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Abstract

During the earliest Triassic microbial mats flourished in the photic zones of mar-
ginal seas, generating widespread microbialites. It has been suggested that anoxic
conditions in shallow marine environments, linked to the end-Permian mass extinc-
tion, limited mat-inhibiting metazoans allowing for this microbialite expansion.
The presence of a diverse suite of proxies indicating oxygenated shallow sea-water
conditions (metazoan fossils, biomarkers and redox proxies) from microbialite suc-
cessions have, however, challenged the inference of anoxic conditions. Here, the
distribution and faunal composition of Griesbachian microbialites from China, Iran,
Turkey, Armenia, Slovenia and Hungary are investigated to determine the factors
that allowed microbialite-forming microbial mats to flourish following the end-
Permian crisis. The results presented here show that Neotethyan microbial buildups
record a unique faunal association due to the presence of keratose sponges, while the
Palaeotethyan buildups have a higher proportion of molluscs and the foraminifera
Earlandia. The distribution of the faunal components within the microbial fabrics
suggests that, except for the keratose sponges and some microconchids, most of the

metazoans were transported into the microbial framework via wave currents. The
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microbialites.

KEYWORDS

1 | INTRODUCTION

Some biotic crises and mass extinction events are associated
with the globally widespread replacement of skeletal carbon-
ates with microbialites (Schubert and Bottjer, 1992; Baud et
al., 1997, 2007; Pruss and Bottjer, 2004; Sheehan and Harris,
2004; Sremac et al., 2016; Yao et al., 2016). Microbialite pro-
liferation following the end-Permian mass extinction—the
most catastrophic extinction event of the Phanerozoic—te-
sulted in the development of thick microbialite successions
and reefal microbial buildups, which covered large areas
of the Early Triassic ocean margins (Kershaw et al., 2012;
Martindale et al., 2019). The circumstances that allowed mi-
crobialite-forming microbial mats to flourish and dominate
post-extinction successions are, however, poorly understood.
For Precambrian microbialites, the upwelling of anoxic, al-
kaline waters onto the shelf was hypothesized to have led to
conditions that were greatly supersaturated with respect to
calcium carbonate, favouring widespread microbialite de-
velopment (Grotzinger and Knoll, 1995). In the case of the
Precambrian, deep waters of stratified seas were posited to
have been anoxic and carbonate alkalinity was supposedly in-
creased by bacterial sulphate reduction. This model of micro-
bialite development has also been applied to the development
of microbialites in the Early Triassic and has been used to
explain the end-Permian mass extinction event (Kershaw et
al., 1999, 2018; Pruss et al., 2006; Mata and Bottjer, 2011,
2012).

The presence of metazoans intolerant of low-oxygen con-
ditions within the Early Triassic microbialites has challenged
this view and suggests that microbialites formed under oxic
conditions (Wignall and Twitchett, 2002; Marenco et al.,
2012; Tang et al., 2017) or that metazoans lived in a biologi-
cal refuge facilitated by microbial mats (Forel et al., 2013b).
The upwelling of anoxic water hypothesis has also been chal-
lenged for the Early Triassic because one expectation is that
microbialite successions on the edge of isolated platforms
with greater exposure to upwelling should hypothetically be
thicker than on the platform interior, which is not consistent

presence of both microbialites and metazoan associations were limited to oxygenated
settings, suggesting that a factor other than anoxia resulted in a relaxation of ecologi-
cal constraints following the mass extinction event. It is inferred that the end-Permian
mass extinction event decreased the diversity and abundance of metazoans to the
point of significantly reducing competition, allowing photosynthesis-based microbial

mats to flourish in shallow water settings and resulting in the formation of widespread

Competitive exclusion, Permian/Triassic, mass extinction, microbialites, palaeoecology

with observations from China (Lehrmann et al., 2015).
Clearly, evaluating the mechanisms responsible for the high
abundance of microbialites during the Early Triassic remains
a source of considerable debate (Bagherpour et al., 2017;
Friesenbichler et al., 2018).

Reported here are the results of an investigation into the
spatial and faunal composition of microbialite successions
from China, Iran, Turkey, Armenia, Slovenia, and Hungary
(Figure 1). Focus was placed on Tethyan microbialites that
formed at the base of the Triassic (Griesbachian substage)
from the Hindeodus parvus to the Isarcicella isarcica cono-
dont zones (except in the Chanakhchi Hill (Armenia) and
Baghuk sections (central Iran), which developed from the
H. parvus to Sweetospathodus kummeli Zones) (Figure 2).
This work also builds on previous detailed stratigraphic,
geographic and depositional frameworks that have been
developed for these locations (Baud et al., 1997, 2005,
2007; Richoz, 2006; Hips and Haas, 2006; Insalaco et al.,
2006; Richoz et al., 2010; Kershaw et al., 2011; Leda et al.,
2014; Lehrmann et al., 2015; Kolar-Jurkovsek et al., 2018,;
Friesenbichler et al., 2018) to investigate the environmental
conditions that permitted the development of globally wide-
spread microbialites during the Early Triassic.

2 | STUDY SECTIONS AND
METHODS

Twenty-one stratigraphic sections with microbialites that de-
veloped immediately following the end-Permian mass extinc-
tion event were logged and sampled; these include sections
in China (Great Bank of Guizhou: Youjianzhai, Xingbaihe,
Dongjiawen, Houchang, Dawen, Dajiang, Longbai, and
Rongbao sections), south-west Iran (Zagros Mountains: Kuh-
e-Surmeh and Kuh-e-Dena sections), central Iran (Shahreza
and Baghuk Mountain sections), Turkey (Ciiriik Dag and
Oznur Tepee sections), Armenia (Chanakhchi Hill and Ogbin
sections), Slovenia (Masore, Idrijca, and Vojsko sections)
and Hungary (Balvany-North and Balvany-East sections);
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FIGURE 1

Palacogeographical map showing the location of known microbialite successions following the end-Permian mass extinction. 1:

Nevada and Utah (USA), 2: Greenland, 3: northern Italy and Slovenia, 4: Hungary, 5: Caucasus, 6: central Iran and Armenia, 7: South China and
Vietnam, 8: southern Japan, 9: southern Turkey, 10: southwest Iran, UAE and Oman, 11: Madagascar. Palacomap after Golonka (2002) and the
location of significant microbialite successions (i.e., biostromes and reefs) modified after Martindale et al. (2019). Circles correspond to localities

known to record microbialites but not sampled in this study. Colours correspond to the different ages of the microbialites

see Figure S1 for logs of these sections. A total of 125 large
thin sections were made from hand samples. The 48 samples
from the Great Bank of Guizhou (China) were made into pol-
ished slabs.

Bioclasts were counted by placing an acetate sheet that
had been divided into 5 mm square divisions over the en-
tire thin section of each sample. All the bioclasts within each
quadrant were identified to measure taxonomic richness and
tallied to obtain abundance data. In this study, taxonomic
identifications are mostly confined to class-level, compara-
ble to Early and Middle Triassic investigations (Payne ef al.,
2006; Jacobsen et al., 2011; Yang et al., 2011). The samples
varied in size, with the number of 5 mm square divisions
ranging from 26 to 422 squares. Nevertheless, a cross plot
between sample size and species richness (Figure S2) shows
that sample size did not affect the observed richness.

Palaecoecological analyses were limited to benthic marine
invertebrates and foraminifera. Volume (i.e., the number of
squares each taxon occurred in) was used to calculate rela-
tive abundances, as this allows different groups of animals
that develop differently (i.e., solitary vs. colonial organisms)
and organisms of different sizes to be compared fairly. The
Kruskal-Wallis test was used to statistically test the differ-
ences in the median diversity between different groups of
samples. A non-metric multidimensional scaling (nMDS)
was then applied to visualize trends and groupings of the
samples. For the nMDS, samples with no bioclasts were re-
moved because such samples would have zero similarity to
fossiliferous samples and would plot randomly in an ordina-
tion. Relative, rather than absolute, abundances were used, as

preservation varies between samples. Most of the samples are
dominated by a few taxa, and so the relative abundance data
were square-root transformed to de-emphasize the influence
of the most dominant taxon. A Bray—Curtis similarity matrix
was then applied to recognize those taxa that tend to co-oc-
cur in samples of similar taxonomic compositions. Statistical
analysis and visualization was done using the ‘vegan’, and
‘ggplot2’ packages in R (R Core Team, 2017).

3 | GEOLOGICAL AND
PALAEOENVIRONMENTAL
SETTING

The Great Bank of Guizhou, China, is an exceptionally
well-exposed ~600 km? isolated platform that formed in the
Nanpanjiang Basin in the eastern Palacotethys. Due to the
platform being exhumed with its depositional profile pre-
served, the mechanisms involved in its development can
be reconstructed from numerous sections (Lehrmann et al.,
1998). The Great Bank of Guizhou is one of many isolated
platforms known from the Nanpanjiang Basin, but records
one of the thickest Griesbachian microbialite successions (up
to 19 m thick; Figure S1). The microbialites that make up the
succession can be characterized broadly as one of three types:
both stromatolite or thrombolite biostromes and isolated
thrombolitic domes with individual thicknesses that range
from a few centimetres up to 1.5 m (Figure 3). There are also
localized domes within the biostromes that formed small top-
ographic highs on the seafloor. The microbial buildups on the
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FIGURE 2 Stratigraphic correlation of the microbialite

successions investigated in this study and the development of the
hypothesized drivers of extinction. The microbialites investigated in
this study are symbolized by the vertical green bars. The hypothesized
duration of ocean acidification and timing of a subsequent carbonate
overshoot after cGENIE Earth-system model (Cui et al., 2013). The
duration of widespread oceanic anoxia is based on the Permian—

238 isotope perturbation after Brennecka et al. (2011)

Triassic uranium
and Lau et al. (2016). Data for the correlation of microbialites is
discussed in the text and shown in the stratigraphic logs for each
section in Figure S1. Radiometric ages are based on U/Pb dates

after Burgess ef al. (2014). Conodont biostratigraphy from the P/

Tr boundary GSSP after Yuan et al. (2014): C. yini = Clarkina yini,

a = C. meishanensis, b = H. changxingensis — C. zhejiangensis,

¢ = Hindeodus parvus; d = Isarcicella staeschei, and conodont unitary
associations (UAZLI to 5) after Brosse et al. (2016). Extinction interval

is shown as a horizontal grey bar following Wang et al. (2014)

Great Bank of Guizhou occur within a narrow range of envi-
ronmental conditions. The thickest microbialite successions
occur on the inner platform and are intercalated with oolitic
and skeletal packstones and grainstones that contain a di-
verse, para-autochthonous assemblage (Foster et al., 2019a).
Cross-bedding can be recognized in the grainstones that
drape over the microbialites. In addition, disarticulated shells
are randomly orientated within the microbialites, and are in-
terpreted to have been transported in a storm wave-agitated
environment. In contrast, in sections that were closer to the
platform margin, such as at Rongbao, the microbialite unit
is thinner and is interpreted to have formed in deeper (and
thus quieter) settings, closer to storm weather wave base. The
distribution of microbialites from the H. parvus Zone on the
Great Bank of Guizhou also differ to the younger Dienerian
microbialites, which are limited to shallower settings on the
lower part of an intertidal flat (Lehrmann et al., 2001).

In sections distal to the Great Bank of Guizhou, which re-
cord deposition well below wave base, microbialites have not

been recognized (Lehrmann et al., 1998; Yan et al., 2013).
In these sections, bottom-water anoxia is indicated by lami-
nated shales, geochemical proxies (i.e., thorium/uranium ra-
tios, positive cerium anomalies; Song et al., 2012), and the
presence of the dysoxia-tolerant bivalve Claraia (Lehrmann
et al., 1998; Huang et al., 2018). In addition, the development
of microbialites on the Great Bank of Guizhou temporarily
ceased (i.e., at the top of the basal microbialite unit) follow-
ing a sea-level rise and deepening of the settings below wave
base. This has also been recognized across the whole of the
Nanpanjiang Basin (Kershaw et al., 2012; Bagherpour et al.,
2017), with the overlying deposits being made up of lami-
nated carbonate mudstones and laminated brown siltstones
interpreted to reflect deposition in a low-energy, anoxic set-
ting. In some sections, deposition above storm weather wave
base was restored within a few metres, but the formation of
microbialites in shallow subtidal settings was replaced by
thick oolitic shoals (e.g. Houchang), or skeletal packstones
(e.g. Heping). This suggests that the environmental condi-
tions favourable for the formation of widespread microbial
frameworks in shallow subtidal environments were no longer
present on the Great Bank of Guizhou after the H. parvus
Zone.

The microbial buildups in Ciiriik Dag (Turkey), Kuh-
e-Surmeh, and Kuh-e-Dena (Zagros, south-west Iran) also
represent deposition above storm wave base, but on a plat-
form setting on the south-west margin of the Neotethys
Ocean (Figures 1 and 3B). The microbialite unit at Ciiriik
Dag is 14 m thick and is represented by stromatolites and
thrombolites, which are intercalated with oolitic packstones
and grainstones (Figure S1). The relief of individual micro-
bial-metazoan bioherms reaches up to ~2.5 m. Their deposi-
tion is interpreted to have occurred around fair weather wave
base (Baud er al., 2005; Kershaw et al., 2011). At Kuh-e-
Surmeh the microbialites are exclusively thrombolitic,
whereas at Kuh-e-Dena they are mainly digitate stromato-
lites or thrombolitic. At Kuh-e-Surmeh and Kuh-e-Dena the
microbialites are ~3 and ~6 m thick, respectively. At Kuh-
e-Dena there are interlayers in between microbial bioherms
(up to 1.5 m), with hummocky cross-stratified grainstones,
which indicates a depositional setting above storm wave
base. The fauna within the microbial buildups also appears
to be transported and concentrated in the surrounding matrix
and in cavities of the microbial buildups (Figure 4). Based
on conodont stratigraphy, the microbialites in the Zagros
Mountains are older than at Ciiriik Dag, with the former de-
veloping during the H. parvus Zone, whereas in Ciiriik Dag,
the thickness of the H. parvus Zone is reduced to only a few
centimetres and the microbialites are from the mid-Griesba-
chian I. isarcica Zone (Richoz, 2006; Heindel et al., 2018).
Carbon isotope profiles of the Zagros Mountains and Ciiriik
Dag sections, however, suggest that deposition of microbi-
alites is contemporaneous in both regions (Richoz, 2006;
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Schematic showing the palaecoenvironmental distribution of the Permian/Triassic boundary microbialites. fwwb = fair weather

wave base, swwb = storm weather wave base. Arrows indicate wave-driven ocean circulation

Richoz et al., 2010) and, consequently, /. isarcica may have
appeared earlier in Ciiriik Dag than in other microbialite
bearing sections.

The carbonate lithologies studied in Hungary and
Slovenia were deposited on a vast mixed carbonate-siliciclas-
tic ramp in the western Palaeotethys, and are interpreted to
have been deposited around or below storm wave base (Hips
and Haas, 2006; Aljinovi¢ et al., 2018; Kolar-Jurkovsek et
al., 2018). The stromatolites found in Hungary and Slovenia
are submillimetre alternations of putative microbial precip-
itates (dense or clotted micrite laminae) and homogenous,
finely crystalline (microsparitic) laminae, possibly detrital
in origin. Thus, the succession of inferred microbial precipi-
tates is punctuated by detrital carbonate laminae or interlay-
ers. Detrital components commonly fill the space between
the dense micritic elements, or loose, reworked microbial
fragments are contained in the detrital laminae. The detri-
tal laminae also contain randomly oriented ostracod, fora-
minifera, bivalve and gastropod fossils. Thus, winnowing of
microbial mats by constant weak currents has been inferred
(Hips and Haas, 2006; Kolar-Jurkovsek ez al., 2018). In ad-
dition, the distribution of the fossils, which is confined to the

thin detrital laminae, suggest an allochthonous origin and
reflects offshore transportation of bioclasts by weak storm
currents around storm wave base. These lithologies devel-
oped during the Hindeodus praeparvus and H. parvus zones
(both in Hungary and Slovenia) and in Slovenia extend up
through the I. isarcica Zone, associated with the mass extinc-
tion event (Sudar et al., 2008; Kolar-Jurkovsek et al., 2018).
In the Biikk Mountains (Hungary), the laminated carbonate
rocks are overlain by a thick mudstone unit that is interpreted
to represent a transgression, resulting in deeper, low-energy,
dysoxic or anoxic settings (Hips and Haas, 2006). The mi-
crobialite beds disappear in this interval, and, therefore, it is
believed that the parent microbial mats grew near the limit of
their environmental tolerance.

The central Iran and Armenia sections represent deposi-
tion on the western margin of the Cimmerian microcontinent
between the Neotethys and Palaeotethys oceans (Figure 1).
These sections are characterized by a non-calcareous ‘bound-
ary clay’ that grades into a ‘boundary marl’ that formed im-
mediately after the mass extinction event (Richoz et al., 2010;
Ghaderi et al., 2014; Schobben et al., 2016). The boundary
clay is overlain by platy lime mudstones that intercalated
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FIGURE 4 Substrate selectivity of metazoans in the Permian/Triassic boundary microbialites. (A) Comparison of the number of bioclasts

recorded from the microbial and non-microbial fabrics of the studied samples. The solid black lines inside the boxes represent the medians, the

x inside the boxes show the mean, the top and bottom edges of the boxes correspond to the first and third quartiles, and whiskers represent the
lowest and highest datum within 1.5 times the interquartile range. Only samples with both microbial and non-microbial fabrics are included. (B-F)
Examples of microbialite fabrics and distribution of fossils in microbialite samples. (B) Accumulation of ostracods (O) in micrite surrounding the

thrombolitic fabric (MB) from the Zagros Mountains, south-west Iran. (C) Microbial laminae from the Biikk Mountains, Hungary, with rare fossils.
(D) Digitate stromatolite from Shahreza, central Iran. (E) Accumulation of reworked microconchids (M) in the thrombolite fabric (MB) and a
gastropod (G) in the surrounding micrite, Zagros Mountains, south-west Iran. (F) Randomly orientated bivalves (B), echinoids (E), ostracods (O)
and microconchids (M) in the micrite surrounding the thrombolitic fabric (MB), Great Bank of Guizhou, South China. Scale bars = 1 mm, except

in C, which is 0.5 mm

with microbialites and abiotic crystal fans (Figure S1), rep-
resenting deposition on a low-relief distal carbonate platform
below fair weather wave base (Figure 3).

In the Armenian section, microbialites are particularly
abundant and range in size from small domes a few centi-
metres in thickness to large domes up to 4 m in height in
the Ogbin section and 12 m in the Chanakhchi Hill section
(see also Friesenbichler et al., 2018). Conodont stratigra-
phy revealed that the microbialites formed from the earliest
Griesbachian H. parvus to the Dienerian S. kummeli conodont
Zone (Zakharov et al., 2005), but the larger structures formed
during the Griesbachian (Zakharov et al., 2005). Towards the
upper part of the microbialite succession, packstones become
more abundant, containing relatively large bellerophontids
larger than 10 mm.

In the Shahreza and Baghuk sections (central Iran), the
microbialites are thinner than in Armenia, and do not exceed
2 m in height (Baud et al., 2007) (Figure S1). Conodonts
are only known from the basal 4 m of the Shahreza section,
which indicates that the lower microbialite developed from

the post-extinction H. praeparvus to 1. isarcica conodont
zones (Kozur, 2005; Richoz et al., 2010), whilst the micro-
bialites that developed at 8 and 19 m in the Shahreza sec-
tion likely developed in the middle to late Griesbachian. The
microbialites from the Baghuk section have previously been
described as poorly structured thrombolites and cryptic mi-
crobialites (Leda ef al., 2014), but are dominantly structures
made up of columns of radial crystal fans. In addition, radial
crystal fan structures that form ‘mushroom’ shapes occur in
association with small (~1 cm) columnar stromatolites, but
whether the mushroom structures have a microbial origin
is equivocal. The microbialites from Ogbin, Chanakhchi,
Shahreza and Baghuk all differ in composition from micro-
bialites from the Great Bank of Guizhou, Zagros Mountains,
Ciiriik Dag, Hungary and Slovenia in having a higher propor-
tion of digitate stromatolites and crystal fans. Furthermore,
small mounds just above the extinction horizon at the Baghuk
Mountain, Shahreza, Ogbin and Chanakhchi sections are ex-
clusively made up of digitate stromatolites and radial crystal
fans.
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4 | FAUNAL COMPOSITION
OF POST-EXTINCTION
MICROBIALITES

In all of the investigated localities, independent of region
and stratigraphic level, the microbialites contain a high-
abundance assemblage of ostracods, microconchids, gas-
tropods, bivalves and foraminifera, which have already
been previously recognized (Baud et al., 1997; Forel et al.,
2009, 2013a; Yang et al., 2011; Foster et al., 2018). These
results show significant separation between the different in-
vestigated regions with the samples plotting into three main
groups (Figure 5A). The faunal composition of the microbi-
alites in southwest Iran, Armenia, and Turkey, representing
Neotethyan sections, are dominated by keratose sponges and,
to a lesser extent, by microconchids, ostracods and the ag-
glutinated foraminifera Earlandia (Dataset S1). In the field,
keratose sponges are also observed as being abundant in cen-
tral Iran (Shahreza and the Baghuk Mountains). Where the
keratose sponges are absent, the Neotethyan samples display
a closer relationship to the Great Bank of Guizhou assem-
blages dominated by ostracods, gastropods, microconchids
and bivalves. The Great Bank of Guizhou microbialites also
contain abundant echinoid spines, which appear to be unique
to China. They are also significantly more diverse than the
microbialites elsewhere (p < 0.05; Figure 5B).

The third distinct group includes the microbialite-meta-
zoan associations from Hungary and Slovenia (Figure 5A).
The diversity of these associations is also significantly less
than the microbialite successions found elsewhere, except for
central Iran (Figure 5B). In addition, >80% of the fossil as-
semblage is dominated by ostracods and Earlandia; thus, the
biogenic composition of these samples is relatively homo-
geneous. Despite the microbialites being relatively diverse
when compared to some contemporaneous level-bottom

successions, for example, Mazzin Member, Italy (Foster et
al., 2017), these faunas are still impoverished and record
small sizes (typically <2 mm). It is the small size of each
individual contributor that allows a high concentration of
fossils to be recorded in the microbialite samples. In addi-
tion, except for the keratose sponges, the fossils are randomly
orientated, disarticulated and commonly concentrated in the
micrite surrounding the microbial fabric (Figure 4). This pat-
tern is interpreted to reflect winnowing of fossils into the mi-
crobialites, rather than in situ preservation.

5 | DISCUSSION

It has been suggested that the upwelling of anoxic water into
shallow subtidal settings drove the end-Permian mass extinc-
tion event, excluding some metazoans, and created alkaline
conditions allowing microbial mats to flourish (Kershaw
etal., 1999, 2007; Pruss et al., 2006; Mata and Bottjer, 2011).
Furthermore, it has been suggested that because compara-
tively high-diversity Griesbachian assemblages occur in the
absence of microbialites that microbialites are restricted to
anoxic environments (Kershaw et al., 2007). The upwelling
of anoxic-waters scenario was also favoured because anoxic
waters in stratified seas and lakes record elevated bicarbo-
nate-rich conditions due to bacterial sulphate reduction—a
mechanism that has also been inferred for Early Triassic
oceans (see Schobben et al., 2015)—and ammonia formation
(Grotzinger and Knoll, 1995; Sun et al., 2019), which would
have favoured microbialite development through an increase
in seawater alkalinity.

The upwelling of alkaline waters onto the shelf is not
thought necessary for the development of microbialites
after the mass extinction event. The microbial communi-
ties that formed the microbialites created local carbonate
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supersaturation (Friesenbichler et al., 2018) or favoured min-
eralization by interactions of solutes with bacterial extracel-
lular polymeric substances (Dupraz et al., 2009), allowing the
lithification of microbial mats and microbialite development
in the absence of critically supersaturated seawater (Riding,
2006). Furthermore, shortly after the end-Permian mass
extinction, an ‘alkalinity overshoot’ would have driven car-
bonate saturation states up. The alkalinity overshoot would
have resulted from the large volumes of carbon dioxide emit-
ted into the atmosphere (Kump et al., 2009) by the Siberian
Traps volcanism; elevated carbon in the atmosphere led to
dissolution of carbonate sediment and the retention of dis-
solved carbonate in seawater, which subsequently resulted in
the development of carbonate supersaturation following the
Permian/Triassic (P/Tr) boundary (Cui et al., 2015) (Figure
2). Alternatively, the elimination of the abundant skeletal
carbonates during the mass extinction may have also caused
or contributed to a rise in seawater alkalinity (Zhuravlev and
Wood, 2009) that would have favoured the lithification of mi-
crobial mats.

Despite the inference of anoxic conditions, Early Triassic
microbialites are associated with relatively high-diversities
of benthic invertebrates intolerant of low-oxygen conditions,
for example, ostracods and echinoderms (Yang et al., 2011;
Marenco et al., 2012; Forel et al., 2013b; Hautmann et al.,
2015; Pietsch et al., 2016; Foster et al., 2018) (Figure 5).
The presence of such obligate aerobes was not used to fal-
sify anoxic conditions, but instead, the microbial mat com-
munities that precipitated the buildups were interpreted as
unique oxygenated refugia in otherwise anoxic settings; this
is known as the microbialite refuge hypothesis (Forel et al.,
2013b). Even though microbial mats can provide oxygenated
refugia in hypoxic and anoxic environments (Gingras et al.,
2011), the fauna that occurs in the Early Triassic microbial-
ites are mostly not animals that can live within a microbial
mat (Foster et al., 2019a). In addition, the fossils within the
microbialites are allochthonous and have been transported
around and into the microbial frameworks, thus the animals
did not apparently live within the microbial mats (Foster et
al., 2019b) (Figure 4). Together, these observations allow for
a rejection of the hypothesis that the microbialites were oxy-
genated refugia in an otherwise anoxic setting following the
end-Permian mass extinction event.

Contrary to this evidence, pyrite framboid size-frequency
distributions have been used to infer dysoxic water column
conditions during the development of P/Tr boundary micro-
bialites in South China (Liao et al., 2010, 2017; Wang et al.,
2016). The size-range of pyrite framboids recorded from the
Early Triassic microbialites does not, however, indicate dys-
oxic water column conditions as similar-sized pyrite fram-
boids can develop due to microbial processes within the
sediment (Schieber, 2002) and can occur within microbial-
ite-forming microbial mats (Cavalazzi et al., 2007; Heindel

et al., 2012). The co-occurrence of mostly allochthonous
fossils and the microbialites also does not necessarily reject
the hypothesis that microbialites formed in dysoxic—anoxic
conditions, as the metazoans would not have lived in the
same habitat. Redox proxies from the Griesbachian microbi-
alite successions, that is, redox-sensitive trace metals (Loope
et al., 2013; Collin et al., 2014), lipid biomarkers (Chen et
al., 2011; Heindel et al., 2018), and both total organic car-
bon and total sulphur contents (Tang ef al., 2017), however,
have also been used to infer oxygenated sea-water conditions.
Consequently, these redox proxies also suggest that pyrite
framboid size distributions in Early Triassic microbialites
cannot unequivocally be used to infer water column condi-
tions. Early Triassic microbialites, therefore, likely devel-
oped in marine settings with an oxygenated water column,
which explains why microbialites and metazoans co-occur in
shallow subtidal settings.

The microbialites from South China, southwest Iran,
Turkey (all this study) and Japan (Sano et al., 1997) are re-
stricted to wave agitated settings, signifying that oxygenation
of the seafloor by waves promoted the diverse metazoan
community associated with microbialite-forming microbial
mats. The distribution of microbialites on the wave-aerated
seafloor would have been locally and regionally variable de-
pending on factors such as dissolved inorganic carbon, sedi-
mentation rates, light penetration and grazing. In contrast, the
microbialites investigated in Hungary, Slovenia, Armenia and
central Iran occur in deeper settings close to storm weather
wave base. In Hungary and Slovenia, the fossils are concen-
trated along thin laminae, and as sea-level rose the micro-
bial laminae and fauna disappeared (Hips and Haas, 2006).
This, therefore, implies that even though the microbialites
contain a diverse fauna, storm-induced currents transported
and introduced the allochthonous fauna to the microbialites.
In Armenia and central Iran, there is currently no evidence
for the development of anoxic conditions, and oxygenated
bottom currents on the homoclinal platform have been pro-
posed for the Griesbachian (Leda et al., 2014; Friesenbichler
et al., 2018). The restriction of microbialites to shallow water
environments is inferred to represent the restriction of the
microbial communities to the photic zone. Primary produc-
tion in the composite microbial mats was driven by oxygenic
photosynthesis, which is consistent with lipid biomarkers and
putative fossils of cyanobacteria (Yang et al., 2011; Wu et al.,
2014; Heindel et al., 2018).

Other environmental stressors that would have suppressed
mat-inhibiting metazoans in shallow marine environments
include periods of high salinity (Heindel et al., 2018), eu-
trophication (Meyer et al., 2011; Schobben et al., 2015) and
high temperatures (Sun et al., 2012; Schobben et al., 2014).
Despite these stressors, shallow marine environments re-
cord relatively high-diversity communities following the
mass extinction event (Figure 5) and thus it is inferred that
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environmental stressors did not reach lethal levels for all meta-
zoans. Conversely, some of the relatively abundant metazoans
within the microbialites include grazers (e.g., bellerophon-
tids), which suggests that mat-inhibitors were present, but not
at microbialite suppressing abundances. The delayed recov-
ery of metazoans following the end-Permian mass extinction
might also be a consequence of the magnitude of species loss
itself, whereby the initial recovery of competition-stimulated
diversification rates and the sedimentary mixed-layer was de-
layed due to reduced competition (Erwin, 2001; Pruss ef al.,
2006; Hautmann et al., 2015; Hofmann, 2016).

It is hypothesized here that the impact of the extinction
event on the abundance of metazoans caused a relaxation
of ecological constraints and consequently allowed micro-
bialite-generating microbial mats to flourish. A significant
reduction in metazoan abundance would have led to a lack of
competition for space and resources during the Griesbachian
and would explain why microbialites were able to develop.
Previous studies also attributed the proliferation of Spathian
microbialites to the loss of ecosystem engineers (such as
grazers) that are inferred to limit microbialite development
(Schubert and Bottjer, 1992; Pruss and Bottjer, 2004). Grazers
are, however, present within the P/Tr boundary microbialites
and, therefore, must not have been abundant enough to limit
microbialite development. Furthermore, this explanation may
demonstrate why the first phase of microbialite proliferation
ended in the late Griesbachian and Dienerian: competing
shallow marine benthic communities from this interval are
interpreted to represent initial recovery from the mass extinc-
tion (Hofmann et al., 2011; Foster et al., 2017). The keratose
sponges recorded within the microbialites are interpreted as
r-strategists, and during ‘background times’ they also occur
in association with microbialites and are limited to settings
associated with less favourable conditions (Luo and Reitner,
2014). The presence of keratose sponges in the absence of
microbialites in central Iran and Armenia at the P/Tr bound-
ary (Leda et al., 2014; Friesenbichler et al., 2018) suggests
that they do not require the close association of microbialites.
Instead, competition with other species limits the distribution
of keratose sponges, as is also observed for protomonaxoid
sponges (Brayard et al., 2017). Herein, it is inferred that com-
petitive exclusion was the main control on the presence or
absence of microbialites. This is because ooids, which also
require carbonate supersaturated waters (Lehrmann ez al.,
2012; Li et al., 2013, 2019), are abundant for most of the
Early Triassic, even in the absence of microbialites during
competitive times with metazoans.

This study focused on the development of microbialites
around the P/Tr boundary and does not consider subsequent
phases of microbialite development during the Early Triassic
or controls on the development of microbialites from the
Panthalassa Ocean. These subsequent phases of microbial-
ite development during the Early Triassic have been related

to additional biotic crises (see Baud et al., 2007), and pre-
vious studies of the Spathian microbialites from eastern
Panthalassa also show that they developed with metazoans in
an oxygenated setting (Schubert and Bottjer, 1992; Marenco
et al., 2012) consistent with an ecological rather than an en-
vironmental control on their development.

6 | CONCLUSIONS

The distribution and faunal composition of P/Tr bound-
ary microbialite successions were investigated in Hungary,
Slovenia, central Iran, south-west Iran, Armenia, Turkey and
South China. The Neotethyan sections record unique meta-
zoan associations dominated by keratose sponges within a
microbial framework. These also include metazoans intoler-
ant of low-oxygen conditions. Contrary to previous studies,
these microbialite successions are interpreted to have devel-
oped in wave-influenced, oxygenated environments. The
metazoans within the microbialites are allochthonous and
most likely did not live within a microbial mat. Therefore,
it is suggested that (a) suppressed competition, as a result of
the mass extinction event, allowed microbialite-forming mi-
crobial mats to flourish and (b) that carbonate supersaturation
in seawater favoured widespread microbialite formation fol-
lowing the end-Permian mass extinction.

ACKNOWLEDGEMENTS

This research was supported by a University of Texas
Distinguished Postdoctoral Fellowship grant to W.J.F., and
K.H.'s Marie Curie Intra European Fellowship within the 7th
European Community Framework Program. We thank the
National Academy of Sciences of Armenia, in particular Dr.
Lilit Sahakyan and Prof. Dr. Arkadi Karakhanyan for pro-
viding facilities to study the South Armenian sections during
Southern Armenia IGCP 630 Field Workshop. We are grate-
ful to the Geological Survey of Iran for the great support dur-
ing fieldwork and Tayebeh Mohtat who is acknowledged for
organizing transport and accommodation during the fieldtrip
in Iran. Fieldwork in Iran, Turkey, and Hungary of K.H., S.R.,
A.B. and J.P. was funded by the Austrian National Committee
for IGCP. Fieldwork in Hungary of W.J.F. was funded by
the Calloman Award received from the Palaeontological
Association. This work was partially supported by the
Slovenian Research Agency (program number P1-0011) as
well as through the program of bilateral cooperation in sci-
ence and technology of Slovenia-Croatia (2009-2010). J.G.
and D.K. acknowledge the German Research Foundation
(DFG projects Ko1829/12-1, Ko1829/17-1, Ko1829/18-1,
FOR 2332) for project support. We thank Richard Twitchett
for his helpful comments on the manuscript and research. We
would also like to thank two anonymous reviewers for their
constructive comments that improved this article.



FOSTER ET AL.

71

CONFLICT OF INTEREST
The authors have no conflict of interest to declare.

DATA AVAILABILITY STATEMENT
The data that support the findings of this study are available
in the Supporting information.

ORCID

William J. Foster "= https://orcid.
org/0000-0002-9595-8195
https://orcid.org/0000-0001-9799-6307
Dieter Korn "= https://orcid.org/0000-0003-1104-6939
Rowan C. Martindale "= https://orcid.
org/0000-0003-2681-083X

Jorn Peckmann "= https://orcid.org/0000-0002-8572-0060

Aymon Baud

REFERENCES

Aljinovié¢, D., Horacek, M., Krystyn, L., Richoz, S., Kolar-Jurkovsek,
T., Smir¢i¢, D. et al. (2018) Western Tethyan epeiric ramp setting in
the Early Triassic: an example from the Central Dinarides (Croatia).
Journal of Earth Science, 29, 806-823.

Bagherpour, B., Bucher, H., Baud, A., Brosse, M., Vennemann, T.,
Martini, R. et al. (2017) Onset, development, and cessation of basal
Early Triassic microbialites (BETM) in the Nanpanjiang pull-apart
Basin, South China Block. Gondwana Research, 44, 178-204.

Baud, A., Cirilli, S. and Marcoux, J. (1997) Biotic response to mass ex-
tinction: the lowermost Triassic microbialites. Facies, 36, 238-242.

Baud, A., Richoz, S. and Marcoux, J. (2005) Calcimicrobial cap rocks
from the basal Triassic units: western Taurus occurrences (SW
Turkey). Comptes Rendus Palevol, 4, 569-582.

Baud, A., Richoz, S. and Pruss, S. (2007) The Lower Triassic anach-
ronistic carbonate facies in space and time. Global and Planetary
Change, 55, 81-89.

Brayard, A., Krumenacker, L.J., Botting, J.P., Jenks, J.F., Bylund, K.G.,
Fara, E. et al. (2017) Unexpected Early Triassic marine ecosystem
and the rise of the Modern evolutionary fauna. Science Advances,
3,e1602159.

Brennecka, G.A., Hermann, A.D., Algeo, T.J. and Anbar, A.D.
(2011) Rapid expansion of oceanic anoxia immediately before the
end-Permian mass extinction. Proceedings of the National Academy
of Sciences of the USA, 108, 17631-17634.

Brosse, M., Bucher, H. and Goudemand, N. (2016) Quantitative bio-
chronology of the Permian-Triassic boundary in South China based
on conodont unitary associations. Earth-Science Reviews, 155,
153-171.

Burgess, S.D., Bowring, S. and Shen, S.-Z. (2014) High-precision time-
line for Earth's most severe extinction. Proceedings of the National
Academy of Sciences of the USA, 111, 3316-3321.

Cavalazzi, B., Barbieri, R. and Ori, G. (2007) Chemosynthetic microbi-
alites in the Devonian carbonate mounds of Hamar Lahdad (anti-at-
las, Morocco). Sedimentary Geology, 200, 73-88.

Chen, L., Wang, Y., Xie, S., Kershaw, S., Dong, M., Yang, H. ef al.
(2011) Molecular records of microbialites following the end-Perm-
ian mass extinction in Chongyang, Hubei Province, South China.
Palaeogeography, Palaeoclimatology, Palaeoecology, 308, 151-159.

Collin, P.Y., Kershaw, S., Tribovillard, N., Forel, M.B. and Crasquin, S.
(2014) Geochemistry of post-extinction microbialites as a powerful

tool to assess the oxygenation of shallow marine water in the imme-
diate aftermath of the end-Permian mass extinction. International
Journal of Earth Sciences, 104, 1025-1037.

Cui, Y., Kump, L.R. and Ridgwell, A. (2013) Initial assessment of
the carbon emission rate and climatic consequences during the
end-Permian mass extinction. Palaeogeography, Palaeoclimatology,
Palaeoecology, 389, 128—-136.

Cui, Y., Kump, L.R. and Ridgwell, A. (2015) Spatial and temporal pat-
terns of ocean acidification during the end-Permian mass extinction
— an Earth system model evaluation. In: Schmidt, A., Fristand, K.E.
and Elkins-Tanton, L.T. (Eds.) Volcanism and Global Environmental
Change. Cambridge: Cambridge University Press, p. 291-307.

Dupraz, C., Reid, R.P.,, Braissant, O., Decho, A.W., Norman, R.S. and
Visscher, P.T. (2009). Processes of carbonate precipitation in mod-
ern microbial mats. Earth-Science Reviews, 96, 141-162.

Erwin, D.H. (2001) Lessons from the past: biotic recoveries from mass
extinctions. Proceedings of the National Academy of Sciences of the
USA, 98, 5399-5403.

Forel, M.B., Crasquin, S., Kershaw, S., Feng, Q.L. and Collin, P.Y.
(2009) Ostracods (Crustacea) and water oxygenation in the earli-
est Triassic of South China: implications for oceanic events at the
end-Permian mass extinction. Australian Journal of Earth Sciences,
56, 815-823.

Forel, M.-B., Crasquin, S., Hips, K., Kershaw, S., Collin, P.Y. and Haas,
J. (2013a) Biodiversity evolution through the Permian-Triassic
boundary event: ostracods from the Biikk Mountains, Hungary. Acta
Palaeontologica Polonica, 58, 195-219.

Forel, M.-B., Crasquin, S., Kershaw, S. and Collin, P.-Y. (2013b) In the
aftermath of the end-Permian extinction: the microbialite refuge?
Terra Nova, 25, 137-143.

Foster, W.J., Danise, S., Price, G.D. and Twitchett, R.J. (2017)
Subsequent biotic crises delayed marine recovery following the late
Permian mass extinction event in northern Italy. PLoS ONE, 12,
e0172321.

Foster, W.J., Lehrmann, D.J., Yu, M., Ji, L. and Martindale, R.C. (2018)
Persistent environmental stress delayed the recovery of marine com-
munities in the aftermath of the latest Permian Mass Extinction.
Paleoceanography and Paleoclimatology, 33, 338-353.

Foster, W.J., Lehrmann, D.J., Hirtz, J., White, M., Yu, M., Ji, L. et al.
(2019a) Early Triassic benthic invertebrates from the Great Bank of
Guizhou, South China: systematic palaeontology and palacobiology.
Papers in Palaeontology, 5, 613—656.

Foster, W.J., Lehrmann, D.J., Yu, M. and Martindale, R.C. (2019b)
Facies selectivity of benthic invertebrates in a Permian/Triassic
boundary microbialite succession: implications for the “microbialite
refuge” hypothesis. Geobiology, 17, 523-535.

Friesenbichler, E., Richoz, S., Baud, A., Krystyn, L., Sahakyan, L.,
Vardanyan, S. et al. (2018) Sponge-microbial build-ups from the
lowermost Triassic Chanakhchi section in southern Armenia:
Microfacies and stable carbon isotopes.
Palaeoclimatology, Palaeoecology, 490, 653—672.

Ghaderi, A., Leda, L., Schobben, M., Korn, D. and Ashouri, A.R.
(2014) High-resolution stratigraphy of the Changhsingian (Late

Palaeogeography,

Permian) successions of NW Iran and the Transcaucasus based on
lithological features, conodonts and ammonoids. Fossil Record, 17,
41-57.

Gingras, M., Hagadorn, J.W., Seilacher, A., Lalonde, S.V., Pecoits, E.,
Petrash, D. et al. (2011) Possible evolution of mobile animals in
association with microbial mats. Nature Geoscience, 4, 372-375.


https://orcid.org/0000-0002-9595-8195
https://orcid.org/0000-0002-9595-8195
https://orcid.org/0000-0002-9595-8195
https://orcid.org/0000-0001-9799-6307
https://orcid.org/0000-0001-9799-6307
https://orcid.org/0000-0003-1104-6939
https://orcid.org/0000-0003-1104-6939
https://orcid.org/0000-0003-2681-083X
https://orcid.org/0000-0003-2681-083X
https://orcid.org/0000-0003-2681-083X
https://orcid.org/0000-0002-8572-0060
https://orcid.org/0000-0002-8572-0060

72

FOSTER ET AL.

Grotzinger, J.P. and Knoll, A.H. (1995) Anomalous carbonate pre-
cipitates: Is the Precambrian the key to the Permian? Palaios, 10,
578-596.

Hautmann, M., Bagherpour, B., Brosse, M., Frisk, /0\., Hofmann, R.,
Baud, A. et al. (2015) Competition in slow motion: the unusual case
of benthic marine communities in the wake of the end-Permian mass
extinction. Palaeontology, 58, 871-901.

Heindel, K., Birgel, D., Brunner, B., Thiel, V., Wetphal, H., Gischler,
E. et al. (2012) Post-glacial microbialite formation in coral reefs of
the Pacific, Atlantic, and Indian Oceans. Chemical Geology, 304,
117-130.

Heindel, K., Foster, W.J., Richoz, S., Birgel, D., Roden, V.J., Baud, A.
et al. (2018) The formation of microbial-metazoan bioherms and
biostromes following the latest Permian mass extinction. Gondwana
Research, 61, 187-202.

Hips, K. and Haas, J. (2006) Calcimicrobial stromatolites at the Permian-
Triassic boundary in a western Tethyan section, Biikk Mountains,
Hungary. Sedimentary Geology, 185, 239-253.

Hofmann, R. (2016) The End-Permian mass extinction. In: Buatois, L.A.
and Mangano, M.G. (Eds.), Topics in Geobiology: Evolutionary
Events. 39, Dordrecht: Springer, pp. 325-349.

Hofmann, R., Goudemand, N., Wasmer, M., Bucher, H. and Hautmann,
M. (2011) New trace fossil evidence for an early recovery signal in
the aftermath of the end-Permian mass extinction. Palaeogeography,
Palaeoclimatology, Palaeoecology, 310, 216-226.

Huang, Y., Tong, J. and Fraiser, M.L. (2018) A Griesbachian (Early
Triassic) mollusc fauna from the Sidazhai Section, Southwest
China, with paleoecological insights on the proliferation of genus
Claraia (Bivalvia). Journal of Earth Science, 29, 794-805.

Insalaco, E., Virgone, A., Courme, B., Gaillot, J., Kamali, M., Moallemi,
A. et al. (2006) Upper Dalan Member and Kangan Formation be-
tween the Zagros Mountains and offshore Fars, Iran: depositional
system, biostratigraphy and stratigraphic architecture. GeoArabia,
11,75-176.

Jacobsen, N.D., Twitchett, R.J. and Krystyn, L. (2011) Palacoecological
methods for assessing marine ecosystem recovery follow-
ing the Late Permian mass extinction event. Palaeogeography,
Palaeoclimatology, Palaeoecology, 308, 200-212.

Kershaw, S., Zhang, T. and Lan, G. (1999) A ?microbialite carbonate
crust at the Permian-Triassic boundary in South China, and its palae-
oenvironmental significance. Palaeogeography, Palaeoclimatology,
Palaeoecology, 146, 1-18.

Kershaw, S., Li, Y., Crasquin-Soleau, S., Feng, Q., Mu, X., Collin, P.-Y.
et al. (2007) Earliest Triassic microbialites in the South China block
and other areas: controls on their growth and distribution. Facies,
53, 409-425.

Kershaw, S., Crasquin, S., Forel, M.-B., Randon, C., Collin, P.-Y.,
Kosun, E. et al. (2011) Earliest Triassic microbialites in Ciiriik Dag,
southern Turkey: composition, sequences and controls on formation.
Sedimentology, 58, 739-755.

Kershaw, S., Crasquin, S., Li, Y., Collin, P.Y., Forel, M.B., Mu, X. et
al. (2012) Microbialites and global environmental change across the
Permian-Triassic boundary: a synthesis. Geobiology, 10, 25-47.

Kershaw, S., Tang, H., Li, Y. and Guo, L. (2018) Oxygenation in car-
bonate microbialites and associated facies after the end-Perm-
ian mass extinction: Problems and potential solutions. Journal of
Palaeogeography, 7, 32-47.

Kolar-Jurkovsek, T., Jurkovsek, B., Nestell, G.P. and Aljinovié, D. (2018)
Biostratigraphy and sedimentology of Upper Permian and Lower

Triassic strata at Masore, Western Slovenia. Palaeogeography,
Palaeoclimatology, Palaeoecology, 490, 38-54.

Kozur, H. (2005) Pelagic uppermost Permian and the Permian-
Triassic boundary conodonts of Iran, Part II: Investigated sections
and evaluation of the conodont faunas. Hallesches Jahrbuch Fiir
Geowissenschaften, Reihe B: Geologie, Paldontologie, Mineralogie,
19, 49-86.

Kump, L., Bralower, T.J. and Ridgwell, A. (2009) Ocean acidification in
deep time. Oceanography Society, 22, 94—107.

Lau, K.V., Maher, K., Altiner, D., Kelley, B.M., Kump, L.R., Lehrmann,
D.. et al. (2016) Marine anoxia and delayed Earth system revo-
ery after the end-Permian extinction. Proceedings of the National
Academy of Sciences of the USA, 113, 2360-2365.

Leda, L., Korn, D., Ghaderi, A., Hairapetian, V., Struck, U. and Reimold,
W.U. (2014) Lithostratigraphy and carbonate microfacies across the
Permian-Triassic boundary near Julfa (NW Iran) and in the Baghuk
Mountains (Central Iran). Facies, 60, 295-325.

Lehrmann, D.J., Wei, J. and Enos, P. (1998) Controls on facies archi-
tecture of a large Triassic carbonate platform: the Great Bank of
Guizhou, Nanpanjiang basin, South China. Journal of Sedimentary
Research, 68, 311-326.

Lehrmann, D.J., Wan, Y., Wei, J., Yu, Y. and Xiao, J. (2001) Lower
Triassic peritidal cyclic limestone: an example of anachronistic
carbonate facies from the Great Bank of Guizhou, Nanpanjiang

South  China.
Palaeoclimatology, Palaeoecology, 173, 103—123.

Lehrmann, D.J., Minzoni, M., Li, X., Yu, M., Payne, J.L., Kelley, B.M.
et al. (2012) Lower Triassic oolites of the Nanpanjiang Basin, south

Basin, Guizhou province, Palaeogeography,

China: Facies architecture, giant ooids, and diagenesis—implica-
tions for hydrocarbon reservoirs. AAPG Bulletin, 96, 1389-1414.

Lehrmann, D.J., Bentz, J.M., Wood, T., Goers, A., Dhillon, R., Akin,
S. et al. (2015) Environmental controls on the genesis of marine
microbialites and dissolution surface associated with the end-Perm-
ian mass extinction: new sections and observations from the
Nanpanjiang Basin, South China. Palaios, 30, 529-552.

Li, F, Yan, J., Algeo, T. and Wu, X. (2013) Paleoceanographic condi-
tions following the end-Permian mass extinction recorded by giant
ooids (Moyang, South China). Global and Planetary Change, 105,
102-120.

Li, F,, Gong, Q., Burne, R.V,, Tang, H., Su, C., Zeng, K. et al. (2019)
Ooid factories operating under hothouse conditions in the earli-
est Triassic of South China. Global and Planetary Change, 172,
336-354.

Liao, W., Wang, Y., Kershaw, S., Weng, S. and Yang, H. (2010)
Shallow-marine dysoxia across the Permian-Triassic boundary: ev-
idence from pyrite framboids in the microbialite in South China.
Sedimentary Geology, 232, 77-83.

Liao, W., Bond, D.P.G., Wang, Y., He, L., Yang, H., Weng, Z. et al.
(2017) An extensive anoxic event in the Triassic of the South
China Block: a pyrite framboid study from Dajiang and its impli-
cations for the cause(s) of oxygen depletion. Palaeogeography,
Palaeoclimatology, Palaeoecology, 486, 86-95.

Loope, G.R., Kump, L.R. and Arthur, M.A. (2013) Shallow water
redox conditions from the Permian-Triassic boundary microbialite:
the rare earth element and iodine geochemistry of carbonates from
Turkey and South China. Chemical Geology, 351, 195-208.

Luo, C. and Reitner, J. (2014) First report of fossil “‘keratose” demo-
sponges in Phanerozoic carbonates: preservation and 3-D recon-
struction. Naturwissenschaften, 101, 467-477.



FOSTER ET AL.

73

Marenco, PJ., Griffin, J.M., Fraiser, M.L. and Clapham, M.E. (2012)
Paleoecology and geochemistry of Early Triassic (Spathian) micro-
bial mounds and implications for anoxia following the end-Permian
mass extinction. Geology, 40, 715-718.

Martindale, R.C., Foster, W.J. and Velledits, F. (2019) The survival,
recovery, and diversification of metazoan reef ecosystems fol-
lowing the end-Permian mass extinction. Palaeogeography,
Palaeoclimatology, Palaeoecology, 513, 100-115.

Mata, S.A. and Bottjer, D.J. (2011) Origin of Lower Triassic microbial-
ites in mixed carbonate-siliciclastic successions: ichnology, applied
stratigraphy, and the end-Permian mass extinction. Palaeogeography,
Palaeoclimatology, Palaeoecology, 300, 158—-178.

Mata, S.A. and Bottjer, D.J. (2012) Microbes and mass extinctions: pa-
leoenvironmental distribution of microbialites during times of biotic
crisis. Geobiology, 10, 3-24.

Meyer, K.M., Yu, M., Jost, A.B., Kelley, B.M. and Payne, J.L. (2011)
5'3C evidence that high primary productivity delayed recovery from
end-Permian mass extinction. Earth and Planetary Science Letters,
302, 378-384.

Payne, J.L., Lehrmann, D.J., Wei, J. and Knoll, A.H. (2006) The pattern
and timing of biotic recovery from the end-Permian extinction on
the Great Bank of Guizhou, Guizhou Province, China. Palaios, 21,
63-85.

Pietsch, C., Petsios, E. and Bottjer, D.J. (2016) Sudden and extreme hyper-
thermals, low-oxygen, and sediment influx drove community phase
shifts following the end-Permian mass extinction. Palaeogeography,
Palaeoclimatology, Palaeoecology, 451, 183-196.

Pruss, S.B. and Bottjer, D.J. (2004) Late Early Triassic microbial
reefs of the western United States: a description and model for
their deposition in the aftermath of the end-Permian mass extinc-
tion. Palaeogeography, Palaeoclimatology, Palaeoecology, 211,
127-137.

Pruss, S.B., Bottjer, D.J., Corsetti, F.A. and Baud, A. (2006) A global
marine sedimentary response to the end-Permian mass extinction:
examples from southern Turkey and the western United States.
Earth-Science Reviews, 78, 193-206.

R Core Team (2017) R: A Language and Environment for Statistical
Computing. Vienna, Austriaz R Foundation for Statistical
Computing.

Richoz, S. (2006) Stratigraphie et variations isotopiques du carbone
dans le Permien supérieur et le Trias inférieur de quelques locali-
tés de la Néotéthys (Turquie, Oman et Iran). Mémoires de Géologie
(Lausanne), 46, 1-283.

Richoz, S., Krystyn, L., Baud, A., Brandner, R., Horacek, M. and
Mohtat-Aghai, P. (2010) Permian-Triassic boundary interval in the
Middle East (Iran and N. Oman): progressive environmental change
from detailed carbonate carbon isotope marine curve and sedimen-
tary evolution. Journal of Asian Earth Sciences, 39, 236-253.

Riding, R. (2006) Microbial carbonate abundance compared with fluc-
tuations in metazoan diversity over geological time. Sedimentary
Geology, 185,229-238.

Sano, H., and Nakashima, K. (1997) Lowermost Triassic (Griesbachian)
microbial bindstone-cementstone Facies, Southwest Japan. Facies,
36, 1-24.

Schieber, J. (2002) Sedimentary pyrite: a window into the microbial
past. Geology, 30, 531-534.

Schobben, M., Joachimski, M.M., Korn, D., Leda, L. and Korte, C.
(2014) Palaeotethys seawater temperature rise and an intensified
hydrological cycle following the end-Permian mass extinction.
Gondwana Research, 26, 675-683.

Schobben, M., Stebbins, A., Ghaderi, A., Strauss, H., Korn, D. and
Korte, C. (2015) Flourishing ocean drives the end-Permian marine
mass extinction. Proceedings of the National Academy of Sciences
of the USA, 112, 10298-10303.

Schobben, M., Stebbins, A., Ghaderi, A., Strauss, H., Korn, D. and Korte,
C. (2016) Eutrophication, microbial-sulfate reduction and mass ex-
tinctions. Communicative & Integrative Biology, 9, e1115162.

Schubert, J.K. and Bottjer, D.J. (1992) Early Triassic stromatolites as
post-mass extinction disaster forms. Geology, 20, 883-886.

Sheehan, P.M. and Harris, M.T. (2004) Microbialite resurgence after the
Late Ordovician extinction. Nature, 430, 75-78.

Song, H., Wignall, P.B., Tong, J., Bond, D.P.G., Song, H., Lai, X. et al.
(2012) Geochemical evidence from bio-apatite for multiple oceanic
anoxic events during Permian-Triassic transition and the link with
end-Permian extinction and recovery. Earth and Planetary Science
Letters, 353—354, 12-21.

Sremac, J., Jurkovsek, B., Aljinovi¢, D. and Kolar-Jurkovsek, T. (2016)
Equatorial Palaeotethys as the last sanctuary for late Permian meta-
zoan reef-builders: New evidence from the Bellerophon Formation
of Slovenia. Palaeogeography, Palaeoclimatology, Palaeoecology,
454, 91-100.

Sudar, M., Perri, M.C. and Haas, J. (2008) Conodonts across the
Permian-Triassic boundary in the Biikk Mountains (NE Hungary).
Geologica Carpathica, 59, 491-502.

Sun, Y., Joachimski, M.M., Wignall, P.B., Yan, C., Chen, Y., Jiang, H. ef
al. (2012) Lethally hot temperatures during the Early Triassic green-
house. Science, 338, 366-370.

Sun, Y., Zulla, M.J., Joachimski, M.M., Bond, D.P.G., Wignall,
PB., Zhang, Z.T. et al. (2019) Ammonium ocean following the
end-Permian mass extinction. Earth and Planetary Science Letters,
518,211-222.

Tang, H., Kershaw, S., Liu, H., Tan, X., Li, F., Hu, G. et al. (2017)
Permian-Triassic boundary microbialites (PTBMs) in southwest
China: implications for paleoenvironment reconstruction. Facies,
63, 1-23.

Wang, Y., Sadler, PM., Shen, S.-Z., Erwin, D.H., Zhang, Y.-C., Wang,
X.-D. et al. (2014) Quantifying the process and abruptness of the
end-Permian mass extinction. Paleobiology, 40, 113—129.

Wang, L., Wignall, P.B., Wang, Y., Jiang, H., Sun, Y., Li, G. et al. (2016)
Depositonal conditions and revised age of the Permo-Triassic mi-
crobialites at Gaohua section, Cili County (Hunan Province, South
China). Palaeogeography, Palaeoclimatology, Palaeoecology, 443,
156-166.

Wignall, P.B. and Twitchett, R.J. (2002) Extent, duration, and nature
of the Permian-Triassic superanoxic event. Geological Society of
America Special Paper, 356, 395-412.

Wu, Y.S., Yu, G.L., Li, R.H., Song, L.R., Jiang, H.X., Riding, R. et al.
(2014) Cyanobacterial fossils from 252 Ma old microbialites and
their environmental significance. Scientific Reports, 4, 3820.

Yan, C., Wang, L., Jiang, H., Wignall, P.B., Sun, Y., Chen, Y. et al.
(2013) Uppermost Permian to Lower Triassic conodonts at Bianyang
Section, Guihzou Province, South China. Palaios, 28, 509-522.

Yang, H., Chen, Z.Q., Wang, Y., Tong, J., Song, H. and Chen, J. (2011)
Composition and structure of microbialite ecosystems following the
end-Permian mass extinction in South China. Palaeogeography,
Palaeoclimatology, Palaeoecology, 308, 111-128.

Yao, L., Aretz, M., Chen, J., Webb, G.E. and Wang, X. (2016) Global
microbial carbonate proliferation after the end-Devonian mass ex-
tinction: Mainly controlled by demise of skeletal bioconstructors.
Scientific Reports, 6, 39694.



74

FOSTER ET AL.

Yuan, D.-X., Shen, S.-Z., Henderson, C.M., Chen, J., Zhang, H. and
Feng, H.-Z. (2014) Revised conodont-based integrated high-reso-
lution timescale for the Changhsingian stage and end-Permian ex-
tinction interval at the Meishan sections, South China. Lithos, 204,
220-245.

Zakharov, Y.D., Biakov, A.S., Baud, A. and Kozur, H. (2005)
Significance of Caucasian sections for working out carbon-isotope
standard for Upper Permian and Lower Triassic (Induan) and their
correlation with the Permian of North-Eastern Russia. Journal of
China University of Geosciences, 16, 141-151.

Zhuravlev, A.Y. and Wood, R.A. (2009) Controls on carbonate skeletal
mineralogy: global CO, evolution and mass extinctions. Geology,
37, 1123-1126.

SUPPORTING INFORMATION
Additional supporting information may be found online in
the Supporting Information section.

How to cite this article: Foster W], Heindel K,
Richoz S, et al. Suppressed competitive exclusion
enabled the proliferation of Permian/Triassic
boundary microbialites. Depositional Rec. 2020;6:
62—74. https://doi.org/10.1002/dep2.97



https://doi.org/10.1002/dep2.97

