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ABSTRACT

The carbon (6‘3Cmg) and nitrogen (8"°N) isotopic compositions of bulk organic matter were
analyzed in two high-resolution Permian-Triassic transitional sections containing microbialite
in south China. The results from these shallow-marine sections show that an abrupt negative
shift in 6N, from ~+3%o to ~0%o, occurred immediately after the latest Permian mass extinc-
tion (LPE) in both sections, concurrent with a distinct negative shift in 813Cnrg. The persistently
low values of 8N suggest that, following the LPE, microbial nitrogen fixation became the
main source of biologically available nitrogen in the Nanpanjiang Basin and perhaps over
a broader region of the eastern Paleotethys Ocean. Enhanced N fixation is probably indica-
tive of the prevalence of stratified anoxic water masses characterized by intense denitrifica-
tion and/or anaerobic ammonium oxidation at the time. Perturbation of the marine nitrogen
cycle might have contributed to high temperatures following the main marine mass extinction

through the release of the greenhouse gas N,O. The sharp declines in "N and §“C

may

org

be ascribed to an abrupt change in shallow-water microbial communities, which differed in
composition from contemporaneous deep-water communities.

INTRODUCTION

The largest mass extinction of the Phanerozoic
occurred at the end of the Permian, and elimi-
nated >90% of species in the ocean and ~70%
of vertebrate families on land (Erwin, 2000).
Whole-ocean superanoxia has been implicated
as the direct mechanism of this extinction (Grice
et al., 2005; Riccardi et al., 2006). However,
details of the timing, geographic extent, and
intensity of oceanic anoxia during the Permian-
Triassic (P-Tr) transition are still being resolved
(Algeo et al., 2010). Paleoredox proxies such
as S/C ratios and seawater sulfate and sulfide S
isotope compositions show high variability dur-
ing the P-Tr transition (Gorjan et al., 2007; Luo
et al., 2010; Riccardi et al., 2006), suggesting
large and frequent fluctuations in paleoredox
conditions. Furthermore, isorenieratane records
indicate that ephemeral photic-zone euxinia
began at least 1.5 m.y. before the end-Permian
mass extinction (without any immediate effects
on marine biotas) and continued throughout the
P-Tr crisis interval (Cao et al., 2009).

Mass extinction events are generally defined
on the basis of the metazoan fossil record.
Microbes are rarely preserved as fossils and,
consequently, we know considerably less about
their composition, spatial distribution, and
response to environmental stresses during such
events. One characteristic of the latest Permian
mass extinction (LPE) is that skeletal limestones
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are directly overlain by microbialites in many
shallow-water settings around the world (Baud
et al., 2007; Lehrmann et al., 2003). Micro-
bialites, which were globally abundant during
the Precambrian but declined greatly in early
Paleozoic oceans (Riding and Liang, 2005),
made a resurgence in the immediate aftermath
of the LPE. These microbialites were inferred
to contain cyanobacteria (Wang et al., 2005; Xie
et al., 2010), although the microbial communi-
ties contributing to their formation have only
recently been investigated in any detail (Yang et
al., 2011; Chen et al., 2011). Here we present
high-resolution §°C_ and 8“N profiles from
two P-Tr sections containing microbialite in
south China, the Taiping and Zuodeng sections,
to explore changes in microbial ecosystems,
marine biogeochemical cycles, and seawater
chemistry during the P-Tr crisis interval.

CARBON AND NITROGEN ISOTOPE
PROFILES

Isotopic profiles for the study sections reveal
sharp negative shifts in 8°C_, and "N at the
level of the LPE horizon (Fig. 1). Pre-crisis
skeletal limestones yield average 5‘3COrg val-
ues of —26.5%o0 and —24.0%o in the Taiping and
Zuodeng sections, respectively. A distinct nega-
tive shift of >2%o occurs simultaneously with
the transition from the skeletal limestone to
the microbialite, producing a 6"*C__ minimum
in both sections at the base of the microbial-
ite. 8°C,, remains relatively constant within

the microbialite interval at Taiping except for
a small negative shift in the uppermost part,
whereas 8'3Corg increases gradually in the micro-
bialite interval at Zuodeng (Fig. 1).

The 8N values in the skeletal limestone
at Taiping range from 2.3%o to 4.5%o, with an
average of ~3%o, except for one black mudstone
sample in the upper part of the skeletal limestone
that yields a value of 1.4%o (Fig. 1). An abrupt
negative shift in 8N, from +3%¢ to <+1%o,
occurs at the transition from skeletal limestone
to microbialite, concurrent with the decline in
8"C,,. In the microbialite interval, §°N varies
from —1%o to +1%0 with minimum values near
the base of the unit. The low 8N values con-
tinue well into the overlying thinly bedded lime-
stone. The Zuodeng section has a 8N profile
similar to that of the Taiping section (Fig. 1). A
complete description of geological background,
methods, and supporting data for this study can
be found in the GSA Data Repository.'

MARINE SOURCE OF ISOTOPE
SIGNALS

Multiple lines of evidence suggest that the
isotopic shifts at the LPE are not related to an
increase in the proportion of terrestrial organic
matter in the analyzed samples. First, the study
sections were located in the interior of isolated
high-relief carbonate platforms in a large marine
basin (the Nanpanjiang Basin; Fig. DR1 in the
Data Repository). The carbonate content of ana-
lyzed samples remains consistently high (>95%)
during the transition from skeletal limestone to
microbialite, documenting no increase in ter-
rigenous siliciclastic flux (see the Data Reposi-
tory). It is unlikely that much terrestrial organic
matter was transported to the study sites. Sec-
ond, the strong positive correlation between the
3"C,,,, and 8°C_, (see the Data Repository) in
these two sections implies a dominant fraction
of marine organic matter. Third, the §"°C__ pro-

org

files of the study sections exhibit negative shifts

'GSA Data Repository item 2011203, geological
background, methods, and molecular data, is avail-
able online at www.geosociety.org/pubs/ft2011.htm,
or on request from editing @ geosociety.org or Docu-
ments Secretary, GSA, P.O. Box 9140, Boulder, CO
80301, USA.
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Figure 1. Profiles showing 3'°C_  and §'°N variations during Permian-Triassic transition in sections at Taiping (left), Zuodeng (middle), and
Meishan (right). Base of microbialite represents latest Permian marine mass extinction horizon. Conodont biostratigraphy is from Lehrmann
et al. (2003). The &N and aﬁcmg data in Meishan section were replotted from Cao et al. (2009) and Riccardi et al. (2007), respectively. Con-
odont zone (C zone) in Meishan section is according to Jiang et al. (2007). H.p—Hindeodus parvus zone; l.s—Isarcicella staeschei zone;

Lis—I. isarcica zone; N.—Neogondolella.

in the microbialite, different from the 8'3C0rg
profiles in sections that were contaminated by
terrestrial organic matter (Cao et al., 2002). We
infer that the 8"°C_, and 8"N records presented
here represent the isotopic composition of con-
temporaneous marine organic matter. Variation
in burial temperatures is unlikely to account for
isotopic shifts in the study units because the sec-
tions are only a few meters thick and all samples
had similar thermal histories.

MARINE NITROGEN CYCLE DURING
THE P-TR TRANSITION

Distinct negative shifts in 8N in the study
sections suggest large changes in the marine
nitrogen cycle during the P-Tr transition
(Fig. 1). One potential explanation for these
shifts is incomplete utilization of bioavailable
N by photosynthesizers. However, incomplete
nitrate utilization as a function of iron limitation
occurs mainly in high-nutrient low-chlorophyll
regions of the open ocean (Ganeshram et al.,
2000) rather than in pericratonic carbonate plat-
form settings such as those in which the units
studied accumulated. Widespread development
of shallow-marine anoxia in the Early Trias-
sic (Cao et al., 2009; Grice et al., 2005) would
have favored recycling of mineral-associated
and organic phosphorus from the sediment to
the water column, enhancing nitrate utiliza-
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tion. Enhanced continental weathering in the
aftermath of the end-Permian crisis also would
have increased the supply of phosphate and iron
delivered to the ocean (Sephton et al., 2005; Xie
etal., 2007). Therefore, it is unlikely that incom-
plete nitrate utilization was responsible for the
sharp decline in 8'*N observed in the study sec-
tions. Chemoautotrophic bacterial activity gen-
erally produces larger negative fractionations (to
—14%o0; Mobius et al., 2010) than those observed
in the study sections (Fig. 1).

A more likely mechanism to account for the
negative shifts in 8"°N at the LPE in the study
sections is enhanced N fixation. The N isotopic
composition of the microbialite (—1%o to +1%o)
is similar to that of atmospheric N, (0%o), con-
sistent with the limited fractionation associated
with diazotrophic (N fixing) marine cyano-
bacteria (Carpenter et al., 1997). Owing to the
high energy demand of N fixation, this process
occurs only when nutrient nitrogen concentra-
tions are extremely low (Tyrrell, 1999). Strong
N fixation in the Late Permian Nanpanjiang
Basin implies a deficit of bioavailable N in con-
temporaneous seawater, which is commonly the
result of enhanced loss of nitrate under oxygen-
poor conditions. The main pathways for nutrient
nitrogen loss are through denitrification, anaero-
bic ammonia oxidation, and/or burial of organic
matter (Murray et al., 2005). Therefore, the 6N

records of the study sections suggest an expan-
sion of anoxic water masses following the LPE.

At a minimum, such N-depleted conditions
existed across the South China craton, as evi-
denced by low 8N values in the correlative
(non-microbialite bearing) beds at Meishan,
located in the northeastern part of the South
China block (Fig. 1; Cao et al., 2009). A nega-
tive N isotope excursion (to —2%o) is also found
immediately above the latest Permian extinc-
tion horizon at Guryul Ravine, a P-Tr section in
northern India (Algeo et al., 2007), suggesting
that N fixation may have been prevalent through-
out the Tethyan Ocean region. Furthermore, a
small but sustained negative shift in "N (from
~+6%0 to +5%0) begins at the LPE in the West
Blind Fiord section from the northern Pangean
margin (T. Algeo’s unpublished data), suggest-
ing that the nitrate N isotopic composition of
Panthalassic seawater also evolved during the
latest Permian. Thus, the pronounced negative
N isotopic excursions seen at Taiping and Zuo-
deng may be indicative of a broader, potentially
global perturbation of the marine nitrogen cycle
during the P-Tr transition, although more data
are needed to test this hypothesis. The duration
of this episode of depletion of bioavailable N
may have been at least several hundred thousand
years, as shown by the persistence of light "N
values to the tops of the study sections (Fig. 1).
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Although not precisely dated, the microbialite
facies proliferated from the Neogondolella mei-
shanensis zone to the Isarcicella staeschei zone
(Yang et al., 2011).

Changes in the marine nitrogen cycle follow-
ing the LPE may have had significant climate
consequences. Trace metals are essential com-
ponents of many enzymes, and their stripping
from a euxinic water column through rapid
removal to the sediment as metal sulfides may
have affected the rates of certain biogeochemi-
cal processes (Saito et al., 2003). For example,
copper is an essential component of the enzyme
NOS (nitric oxide synthase), the only known
catalyst of the terminal step that converts N,O to
N, in the denitrification pathway (Buick, 2007).
If strongly reducing conditions following the
LPE (Grice et al., 2005; Riccardi et al., 2006)
caused a reduction in copper in global seawater,
then more N,O may have been released to the
atmosphere, contributing to greenhouse warm-
ing due to the strong radiative forcing of N,0,
which is ~1000 times greater than that of CO,.

GLOBAL CARBON CYCLE DURING
THE P-TR TRANSITION

Shifts in 8“N and 8"C_ in the study sec-
tions lagged behind that of the marine carbonate
8"*C_, record (Fig. 2; Luo et al., 2011). Fluctua-
tions in 6"*C_, during the Late Permian—Early
Triassic are known to be globally correlatable,
indicating that they reflect changes in the C iso-
topic composition of dissolved inorganic carbon
in seawater (Korte and Kozur, 2010). A large
(3%c~6%0) negative shift in 8 °C_ . reflecting
a major perturbation of the global carbon cycle,
began in the mid-Changhsingian, i.e., well

before the LPE (Korte and Kozur, 2010; Xie et
al., 2007). Luo et al. (2011) demonstrated that
this shift occurred in two steps in both of the sec-
tions studied, the first >5 m below the LPE, and
the second beginning ~0.5—1.0 m below the LPE
(within the skeletal limestone) and continuing to
~1-2 m above the LPE (within the microbialite).
These differences in timing suggest that varia-
tions in organic 8"*C and 8N at Taiping and
Zuodeng had fundamentally different causes
from the global shifts in carbonate &"*C.

The negative shifts in 6"N and 8"C_
occurred simultaneously at the level of the LPE
in both study sections (Fig. 1), indicating that
both are a response to environmental changes
associated with the extinction event. The differ-
ence in organic and carbonate C isotopes APC
(8"°C,,, — 8"C,,) is related to photosynthetic
fractionation and can be used to assess changes
in the primary producer community. Riccardi et
al. (2007) documented little change in 8'3C0rg
and a large reduction in A®C at the LPE in
the Meishan and Shangsi sections, which they
attributed to a larger fraction of organic matter
derived from green sulfur bacteria, an anaerobic
photosynthetic organism that fractionates to a
lesser degree than eukaryotic marine algae. In
contrast, the negative E‘)”COrg shifts in the study
sections are larger (3%c4%o) than the concur-
rent negative shifts in 8"°C_ (~2%o), yielding
larger ABC values in the microbialite than in the
underlying limestone (Fig. 2). The higher A*C
values of the study sections (relative to Meishan
and Shangsi) may result from the absence of
green sulfur bacteria in shallow-water environ-
ments, consistent with the absence of biomark-
ers for green sulfur bacteria in the microbialite

facies (Chen et al., 2011). These observations
support the hypothesis that there were different
microbial communities in shallow- and deep-
water environments after the LPE.

NATURE OF MICROBIALITE
COMMUNITY

Biomarkers such as 2-methylhopanes asso-
ciated with 6N records have documented the
presence of diazotrophic cyanobacteria in P-Tr
environments in deep-water facies (Xie et al.,
2005; Cao et al., 2009). Some microfossils pres-
ent in the microbialite have been interpreted
as cyanobacteria (Xie et al., 2010; also see the
Data Repository). However, we found no or
extremely low abundance of 2-methylhopanes
in the microbialite (see the Data Repository).
Prevalent nitrogen fixation in the microbialite
shown here indicates that diazotrophic cyano-
bacteria in the shallow-water microbialite might
differ from the deep-water planktonic cyano-
bacterial community (Stal et al., 1984; Zehr et
al., 1995) or some noncyanobacteria microbes
might contribute, partly, to the N, fixation in
the earliest Triassic microbialite. Zehr et al.
(1995) found a high diversity of anaerobic het-
erotrophic nitrogen-fixing organisms in mod-
ern marine cyanobacterial mats. Our records,
presented here, indicate that these diazotrophs
might have flourished in the shallow water of
ca. 252 Ma, and different N, fixing microbial
communities existed in shallow- and deep-water
environments after the LPE.

It is interesting to note that the 3"°N values
of the samples from the overlying thinly bedded
limestone are similar to those from the micro-
bialite layer, i.e., ranging from —1%o to +1%o
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Figure 2. Variation of carbonate and organic carbon isotopic composition and carbon isotope fractionation (A = §"*C_,, - §"*C,,) during
Permian-Triassic transition in Taiping section (left) and Zuodeng section (right). C zone—conodont zone; H.—Hindeodus.
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(Fig. 1). This suggests that nitrogen fixation
was still vigorous, irrespective of the change in
lithofacies. The disappearance of the microbial-
ite might have been caused by changes in com-
position of nitrogen fixers (such as from cyano-
bacteria to others) or water depth as microbialite
was restricted to shallow shelf environments
(Kershaw et al., 2007).

ACKNOWLEDGMENTS

We sincerely thank Hongfu Yin, who revised an
earlier version of this manuscript, and Philip Mey-
ers and two anonymous reviewers for their thought-
ful comments. This work was supported by the 973
program (National Basic Research Program of China)
(grant 2011CB808800), the National Natural Science
Foundation of China (grants 40730209, 40921062,
and 41002003), and the 111 project (China Ministry
of Education) (grant BO8030).

REFERENCES CITED

Algeo, T.J., Hannigan, R., Rowe, H., Brookfield, M.,
Baud, A., Krystyn, L., and Ellwood, B.B., 2007,
Sequencing events across the Permian-Triassic
boundary, Guryul Ravine (Kashmir, India):
Palaeogeography, Palaeoclimatology, Palaeo-
ecology, v. 252, p. 328-346, doi:10.1016/j.
palaeo.2006.11.050.

Algeo, T.J., Hinnov, L., Moser, J., Maynard, J.B.,
Elswick, E., Kuwahara, K., and Sano, H.,
2010, Changes in productivity and redox con-
ditions in the Panthalassic Ocean during the
latest Permian: Geology, v. 38, p. 187-190,
doi:10.1130/G30483.1.

Baud, A., Richoz, S., and Pruss, S., 2007, The lower
Triassic anachronistic carbonate facies in space
and time: Global and Planetary Change, v. 55,
p. 81-89, doi: 10.1016/j.gloplacha.2006.06.008.

Buick, R., 2007, Did the Proterozoic ‘Canfield Ocean’
cause a laughing gas greenhouse?: Geobiology,
v. 5, p. 97-100, doi:10.1111/5.1472-4669.2007
.00110.x.

Cao, C.Q., Wang, W., and Jin, Y.G., 2002, The change
of carbon isotope during the Permian-Triassic
boundary in Meishan, Zhejiang province: Chi-
nese Science Bulletin, v. 47, p. 1125-1129,
doi:10.1360/02tb9252.

Cao, C.Q., Love, G.D., Hays, L.E., Wang, W., Shen,
S.Z., and Summons, R.E., 2009, Biogeochemi-
cal evidence for euxinic oceans and ecological
disturbance presaging the end-Permian mass
extinction event: Earth and Planetary Science
Letters, v. 281, p. 188-201, doi:10.1016/j.epsl
.2009.02.012.

Carpenter, E., Harvey, H., Fry, B., and Capone, D.,
1997, Biogeochemical tracers of the marine
cyanobacterium Trichodesmium: Deep-Sea Re-
search, v. 44, Part, p. 27-38, doi: 10.1016/S0967
-0637(96)00091-X.

Chen, L., Wang, Y.B., Xie, S.C., Kershaw, S., Dong,
M., Yang, H., Liu, H., and Algeo, T.J., 2011,
Molecular records of microbialites following
the end-Permian mass extinction in Chong-
yang, Hubei Province, south China: Palaeo-
geography, Palaeoclimatology, Palacoecology,
doi:10.1016/j.palaeo.2011.01.018 (in press).

Erwin, D.H., 2006, Extinction: How life on earth
nearly ended 250 million years ago: Princeton,
New Jersey, Princeton University Press, 296 p.

Ganeshram, R.S., Pedersen, T.F., Calvert, S.E.,
McNeill, G.W., and Fontugne, M.R., 2000,

650

Glacial-interglacial variability in denitrifica-
tion in the world’s oceans: Causes and conse-
quences: Paleoceanography, v. 15, p. 361-376,
doi:10.1029/1999PA000422.

Gorjan, P., Kaiho, K., Kakegawa, T., Niitsuma, S.,
Chen, Z.Q., Kajiwara, Y., and Nicora, A., 2007,
Paleoredox, biotic and sulfur-isotope changes
associated with the end-Permian mass extinc-
tion in the western Tethys: Chemical Geology,
v. 244, p. 483492, doi:10.1016/j.chemgeo
.2007.07.003.

Grice, K., Cao, C.Q., Love, G.D., Bottcher, M.E.,
Twitchett, R.J., Grosjean, E., Summons, R.E.,
Turgeon, S.C., Dunning, W., and Jin, Y.G.,
2005, Photic zone euxinia during the Permian-
Triassic superanoxic event: Science, v. 307,
p- 706-709, doi:10.1126/science.1104323.

Jiang, H.S., Lai, X.L., Luo, G.M., Aldridge, R.J.,
Zhang, K.X., and Wignall, P., 2007, Restudy
of conodont zonation and evolution across the
Permian-Triassic boundary at Meishan Sec-
tion, Changxing, Zhejiang: Global and Plan-
etary Change, v. 55, p. 39-55, doi:10.1016/j
.gloplacha.2006.06.007.

Kershaw, S., Li, Y., Crasquin-Soleau, S., Feng,
Q.L., Ma, X.N., Collin, P.Y., Reynolds, A., and
Guo, L., 2007, Earliest Triassic microbialites in
the South China block and other areas: Controls
on their growth and distribution: Facies, v. 53,
p. 409-425, doi:10.1007/s10347-007-0105-5.

Korte, C., and Kozur, HW., 2010, Carbon iso-
tope stratigraphy across the Permian-Triassic
boundary: A review: Journal of Asian Earth Sci-
ences, v. 39, p. 215-235, doi:10.1016/j.jseaes
.2010.01.005.

Lehrmann, D.J., Payne, J.L., Felix, S.V., Dillett,
PM., Wang, HM., Yu, Y.Y,, and Wei, J.Y.,
2003, Permian-Triassic boundary sections
from shallow-marine carbonate platforms of
the Nanpanjiang Basin, South China: Implica-
tions for oceanic conditions associated with
the end-Permian extinction and its aftermath:
Palaios, v. 18, p. 138-152, doi:10.1669/0883-
1351(2003)18<138:PBSFSC>2.0.CO;2.

Luo, G.M., Kump, L.R., Wang, Y.B., Tong, J.N., Ar-
thur, M.A., Yang, H., Huang, J.H., Yin, H.F,
and Xie, S.C., 2010, Isotopic evidence for an
anomalously low oceanic sulphate concentra-
tion following end-Permian mass extinction:
Earth and Planetary Science Letters, v. 300,
p. 101-111, doi:10.1016/j.eps1.2010.09.041.

Luo, G.M., Wang, Y.B., Yang, H., Algeo, T.J., Kump,
L.R., Huang, J.H., and Xie, S.C., 2011, Stepwise
and large-magnitude negative shift in §"°C_,
preceded the main marine mass extinction of
the Permian-Triassic interval: Palacogeogra-
phy, Palaeoclimatology, Palacoecology, v. 299,
p. 70-82, doi:10.1016/j.palaco.2010.10.035.

Mobius, J., Lahajnar, N., and Emeis, K.C., 2010, Dia-
genetic control of nitrogen isotope ratios in Ho-
locene sapropels and recent sediments from the
Eastern Mediterranean Sea: Biogeosciences, v. 7,
p. 3901-3914, doi: 10.5194/bg-7-3901-2010.

Murray, J.W., Fuchsman, C., Kirkpatrick, J., Paul,
B., and Konovalov, S.K., 2005, Species and
SN signatures of nitrogen transformations in
the suboxic zone of the Black Sea: Oceanogra-
phy, v. 18, p. 36-47.

Riccardi, A.L., Arthur, M.A., and Kump, L.R., 2006,
Sulfur isotopic evidence for chemocline upward
excursions during the end-Permian mass extinc-
tion: Geochimica et Cosmochimica Acta, v. 70,
p. 5740-5752, doi:10.1016/j.gca.2006.08.005.

Riccardi, A., Kump, L.R., Arthur, M.A., and
D’Hondt, S., 2007, Carbon isotopic evidence
for chemocline upward excursions during the
end-Permian event: Palacogeography, Palaeo-
climatology, Palaeoecology, v. 248, p. 73-81,
doi:10.1016/j.palaeo.2006.11.010.

Riding, R., and Liang, L.Y., 2005, Geobiology of
microbial carbonates: Metazoan and seawater
saturation state influences on secular trends
during the Phanerozoic: Palacogeography, Pal-
aeoclimatology, Palacoecology, v. 219, p. 101-
115, doi:10.1016/j.palaco.2004.11.018.

Saito, M.A., Sigman, D.M., and Morel, EM.M.,
2003, The bioinorganic chemistry of the an-
cient ocean: The co-evolution of cyanobacte-
rial metal requirements and biogeochemical
cycles at the Archean-Proterozoic boundary?:
Inorganica Chimica Acta, v. 356, p. 308-318,
doi:10.1016/S0020-1693(03)00442-0.

Sephton, M.A., Looy, C.V., Brinkhuis, H., Wignall,
P.B., de Leeuw, J.W., and Visscher, H., 2005,
Catastrophic soil erosion during the end-Perm-
ian biotic crisis: Geology, v. 33, p. 941-944,
doi:10.1130/G21784.1.

Stal, L.J., Grossberger, S., and Krumbein, W.E., 1984,
Nitrogen fixation associated with the cyano-
bacterial mat of a marine laminated microbial
ecosystem: Marine Biology, v. 82, p. 217-224,
doi:10.1007/BF00392402.

Tyrrell, T., 1999, The relative influences of nitrogen
and phosphorus on oceanic primary production:
Nature, v. 400, p. 525-531, doi: 10.1038/22941.

Wang, Y.B., Tong, J.N., Wang, J.S., and Zhou, X.G.,
2005, Calcimicrobialite after end-Permian mass
extinction in south China and its palaeoenviron-
mental significance: Chinese Science Bulletin,
v. 50, p. 665-671, doi:10.1360/982004-323.

Xie, S., Pancost, R.D., Yin, H.F., Wang, H.M., and
Evershed, R.P., 2005, Two episodes of mi-
crobial change coupled with Permo/Triassic
faunal mass extinction: Nature, v. 434, p. 494—
497, doi:10.1038/nature03396.

Xie, S., Pancost, R.D., Huang, J.H., Wignall, P.B.,
Yu, J.X., Tang, X.Y., Chen, L., Huang, X.Y.,
and Lai, X.L., 2007, Changes in the global
carbon cycle occurred as two episodes during
the Permian-Triassic crisis: Geology, v. 35,
p. 1083-1086, doi:10.1130/G24224A.1.

Xie, S., Pancost, R.D., Wang, Y., Yang, H., Wignall,
PB., Luo, G., Jia, C., and Chen, L., 2010, Cya-
nobacterial blooms tied to volcanism during
the 5 m.y. Permo-Triassic biotic crisis: Geol-
ogy. v. 38, p. 447-450, doi:10.1130/G30769.1.

Yang, H., Chen, Z.Q., Wang, Y., Tong, J., Song, H.,
and Chen, J., 2011, Composition and struc-
ture of microbialite ecosystems following the
end-Permian mass extinction in South China:
Palaeogeography, Palaeoclimatology, Palaeo-
ecology, doi:10.1016/j.palaeo.2010.05.029 (in
press).

Zehr, J.P., Mellon, M., Braun, S., Litaker, W., Steppe,
T., and Paerl, H.W., 1995, Diversity of hetero-
trophic nitrogen fixation genes in a marine cya-
nobacterial mat: Applied and Environmental
Microbiology, v. 61, p. 2527-2532, doi:0099—
2240/95/$04.0010.

Manuscript received 21 December 2010
Revised manuscript received 17 February 2011
Manuscript accepted 23 February 2011

Printed in USA

GEOLOGY, July 2011


http://geology.gsapubs.org/



