the Pelsonian. One possible specimen of a sclerac-
tinian coral was observed higher in Pelsonian strata, but
the first unambiguous specimens occur in Ladinian rocks.
The oldest calcareous sponges on the GBG are found with-
in the Anisian reef complex. The first occurrences of all of
these organisms locally correlate with or are slightly youn-
ger than the first occurrences known for the groups glob-
ally in the Triassic (Ott, 1972; Senowbari-Daryan et al.,
1993).
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FIGURE 5—Photomicrographs of representative Dienerian and Smithian samples. Scale bars = 2 mm. (A) Dienerian skeletal packstone
containing small gastropods and peloidal micrite from the platform margin, Dajiang section (PDJ-221). (B) Oolitic clast illustrating the large size
of recrystallized ooids from a Dienerian allodapic breccia exposed in the platform margin, Guandao section (PGD-78). (C) Unfossiliferous
Dienerian carbonate mudstone with bedding-parallel stylolites from the basin margin, Guandao section (PGD-52). (D) Recrystallized oolite from
the Smithian platform interior (PDJ-310). (E) Smithian skeletal packstone containing small gastropods, Dawen section (PDW-344). (F) Unfos-
siliferous Smithian peloidal packstone from the Guandao section (PGD-93) on the basin margin.

Ladinian—Carnian Appendix; Table 7; Fig. 10A—C). The skeletal content re-

mained stable around 8%, well above Lower Triassic lev-

Ladinian and Carnian samples from the Upper Guan- els. Tubiphytes, echinoderms, and bivalves dominated the
dao section exhibit little change in abundance and compo-  biota, with minor contributions from brachiopods, ostra-
sition of skeletal material relative to the Anisian (online codes, gastropods, foraminifera, dasyclad algae, and scler-
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FIGURE 6—Photomicrographs of representative Spathian and Anisian samples. Scale bars = 2 mm. (A) Spathian breccia with small micritic
clasts and crinoid ossicles (note clast boundaries are stylolitized) from the platform-margin Guandao section (PGD-152). (B) Unfossiliferous
Spathian grainstone exhibiting graded bedding from the Guandao section (PGD-154) on the basin margin. (C) Spathian skeletal grainstone
containing crinoid ossicles, dark colored micritic clasts (possibly Tubiphytes), and molluscan shell fragments, Guandao section (PGD-191). (D)
Tubiphytes boundstone from the Anisian reef complex on the platform margin, illustrating the irregular Tubiphytes framework and the abundance
of early-marine radiaxial fibrous cements. (E) Anisian skeletal grainstone containing crinoid ossicles, Tubiphytes, and small micritic grains,
Upper Guandao section on the basin margin (PUG-71). (F) Anisian skeletal grainstone containing several gastropods, Tubiphytes, and a
foraminiferan (Endothyra), Guandao section on the basin margin (PGD-229).
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FIGURE 7—Abundance of skeletal material as a fraction of total rock
volume for the basin margin from the Spathian to the Anisian. The
Spathian samples have been separated informally into three consec-
utive stratigraphic intervals represented by ten samples each, and the
Anisian samples have been subdivided into substages based upon
the conodont biostratigraphy.

0

actinian corals. Middle Triassic samples from the Dajiang
section have a very low skeletal content (<1%) dominated
by gastropods and bivalves, with minor contributions from
echinoderms, foraminifera, ostracodes, and dasyclad al-
gae. These data appear to reflect the continued environ-
mental restriction of the platform interior first established
in the Dienerian or Smithian, which was further enhanced
by the establishment of the platform-margin reef complex
in the Middle Triassic. The apparent lack of recovery in
the platform interior suggested by low skeletal abundanc-
es is belied by the much larger size of fossils commonly en-
countered in the field—up to 15 cm.

Summary

Lower Triassic rocks of Griesbachian through Smithian
age on the GBG have, in aggregate, very low skeletal con-
tent. Gastropods and bivalves are the most abundant skel-
etal grains across the platform in Griesbachian and Di-
enerian strata. Smithian samples from the platform mar-

Platform interior

Middle Triassic

Anisian
Spathian
Smithian Smithian
Dienerian Dienerian
Griesbachian Griesbachian

Changhsingian

Platform margin

no biotic clasts

Changhsingian %
2080 80 Too 0

gin and basin margin show an increase in the proportion
of crinoid grains, but no increase in overall fossil abun-
dance. Skeletal production increased through the Spathi-
an. Spathian strata from the basin margin are dominated
by echinoderm debris, especially crinoids, and contain a
greater diversity of skeletal material than older Early Tri-
assic rocks. Middle Triassic strata from the basin margin
are similar to the Spathian samples in metazoan skeletal
content, but also contain large numbers of Tubiphytes
grains derived from the platform-margin reef complex.
Middle Triassic strata also contain much larger crinoids
and gastropods than are observed in the Lower Triassic.
The shift in community composition and skeletal produc-
tion appears to have occurred late in the Spathian and
early in the Anisian, with relative stability thereafter. The
platform interior became a restricted environment during
the Dienerian or Smithian, and exhibits low diversity and
skeletal content thereafter with gastropods and bivalves
as the dominant faunal elements.

DISCUSSION
Carbonate Sedimentation Patterns

The close similarities among Permian—Triassic strati-
graphic successions on the Yangtze Platform, the GBG,
and the other isolated platforms in the Nanpanjiang Basin
(see, e.g., Lehrmann et al., 2003) suggest that the patterns
of fossil occurrence and abundance observed on the GBG
are representative of a more general pattern within the
basin. The other isolated platforms contain the same suc-
cession of facies across the Permian—-Triassic boundary ob-
served on the GBG, including the development of calcimi-
crobial precipitates above the extinction horizon and
through much or all of the basal Triassic (Hindeodus par-
vus conodont zone; Lehrmann et al., 2003). Both isolated
platforms in the Nanpanjiang Basin and the Yangtze Plat-
form also developed marginal-reef complexes in the Ani-
sian supported by a framework of Tubiphytes (Lehrmann,
1993; Enos et al., 1997; Lehrmann et al., 2003). More-de-
tailed studies are needed to confirm similar changes in
community composition and fossil abundance, but prelim-
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FIGURE 8—Relative abundance of mollusks, non-motile filter feeders (sponges, crinoids, and brachiopods), and other taxa in limestones from

the platform interior, platform margin, and basin margin.
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FIGURE 9—Abundance of skeletal material as a fraction of total rock volume for the platform-interior, platform-margin, and basin-margin
settings. If a time interval is not listed on the vertical axis in a given environmental setting, no data were collected. Intervals listed but lacking
bars have zero or nearly zero skeletal content. Note the different scale used for the platform interior.

inary studies of these other platforms indicate that the
GBG is in no way unusual within the basin.

Carbonate strata from more-distant localities indicate
that the patterns of skeletal-, calcimicrobial-, and abiotic-
carbonate precipitation observed on the GBG are charac-
teristic of deposition across the Tethys and throughout the
global tropics from the Permian through the Middle Tri-
assic, especially during the Early Triassic. Quantitative
analyses of Middle Permian limestones from the Capitan
reef complex (Fagerstrom and Weidlich, 1999) and an Up-
per Permian reef in Oman (Weidlich et al., 1993), along
with published descriptions and photomicrographs of Up-
per Permian limestones from the Sichuan Basin (Rein-
hardt, 1988) and Hunan Province (Shen et al., 1998) of
China, the Chichibu Terrane (Sano and Nakashima, 1997)
and Kitakami Terrane (Kawamura and Machiyama,
1995) of Japan, and the island of Skyros in Greece (Fliigel
and Reinhardt, 1989), suggest that the contribution of bi-
otic clasts to reefs specifically, and carbonate platforms
generally, was substantial—perhaps as high as 10-20%
by volume. As on the GBG, calcareous sponges, crinoids,
brachiopods, calcareous algae, and foraminifera were
among the most abundant biotic clasts. Thus, although
Permian reefs, particularly the Capitan reef of Texas and
New Mexico, are widely recognized for the prominent role
that cements and crusts played in their deposition (e.g.,
Grotzinger and Knoll, 1995), they also contain a signifi-
cant fraction of skeletal carbonate.

Carbonate deposition during the earliest Triassic is re-
markable because all well-characterized, shallow-water
tropical carbonate sections record calcimicrobialites (Baud
et al., 1997; Sano and Nakashima, 1997; Kershaw et al.,
1999; Lehrmann, 1999; Kershaw et al., 2002; Lehrmann et
al., 2003), oolites (Groves and Calner, 2004), or aragonite
fans (Heydari et al., 2003). The dominance of bivalve and
gastropod grains in Griesbachian through Smithian stra-
ta and the increase in the abundance of crinoids in the
Spathian observed on the GBG are in accord with studies
of relative abundance of individuals from Early Triassic
strata elsewhere (Schubert and Bottjer, 1995; Fraiser and
Bottjer, 2004). A monograph consisting of photomicro-
graphs of samples from the Spathian Virgin Limestone

Member of the Moenkopi Formation in Utah (Bissell,
1970) confirms the high abundance of crinoid debris in
those Spathian strata. Taxonomic and lithological descrip-
tions of Early Triassic faunal assemblages from Oman
(Twitchett et al., 2004) and Japan (Sano and Nakashima,
1997) also indicate wholesale dominance of Lower Triassic
shell beds by mollusks, with additional, small crinoid os-
sicles. A Spathian increase in crinoid abundance also is ob-
served across Slovenia (Ramovs, 1996). No quantitative
data currently are available from localities, apart from the
GBG, to compare the volumetric contribution of fossil
grains to the accumulation of carbonate sediment.
Although the increase in skeletal content and diversity
of platform-margin and basin-margin limestones reflects
Middle Triassic recovery, skeletal content on the GBG did
not rebound to Late Permian values. The abundance and
composition of fossil grains on Middle Triassic carbonate
platforms from the Dolomites demonstrate that the GBG
likely is representative of this time interval as well. Blen-
dinger (1994) performed point counts on samples from the
Marmolada Platform and found that Tubiphytes and algae
consistently make up approximately 10% of sediment vol-
ume and animal skeletal material 3-7%. His use of the
grain-bulk method renders these figures as maximum val-
ues. However, for many fossil grains (i.e., those lacking in-
ternal voids), the grain-bulk and grain-solid methods are
equivalent. Therefore, his results suggest a skeletal com-
ponent very similar to that on the GBG—one dominated
by Tubiphytes, calcareous sponges, corals, crinoids, and
mollusks. Likewise, Keim and Schlager’s (2001) volumet-
ric analysis of the Sella Massif in the Dolomites reveals a
similar biotic contribution to platform accumulation; fossil
grains are less abundant in the platform interior (2.8%)
and more abundant on the upper and lower slope (4.7%
and 10.8%, respectively). They did not distinguish among
types of skeletal material in their tables, but list echino-
derms, bivalves, and Tubiphytes as the most common skel-
etal elements. Russo et al. (1997) likewise estimated skel-
etal contents of 5% and 6% for the Marmolada and Sasso
Piatto buildups, respectively, based upon point-counts of
platform samples and breccia blocks derived from the plat-
form margin. These data indicate that the GBG is typical




78

PAYNE ET AL.

FIGURE 10—Photomicrographs of representative Ladinian and Car-
nian samples. Scale bars = 2 mm. (A) Middle Triassic fenestral
wackestone containing a small gastropod from the platform interior
(MDJ-79). (B) Ladinian skeletal grainstone containing an echinoid
spine, Tubiphytes, and foraminifera, Upper Guandao section on the
basin margin (PUG-139). (C) Ladinian pelagic carbonate wackestone
containing abundant fragments of thin-shelled bivalves from the basin
margin (PUG-103).

of Middle Triassic carbonate platforms across the Tethys
in both the abundance and composition of skeletal grains.

The decreased role of organisms in precipitating calci-
um carbonate under direct enzymatic control may ac-
count, at least in part, for the radical change in style of car-
bonate deposition in the Early Triassic. Specifically, with-
out a significant skeletal sink for calcium carbonate in
shallow, shelf settings, deposition would have reverted to
predominantly abiotic or microbially mediated forms of
precipitation that require higher levels of calcium carbon-
ate saturation than skeletal biomineralization (Riding,
2000). Lower Triassic carbonate rocks have an unusual
abundance of microbialites, ooids, and aragonite fans, es-
pecially immediately above the end-Permian extinction
horizon (e.g., Schubert and Bottjer, 1992; Baud et al.,
1997; Lehrmann et al., 2001; Kershaw et al., 2002; Hey-
dari et al., 2003; Lehrmann et al., 2003; Groves and Cal-
ner, 2004; Pruss and Bottjer, 2004b). These carbonate fab-
rics and other sedimentary features, such as the preser-
vation of microbial mat wrinkle structures in siliciclastic
settings and the occurrence of ribbon rock and flat-pebble
conglomerates in carbonate settings, have been recog-
nized widely as being more characteristic of Proterozoic
and Cambrian rocks than subsequent Phanerozoic depos-
its (Wignall and Twitchett, 1999; Lehrmann et al., 2001;
Pruss et al., 2004).

The similarity of carbonate deposition between the Low-
er Triassic and the Proterozoic is not confined to presence
of carbonate fabrics that are otherwise uncommon in
Phanerozoic strata. The Lower Triassic stratigraphy of
the GBG exhibits proportional thicknesses of lithofacies
strikingly reminiscent of those observed in the Neoproter-
ozoic Akademikerbreen Group of Spitsbergen. Knoll and
Swett (1990) tabulated the relative thicknesses of micritic
limestones, microbialites, and oolites in the ~2000-m-
thick Akademikerbreen Group and found ~60% micrites
and micrite-derived grainstones, 25% microbialites, and
15% oolites. The resemblance of these proportions to those
observed in the Dawen and Dajiang sections of the GBG,
particularly for the Griesbachian and Dienerian (Table 2),
suggests that carbonate deposition remained in a mode
broadly characteristic of the later Proterozoic for an ex-
tended interval following the end-Permian extinction. On
the other hand, macroscopic seafloor precipitates observed
just above the Permian—-Triassic boundary in Iran (Hey-
dari et al., 2003), Turkey (Baud et al., 1997), and China
(Kershaw et al., 2002) find close parallels in the Neopro-
terozoic only in postglacial cap carbonates (e.g., Hoffman
and Schrag, 2002) and a few other horizons. These fea-
tures suggest an environmental influence on carbonate
deposition beyond the dearth of skeletons. A more compre-
hensive comparison is necessary to determine how general
and meaningful these similarities are.

Even many Middle Triassic platforms have an abun-
dance of problematic, microbial, and abiotic precipitates
(e.g., Tubiphytes, automicrite, and early marine cements)
and a relatively low abundance of the metazoan and algal
skeletal materials that characterize most post-Cambrian
carbonate platforms (Fligel, 2002). Although diversifica-
tion occurred throughout the Middle Triassic, it may not
have been until later that heavily calcified animals and al-
gae became sufficiently important sinks for calcium car-
bonate to reduce the relative importance of microbial- and
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abiotic-carbonate precipitation. The decreased abundance
of marine cements in Late Carnian and Norian—Rhaetian
reefs, and the associated rise in the diversity and abun-
dance of large reef-building organisms (Fliigel, 2002), may
record just such a transition.

Animal Abundance

Overall, the fraction of rock volume consisting of ani-
mal-fossil clasts decreased by more than an order of mag-
nitude across the Permian—Triassic boundary in both plat-
form and basin-margin settings (Tables 5, 7; Fig. 9), sug-
gesting a possible decrease in the abundance of skeletal
animals. Low animal abundance has been proposed to ac-
count for the many taxa that are known to have persisted
through the Early Triassic, but have never been observed
within these strata (Wignall and Benton, 1999), and for
the small size of Early Triassic animals (Twitchett, 2001).
Indeed, Lower Triassic strata around the world—particu-
larly beds immediately overlying the extinction horizon—
are characterized by reduced fossil abundance and low
levels of bioturbation, in settings from tropical carbonate
ramps (Twitchett, 1999) to high-latitude siliciclastic de-
posits (Twitchett et al., 2001). The occurrence of sea-floor
aragonite fans (Heydari et al., 2003; Woods et al., 1999),
precipitated microbial mounds (Schubert and Bottjer,
1992; Baud et al., 1997), and abundant ooids (Groves and
Calner, 2004), along with the global rarity of thick and ex-
tensive shell beds (Boyer et al., 2004), provide sedimento-
logical support for a low-abundance scenario.

The absolute abundance of skeletal clasts in any partic-
ular stratigraphic section, of course, is affected (and may
be controlled) by factors other than the abundance of or-
ganisms. Sedimentation rate, sedimentary environment,
the rate of post-mortem shell destruction, and the propor-
tion of animals producing mineralized shells can affect the
abundance of skeletal material in sediments. In the case of
the GBG, however, local changes in sedimentary environ-
ment are unlikely to account for the decrease in skeletal
content because, aside from a gradual increase in platform
relief through the Triassic, the same shallow-marine en-
vironments are represented throughout the study interval
(Lehrmann et al., 1998). The preservation of the platform-
to-basin transition also limits the likelihood that abun-
dant fossils could escape sampling, because, if, as might be
expected, they existed near the platform margin, some
material transported from this setting would be preserved
on the basin margin. Whereas the continued low skeletal
abundance in the platform interior during the Middle Tri-
assic is attributable to the development of a platform-mar-
gin reef complex during the Anisian that restricted water
flow through the platform interior, the low abundance of
fossil grains in all environments from the Griesbachian
through the Smithian suggests a control beyond the local
depositional setting.

The background sedimentation rate (of non-skeletal
material) would have needed to increase by a factor of ten
to account for the decrease in skeletal content seen in the
platform limestones across the Permian—Triassic bound-
ary. There is no indication of such an increase at this time.
Backstripping analysis of the Nanpanjiang Basin (Koenig
et al., 2001) and calculation of average sedimentation
rates from the thicknesses of stratigraphic sections on the

GBG, constrained by biostratigraphy and radiometric
ages (Mundil et al., 1996; Bowring et al., 1998; Martin et
al., 2001; Mundil et al., 2004; Muttoni et al., 2004b; Payne
et al., 2004), indicate that average sediment-accumulation
rate at the stage level did not vary by more than a factor of
two or three—much less than observed changes in fossil
abundance.

Although the small, aragonitic shells of bivalves and
gastropods may have been more susceptible to post-mor-
tem destruction than larger, calcitic Permian shells, the
abundance of precipitated, originally aragonitic thrombo-
lites, ooids, and marine cements deposited directly on Ear-
ly Triassic shells suggests rates of dissolution decreased, if
they changed at all, in the Early Triassic. A concern might
be that much of the micrite in Lower Triassic strata is de-
rived from comminuted remains of animal shells. Howev-
er, animal shells are not the primary source of micrite on
modern carbonate platforms, and could not have been the
source of micrite on extensive Precambrian carbonate
platforms. Furthermore, rates of shell crushing (Oji et al.,
2003) and shell-drilling predation (Kowalewski et al.,
1998) apparently were low during the Early Triassic. The
magnitude of the decrease in skeletal abundance is diffi-
cult to account for by the onset of more intense physical or
biological erosion of shells in the Early Triassic, particu-
larly given evidence for reduced rates of biological shell de-
struction and high rates of early marine carbonate precip-
itation.

The low overall abundance of fossil grains on the GBG is
most consistent with decreased abundance of skeletal an-
imals. If so, the long duration of low skeletal abundance
(~3 Ma) precludes any explanation based upon the im-
mediate effects of the end-Permian mass extinction. Even
extremely low rates of population growth, such as 0.1%
per year, would result in full repopulation in much less
than 100 ky. The persistently low skeletal content of GBG
carbonates from the Griesbachian through the Smithian
must reflect persistently low rates of skeletal production.

One implication of this interpretation is that the propor-
tional dominance of mollusks in the Early Triassic benthic
community on the GBG may be at least as much a conse-
quence of the removal of the rest of the fauna as it is an op-
portunistic response to the end-Permian mass extinction.
The proportional dominance of mollusks in Lower Triassic
rocks has been interpreted as an opportunistic response to
Early Triassic environmental and ecological conditions
(Schubert and Bottjer, 1995; Krystyn et al., 2003; Fraiser
and Bottjer, 2004). Although mollusks were the only group
to increase in absolute abundance on the GBG across the
Permian-Triassic boundary, their abundance as a fraction
of rock volume did not increase substantially. In fact, only
within the platform interior did bivalves and gastropods
increase in abundance as a proportion of rock volume.
From the Changhsingian to the Griesbachian, bivalves in-
creased from 0.07% of total rock volume to 0.33% of rock
volume. Gastropods increased from 0.25% to 0.29% of rock
volume—a change that can hardly be viewed as signifi-
cant. Although bivalves are the most abundant fossil
grains in the Griesbachian platform interior, their shells
are less abundant than those of sponges, crinoids, brachio-
pods, bryozoans, dasyclad algae, foraminifera, or Tubiphy-
tes in the Changhsingian. Thus, despite the fact that bi-
valves were the dominant component of Early Triassic as-
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semblages locally, their proportional increase in abun-
dance did not necessarily translate into a significant
increase in standing biomass. This is not to say that bi-
valves and gastropods were unaffected by the extinction.
On the contrary, both experienced substantial extinction,
and the most abundant genera of bivalves and gastropods
in the Early Triassic were not necessarily similarly abun-
dant in the Late Permian (Hallam and Wignall, 1997).
Rather, bivalves and gastropods appear to have increased
in total abundance only slightly, if at all, even if individual
genera increased substantially. Individual shell beds
could represent local, short-term population booms, at the
same time that the low overall abundance of skeletal ma-
terial within entire sections reflects a low mean abun-
dance of organisms averaged over hundreds of thousands
of years. On the other hand, such a scenario is difficult to
distinguish from the concentration of shells by purely sed-
imentary processes.

In principle, increased abundance of soft-bodied ani-
mals could have compensated for decreased abundance of
skeletonized animals. Inferring the abundance of the non-
skeletonized fauna in ancient communities is difficult, but
intensity of bioturbation and the distribution of burrow
sizes can serve as independent indicators of non-mineral-
ized animal biomass in marine benthic communities, at
least for motile organisms. Trace fossils are small and lim-
ited in distribution in Lower Triassic strata in both low-
and high-latitude settings (Pruss and Bottjer, 2004a;
Twitchett, 1999; Twitchett et al., 2001), suggesting that
motile, soft-bodied animals decreased in abundance in
parallel with the animals with hard shells, rather than in-
creasing in response to potentially decreased competition.
The preservation of wrinkle structures from microbial
mats in open-marine settings further reflects low intensi-
ty of grazing and bioturbation (Pruss et al., 2004). The
abundance of non-motile, non-mineralized organisms,
such as sponges and cnidarians, is more challenging to as-
sess; however, the extensive preservation of microbialites
in lowest Triassic carbonates across southern China
(Lehrmann et al., 2003) and elsewhere (Baud et al., 1997;
Sano and Nakashima, 1997) and the widespread occur-
rence of microbial fabrics in siliciclastic beds (Pruss et al.,
2004) suggest that even benthic, non-motile animals could
not have lived in high density over much of the shallow
seafloor, at least not in the immediate aftermath of the ex-
tinction event. Sterol biomarkers for sponges, recovered in
relative abundance from Neoproterozoic and Cambrian
strata, are not found in significant concentrations within
Lower Triassic deposits (McCaffrey et al., 1994). If soft-
bodied animals did increase in abundance during the Ear-
ly Triassic, they were most likely pelagic forms.

Reduced animal biomass through the Early Triassic
could result from two different processes—a decrease in
food availability or a decrease in the efficiency with which
available food was converted into animal biomass. There
are no direct geological proxies for Early Triassic primary
productivity; contrary to a low-productivity scenario
(Twitchett, 2001), however, modeling suggests that evi-
dence for widespread anoxia in Early Triassic oceans
(Wignall and Twitchett, 2002) likely reflects, and may re-
quire, high rates of primary production (Hotinski et al.,
2001). In contrast, three lines of evidence indicate that the
mean metabolic rates of marine benthic invertebrates in-

creased from the Permian to the Early Triassic, a factor
that would decrease animal growth efficiency. Mollusks
dominate Early Triassic fossil assemblages (Tables 5-7;
Boyer et al., 2004; Fraiser and Bottjer, 2004; Schubert and
Bottjer, 1995), and these animals had much higher specif-
ic (i.e., per gram) metabolic rates than dominant Permian
taxa such as sponges, brachiopods, and crinoids (Bam-
bach, 1993). Metabolic rates tend to scale inversely with
size (Schmidt-Nielsen, 1984); therefore, the generally
small size of the Early Triassic fauna (Twitchett, 2001;
Fraiser and Bottjer, 2004; Payne, 2005) also should carry
with it an increase in the mean per-gram metabolic rate.
Additionally, metabolic rates in organisms from bacteria
to animals scale strongly with temperature—the so-called
Q,, effect, long recognized by physiologists (Cossins and
Bowler, 1987); therefore, greenhouse conditions estab-
lished across the Permian-Triassic boundary (Retallack,
1999) would have tended to increase metabolic rates in all
organisms. On average, then, Early Triassic animals may
have had large energenic demand per gram of tissue rela-
tive to their Permian counterparts.

Previous hypotheses for end-Permian catastrophe in-
clude the physiological consequences of sharply elevated
Pqy, (Knoll et al., 1996), which correctly predicts observed
patterns of extinction in the oceans. Elevated CO, levels
are indicated by low stomatal densities on the leaves of
Early Triassic plants (Retallack, 2001; Retallack, 2002)
and may, in fact, be required to explain evidence for ex-
treme warming at this time (Retallack, 1999). Unfortu-
nately, long-term, geochemical proxy models for atmo-
spheric CO, concentrations (e.g., Berner and Kothavala,
2001; Ekart et al., 1999) have insufficient resolution to
track changes in atmospheric CO, through the Early Tri-
assic and, in some cases (e.g., Ekart et al., 1999), are not
constrained by any data from Lower Triassic samples.
Mechanisms potentially responsible for an intermittent or
sustained Early Triassic greenhouse climate and elevated
P, are poorly understood. Siberian Traps eruptions, in
part through interactions with crustal carbonate rocks
and organic deposits, are one potential source of CO,.
However, the bulk of Traps eruptions appear to be con-
tained to a rather brief interval near the Permian—Trias-
sic boundary (Kamo et al., 2003). The size of the methane
clathrate reservoir, the long timescale for clathrate gen-
eration, and the short lifetime of methane in the atmo-
sphere argue against a role for methane clathrates in a
sustained greenhouse climate.

Not previously explored in detail are the interactive ef-
fects of high temperature and physiology. Rates of photo-
synthesis are fundamentally limited by nutrient availabil-
ity, so increased temperature would be unlikely to en-
hance primary productivity. In contrast, the proposed
sharp increase in global temperatures should have de-
creased the growth efficiency and biomass of bacterial het-
erotrophs that are a primary food source for filter-feeding
animals and detritivores (see, e.g., Fang et al., 2005). In
conjunction with this decrease in available bacterial bio-
mass, concomitantly increasing metabolic rates of the an-
imals themselves could account for the substantial de-
crease in animal biomass inferred for Early Triassic
oceans.

Interactions between temperature and physiology may
explain other Early Triassic phenomena as well. The abil-
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ity of the respiratory system to meet increased oxygen de-
mands at higher temperatures limits thermal tolerance in
many animal taxa (Cossins and Bowler, 1987). Tempera-
tures higher than 45°C may present a fundamental limit
to metazoan biology, although the precise upper limit for
long-term viability varies between taxa and depends, in
part, upon the design and efficiency of the respiratory sys-
tem (Cossins and Bowler, 1987). High temperatures could
have limited the recovery of clades with less-adaptable re-
spiratory systems (e.g., sponges, cnidarians, echinoderms,
brachiopods) by pushing cellular oxygen demand beyond
the capacity of their respiratory systems, an effect exacer-
bated to varying degrees by the direct effects of CO, on the
capacity of respiratory pigments to carry oxygen (the Bohr
effect; Jensen, 2004). Greenhouse conditions also would
decrease oxygen solubility (Hotinski et al., 2001), explain-
ing geological evidence for widespread anoxia at this time
(Wignall and Twitchett, 2002), which would have provided
an additional respiratory stress on marine animals. A
combination of high temperatures, high P,, and low ox-
ygen concentrations may help to explain the dominance of
mollusks in nearly all Early Triassic marine communities,
particularly at low paleolatitudes (Fraiser and Bottjer,
2004; Schubert and Bottjer, 1995; Twitchett et al., 2004).
Evidence for more rapid recovery in high-latitude settings
(e.g., Zonneveld et al., 2002), and the occurrence of tropical
Permian taxa at high paleolatitudes in Lower Triassic
rocks (e.g., Retallack, 2002) also are consistent with this
scenario. Increased rates of microbial respiration at high
temperatures may account for the absence of coal (Retal-
lack et al., 1996) in Lower Triassic terrestrial strata.

Pattern and Timing of Global Biotic Recovery

Studies of the Triassic recovery interval have provided
data on several independent metrics of recovery, such as
global biodiversity (Erwin, 1993), diversity and relative
abundance of taxa in local communities (Schubert and
Bottjer, 1995; Rodland and Bottjer, 2001; Boyer et al.,
2004; Twitchett et al., 2004), the size distribution of organ-
isms regionally (Fraiser and Bottjer, 2004) and globally
(Payne, 2005), patterns of sedimentation (e.g., Baud et al.,
1997; Lehrmann et al., 2003; Pruss, 2004), and the abun-
dance of animals in marine communities (this study).
Each of these metrics indicates that measurable recovery
did not begin until the Spathian at the earliest, confirming
in much greater detail the long-recognized delay of biotic
recovery until the Middle Triassic (e.g., Stanley, 1988;
Stanley, 1990; Hallam, 1991).

A major remaining issue is the degree to which recovery
during the Early Triassic was gradational or geographi-
cally heterogeneous. This question is particularly chal-
lenging because at finer spatial and temporal resolutions,
local artifacts of environment, sampling strategy, and ta-
phonomy are more likely to influence the local recovery
pattern. These types of influences are apparent on the
GBG in the differences in proportional abundance of mol-
lusks and crinoids between the platform interior and the
basin margin during the Early Triassic, and the differenc-
es in fossil occurrence and abundance patterns among dif-
ferent lithofacies in the platform interior. Taken as a
whole, however, the biota on the GBG appears stable at

the substage level, especially from the Griesbachian
through the Smithian.

Recently, Twitchett et al. (2004) proposed a four-stage
model of recovery from the end-Permian extinction, and
suggested that the pace of recovery differed among locali-
ties. The primary distinction among the first three stages
of recovery in their model is local diversity, with stages
one through three characterized by 0-5, 5-10, and 10 or
more taxa, respectively. They argued that the relatively
diverse fauna found in a Griesbachian to Dienerian shal-
low-water carbonate section from Oman represents locally
accelerated recovery in the absence of anoxic conditions
more prevalent in other areas. The heterogeneity of fossil
content among individual beds and lithofacies on the GBG
that, in aggregate, actually represent a stable set of organ-
isms throughout the Early Triassic suggests that Twitch-
ett et al.’s (2004) interpretation of their data using their
four-stage recovery model may confuse facies-related con-
trols on local diversity with ecological and evolutionary
controls on global recovery. On the GBG, at least nine
metazoan taxa are distinguishable in thin section for all
substages of the Early Triassic (online Appendix). Preser-
vation adequate for genus-level classification almost cer-
tainly would lead to the identification of more than ten
genera in all cases. Second, identifiable crinoid ossicles oc-
cur in all substages except the Dienerian on the GBG. This
observation is not a surprise, given that crinoids survived
the end-Permian extinction, but it highlights the fact that
the minimal epifaunal tiering that Twitchett et al. (2004)
attributed to their third stage of recovery likely existed
throughout the Early Triassic. Even if purported increas-
es in the diversity and ecological structure of communities
through the Early Triassic are not merely the results of lo-
cal environmental controls, the stark differences in size,
abundance, and composition of skeletal grains on the GBG
and elsewhere between the earlier Triassic and the Spa-
thian—Anisian recovery interval emphasize that the Mid-
dle Triassic recovery far exceeds any recovery observed
within Lower Triassic strata.

CONCLUSIONS

Analysis of skeletal abundance of major invertebrate
and algal groups on the Great Bank of Guizhou, from the
Late Permian through Middle Triassic, demonstrates that
it is possible both to determine the proportional contribu-
tion of various taxa to platform accumulation, and to track
changes in fossil abundance, diversity, and composition
across an environmental gradient from the platform inte-
rior to the basin margin. A decrease in fossil diversity and
abundance across the Permian-Triassic boundary is ob-
served at all scales, from individual thin sections to the en-
tire carbonate platform. The Late Permian fauna was
dominated by calcareous sponges, crinoids, and brachio-
pods, and included many subordinate taxa. Early and
Middle Triassic communities on the GBG, even in the im-
mediate aftermath of the extinction, were dominated by
small mollusks, with increasing abundance of crinoids be-
ginning in the Spathian. On the GBG, the primary in-
crease in diversity and abundance was confined to a brief
interval late in the Spathian and early in the Anisian, and
was concentrated primarily along the platform margin.
Middle Triassic diversification, the return of calcareous al-
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gae, and the appearance of scleractinian corals are ob-
served on the GBG, but they do not substantially alter the
pattern established at the base of the Anisian of a biota
dominated by mollusks, crinoids, and Tubiphytes.

The low abundance of skeletal grains in Lower Triassic
strata can help to explain several phenomena. The abun-
dance of micrite, microbialites, and large ooids, similar to
Neoproterozoic carbonates, results from the removal of the
skeletal sink for calcium carbonate, and may reflect a re-
turn of oceanic carbonate chemistry to conditions that had
not been widely experienced for nearly 300 million years.
Animals with hard skeletons remained at low abundance
from the time of the end-Permian extinction through
much of the Early Triassic. Therefore, the high propor-
tional abundance of bivalves and gastropods in Lower Tri-
assic strata is as much a consequence of the removal of
other sources of biotic skeletal material as an opportunis-
tic response to the empty Early Triassic ecosystems. Geo-
graphically widespread data on the absolute abundance of
fossil grains generally, and mollusks in particular, from
Upper Permian and Lower and Middle Triassic strata
should provide new insights that will better constrain the
ecological processes underlying the recovery of biotic di-
versity and abundance following the greatest crisis in the
history of animal life.

Fossil-abundance data from the GBG demonstrate the
possibility of tracking both the relative and absolute abun-
dance of fossil grains through the entire recovery interval
following the end-Permian mass extinction. Such data not
only may enrich understanding of the ecological and evo-
lutionary processes governing biotic recovery from the
end-Permian mass extinction, but also provide a new ave-
nue of progress in tracing changes in the abundance and
composition of the biota in marine benthic communities
through Phanerozoic time.
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