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The mass extinction at the end of the Permian was the most profound in the history of 
life. Fundamental to understanding its cause is determining the tempo and duration of 
the extinction. Uraniumlead zircon data from Late Permian and Early Triassic rocks from 
south China place the Permian-Triassic boundary at 251.4 + 0.3 million years ago. 
Biostratigraphic controls from strata intercalated with ash beds below the boundary 
indicate that the Changhsingian pulse of the end-Permian extinction, corresponding to 
the disappearance of about 85 percent of marine species, lasted less than 1 million years. 
At Meishan, a negative excursion in 613C at the boundary had a duration of 165,000 years 
or less, suggesting a catastrophic addition of light carbon. 

T h e  end of the Permian period marks the 
most widespread annihilation of life in the 
past 540 million years and the elimination 
of richlv diverse marine communities dom- 
inated by the now-scarce brachiopods, bryo- 
zoans, and stalked echinoderms. Nearly 
85% of marine species and some 70% of 
terrestrial vertebrate genera became extinct 
(1, 2), and insects suffered their only mass 
extinction (3). The duration of this event 
has remained uncertain. Pro~osed extinc- 
tion patterns include the following: (i) two 
separate extinctions, one in the Capitanian 
(late Middle Permian) and a second in the 
late Changhsingian (late Late Permian) (4- 
6); (ii) a long period of increased extinction 
beginning in the Capitanian and accelerat- 
ing to a rapid pulse at the close of the 
Changhsingian (2, 7); and (iii) a rapid ex- 
tinction just at the close of the Chang- 
hsingian and perhaps extending into the 
earliest Triassic (8). Here, we provide U/Pb 
age determinations and stratigraphic infor- 
mation on taxon occurrences to discrimi- 
nate among these patterns and to assess the 
possible causes of the extinction. Specifical- 
ly using temporal constraints, we seek to 
determine a plausible chain of events that 
could explain the most profound extinction 
in the history of the planet. 

Numerous Permian-Triassic (P-T) ma- 
rine boundary sections are exposed in south 
China; these sections contain abundant in- 

terbedded volcanic ash beds. We sampled 
ash beds for U/Pb dating in the proposed 
P-T boundary stratotype at Meishan, Zhe- 
jiang Province, in early Late Permian-Early 
Triassic marine rocks near Heshan and 
Laibin in Guangxi Province (Fig. I), and in 
the classic Guadalupian sections in Guada- 
l u ~ e  Mountains National Park in Texas. 

Permian-Triassic age estimates. The 
chronostratigraphic time scale for the Late 
Permian and Early Triassic is well estab- 
lished on the basis of conodont biozones, 
which are believed to be global and isochro- 
nous. The working definition for the base of 
the Triassic is marked bv the first occur- 
rence of the conodont Hindeotus parwus in 
the boundary section at Meishan (9). Here, 
paleontological and geochemical evidence 
indicates that the peak extinction was in 
the late Changhsingian Stage, the final 
stage of the Permian, and thus close to the 
P-T biostratigraphic boundary. At the 
Meishan section, an ash bed in quarry D 
(see below) immediately underlying the bed 
containing the paleontologically defined 
P-T boundary has been dated by Rb/Sr 
analysis of sanidine at 250 ? 6.0 million 
years ago (Ma) (lo),  by U/Pb super high- 
resolution ion microprobe (SHRIMP) anal- 
ysis of zircons at 251.1 ? 3.4 Ma (I I), and 
by 40Ar/39Ar dating of sanidine at 249.9 ? 
1.5 Ma (12). 

Recent estimates of the duration of the 
Wordian-Changhsingian stages have varied 

S. A. Bowring, M. W. Martin, and K. Davidek are in the from 10 to 21 million years ( M ~ )  (13). 
Department of Earth, Atmospheric and Planetary Scienc- 
es, Massachusetts lnstitute of Technology, Cambridge, There are fewer estimates of the 
MA 02319, USA. D. H. Erwin is in the Department of the Changhsingian Stage, but the Late Per- 
Paleobiology, National Museum of Natural History, mian (wuchiapingian plus Changhsingian) 
Washington, DC 20560, USA. Y. G. Jin and W. Wang are 
at the Laboratory of Paleobiology and Stratigraphy, Nan- is to have lasted between and l6 
jing Institute of Geology and Paleontologv, Academia My (13) on the basis of rock thickness, the 
~inica, Nanjing, 210008; People's flepublicof China. of conodont zones, and other ap- 
'To whom correspondence sliould be addressed. proaches. A tuff within the Pseudonodosaria 

borealis zone of the Ingelara Formation of 
central Queensland, Australia, has provided 
a U/Pb SHRIMP date of 253.4 ? 3.2 Ma 
(14). Foraminifera from this zone suggest 
that it correlates with the Russian Kazanian 
(Wordian-Capitanian) sections (15), but 
the im~lied duration for the ~ost-Kazanian 
interval is inconsistent with reported dates 
for the P-T boundary in south China. 

In summary, the age of the P-T boundary 
is 250 to 251 Ma within the probable global 
stratotype section for the boundary. How- 
ever, there are essentially no accurate 
constraints on the duration of the Late 
Permian. 

Permian and Early Triassic stratigraph- 
ic sections. The classic P-T boundary sec- 
tion at Meishan is exposed in five closely 
spaced limestone quarries near Meishan, 
Changhsing, Zhejiang Province (Fig. 1). 
The series of abandoned quarries are labeled 
A, B, C, D, E, and Z from west to east, and 
quarry D serves as the type locality for the 
Changhsingian Stage and the Changhsing 
Formation (Fig. 2). We collected samples 
from six ash beds here. Sample MD96-7 is 
from bed 7, a 9-cm-thick greyish-yellow 
tuffaceous sandstone near the base of the 
Baoqing Member, the lower unit of the 
Changhsing Formation. Biostratigraphi- 
cally, this unit is in the basal part of the 
Clarkina subcarinata conodont zone and 
about 7 m above the C .  orientalis zone of 
the topmost Wuchiapingian Stage. Sample 
MZ96-(-4.3) was collected from quarry Z 
and is a silicified yellow- to buff-colored tuff 
that corresponds to bed 20. Sample MAW- 
b25 is the "boundary ash" at quarry A. This 
ash, previously considered to lie at the P-T 
boundary, actually occurs about 10 cm be- 
low the first occurrence of H. parwus. Litho- 
logically, the ash bed is divided into a lower 
white clay (bed 25) and an upper black clay 
(bed 26), although bed 26 is not always 
present. Both are illite-montmorillonite 

Fig. 1. Location map of the south China region 
showing sample location sites at Meishan, Hes- 
han, and Laibin. 
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clay stones, but they contain different suites 
of fossils. We also sampled three ash beds 
within the Lower Triassic Chinglung For- 
mation. These beds included a 9-cm-thick 
illite-montmorillonite clay at bed 28 
[MZ96-(+0.17)], a 5-cm-thick yellowish il- 
lite-montmorillonite clay 225 cm above bed 
25 at bed 33 (MDB96-33), and a 5-cm- 
thick greyish ash 670 cm above bed 25 and 
within bed 36 (MD96-293w), which is a 
rhythmically bedded bluish-grey calcareous 
mudrock containing the common bivalve 
Claraia. 

The P-T boundary section at Matan lies 
near a small coal mine along the Hong Shui 
River, about 2 km from the town of Hes- 
han, Guangxi Province (Fig. 1). The sec- 
tion exposed is the type section of the Ta- 
lung Formation, the basinal sequence of the 
Changhsingian. The Talung Formation in 
Matan is 16 m thick and corresponds to the 
upper part of the Changhsing Formation. 
At Matan, a spectacular sequence of silicic 
pyroclastic rocks crops out just below the 
boundary. The pyroclastic deposits are bed- 
ded and consist of several upward fining 
sequences that vary from coarse crystal-rich 
deposits to fine clay stone. Here, we collect- 
ed four different samples to test reproduc- 
ibility (H-Matan96-1, -3, -6, and -7). Sam- 
ples H-Matan96-6 and -7 are from immedi- 
ately below the P-T boundary. 

The P-T boundary section at Penglaitan 
is exposed along the banks of the Hong 
Shui River near the town of Laibin (Fig. 1). 
Here, a 9-m-thick, well-graded pyroclastic 
sequence crops out below the boundary in 
the river bottom. Specimens of the am- 

monoids Rotodiscoceras and Pkuronodoceras 
have recently been discovered beneath this 
unit, confirming a late Changhsingian age. 
The unit fines upward from a sandy crystal- 
rich base to a porcellanite top. Sample 
LP96-2 was collected near the top of the 
volcanic sequence. 

Conodont biostratigraphy allows corre- 
lation among these three boundary sections 
in China. MD96-7 from Meishan is from 
the base of the Changhsingian, and LP96-2 
and MZ96-(-4.3) are from the up- 
per Changhsingian. The Heshan samples 
H-Matan96-1 and -3 are immediately below 
H-Matan96-6 and -7, which occur approx- 
imately at the P-T boundary, on either side 
of the river, and are thus correlative with 
MAW-b25 at Meishan. The P-T boundary 
must be older than beds MZ96-( +O. 17) and 
MDB96-33 at Meishan. 

An ash bed was also sampled in Texas, 
where it occurs between the Hegler and 
Pinery limestone members of the Bell Can- 
yon Formation at Nipple Hill, Guadalupe 
Mountains National Park, Texas. The ash is 
6 to 8 cm thick and lies 2 m above the top 
of the Hegler Member, within the undiffer- 
entiated Bell Canyon Formation, and 20 m 
below the base of the Jinogondoklla postser- 
rata conodont zone. This zone defines the 
base of the Capitanian substage of the 
Guadalupian Series. This stratigraphic in- 
terval is within the proposed type section 
for the Capitanian Stage (16). Thus, as in 
the south China sections, there are no cor- 
relation difficulties. 

UraniumJlead zircon geochronology. 
With the U/Pb method applied to zircons 

6 -4 -2 0 
Fig. 2. Position of dated ash beds within the 
Meishan locality. Left-hand columns show 
the standard bed numbers for quarry D, the 
stratotype for the Changhsing Formation 
(Fm.), and the Changhsingian Stage. Not all 
ash beds were collected from quarry D, but 
each can be confidently correlated into the 
standard section shown here. Carbon isoto- 
pic data are from (24), with additional carbon 
isotopic data from the boundary interval 
shown in expanded format at right from (26). 
Far right column shows the duration of key 
biostratigraphic indicators in the Early Trias- 
sic. Shaded horizons are dated ash beds. 

T.6, signifies transitional beds with mixed Permian and Triassic fossils. Mbr., member. 

separated from strata-bound volcanic layers, 
it is possible to use two independent decay 
schemes (238U/Z06Pb and 235U/207Pb) to 
provide independent age information and 
serve as a test for the extent to which 
closed system behavior has been adhered 
to after crystallization. Zircons are resis- 
tant to resetting caused by diagenetic al- 
teration after deposition of the ash beds. 
We report 172 U/Pb zircon analyses from 
10 ash beds from south China and one 
from Texas. A full discussion of error as- 
sessment and analytical details is given in 
(1 7) and (1 8), respectively. 

Two samples were collected from the 
same ash bed from just above the base of the 
Changhsingian (MD96-7): the crystal-rich 
base (7b) and fine-grained top (7a). The 
zircons are euhedral, colorless, doubly ter- 
minated prisms (75 to 325 pm) that have 
aspect ratios that range from 8 : 1 to 1 : 1.5. 
Both opaque and clear inclusions of un- 
known composition are common. Twenty- 
three fractions of zircon were analyzed, and 
there is evidence for both an older compo- 
nent and lead loss. Twelve concordant 
analyses, including three single grains, de- 
fine a cluster (Fig. 3A). The weighted mean 
206Pb/238U, 207Pb/235U, and 207Pb/206Pb 
dates of this cluster of points are 253.4 2 
0.2 Ma [mean square weighted deviation 
(MSWD) = 1/46], 253.5 2 0.2 Ma 
(MSWD = 0.85), and 254.4 ? 0.9 Ma 
(MSWD = 0.78), respectively. We inter- 
pret the age of MD96-7 to be 253.4 ? 0.2 
Ma and regard this as the best estimate of 
the age of the basal Changhsingian. 

The next highest dated horizon, MZ96- 
(-4.3), is 4.3 m below the white clay layer 
but not the biostratigraphic boundary, mid 
bed 27. This sample is a silicified tuff that 
weathers to a yellow to buff color. The 
zircons are euhedral, colorless, doubly ter- 
minated prisms (50 to 225 pm) that have 
aspect ratios that range from 5 : 1 to 1: 1. 
Opaque and clear inclusions are ubiqui- 
tous. Fifteen fractions were analyzed. The 
weighted mean 206Pb/238U, 207Pb/235U, 
and 207Pb/206Pb dates of eight concordant 
fractions (including seven single grains) 
are 252.3 2 0.3 Ma (MSWD = 0.95), 
252.2 2 0.4 Ma (MSWD = 0.34), and 
251.8 2 1.8 Ma (MSWD = 0.23), re- 
spectively (Fig. 3B). In this case, the 
206Pb/238U age is more precise because of 
the small sample sizes and the less favor- 
able ratios of radiogenic to common Pb. 
The best estimate of the age of this rock.is 
252.3 2 0.3 Ma. 

MAW-b25 is from a bentonite just be- 
low the paleontologically defined bound- 
ary at Meishan. Zircons separated from 
this unit have variable morphology and 
are euhedral, inclusion-rich, colorless, 
doubly terminated prisms (50 to 350 pm) 
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with aspect ratios of 14 : 1 to 1 : 1. Twenty- ly older grains, perhaps incorporated during tively (Fig. 3D). The best estlmate of the 
four zircon fractions were analyzed from eruption. We interpret the younger cluster age of this rock is 250.7 2 0.3 Ma. 
this sample, and the data define two to be the best estimate of the age of the ash Sample MDB96-33 is from a bentonite 
statistically significant clusters on a with an age of 251.4 2 0.3 Ma. that yielded colorless, doubly terminated 
concordia diagram (Fig. 3C). The upper Immediately above the boundary are zircons (30 to 280 pm). Twelve fractions 
cluster of five fractions is concordant three ashes: MZ96-(+0.17), MDB96-33, of zircon were analyzed and show both 
and has weighted mean 206Pb/238U, and MD96-293w, which correspond to inheritance and Pb loss. A concordant 
207Pb/235U, and 207Pb/206Pb dates of 252.7 2 beds 28, 33, and 36, respectively. Zircons cluster of seven analyses was used to cal- 
0.4 Ma (MSWD = 1.61), 252.8 2 0.3 separated from MZ96-(+0.17) are color- culate the weighted mean 206Pb/238U 
Ma (MSWD = 0.91), and 253.4 It- 3.0 Ma less, euhedral, inclusion-rich, doubly ter- 207Pb/235U, and 2071?b/206Pb dates oi 
(MSWD = 1.12), respectively. The younger minated prisms (50 to 225 pm) and have 250.4 2 0.5 Ma (MSWD = 1.14), 
cluster is also concordant, and five pomts, aspect ratios of 10: 1 to 3 :l. Nineteen 250.7 2 0.4 Ma (MSWD = 0.42), and 
including four single grains, yielded weight- fractions were analyzed and show evi- 251.0 2 7.5 Ma (MSWD = 1.85), respec- 
ed mean 206Pb/238U, 207Pb/235U, and '07Pb/ dence for both an older component and tively (Fig. 3E). The best estimate of the 
206Pb dates of 251.4 2 0.3 Ma (MSWD = Pb loss. The age of the rock was estimated age of this volcanic layer is the weighted 
0.37), 251.5 2 0.5 Ma (MSWD = 0.02), from nine concordant fractions, which de- mean 2061?b/238U date of 250.4 2 0.5 Ma, 
and 253.6 2 3.4 Ma (MSWD = 0.10), flne a cluster with weighted mean 206Pb/ which is indistinguishable from that of 
respectively. On the basis of our other dates 238U, 207Pb/235U, and 207Pb/206Pb dates of MZ96-(+.17), which occurs stratigraphi- 
from stratigraphically lower ashes, which are 250.7 2 0.3 Ma (MSWD = 0.40), cally just below. 
younger than 252.7 Ma, we regard the older 250.6 2 0.3 Ma (MSWD = 0.16), and Sample MD96-293w is of whlte benton- 
cluster as a result of the inheritance of slight- 250.9 2 3.3 Ma (MSWD = 0.66), respec- ite that is locally up to 15 cm thick. Zircons 

207PbP35U 
Fig. 3. (A to K) Concordia diagrams for ten 
south China ash beds and one ash bed from 
the Guadalupe Mountains, west Texas. Only 
the analyses used in the of the weighted mean 
dates of each ash bed are shown. SeeTable 1 
(available at www.sciencemag.org/feature/ 
data/976820.shl) for compilation of all analy- 
ses. Ages, in millions of years ago, are marked 

o,m om ozm a?62Y on theconcordia curve. Individual analysesare 

207PbP35U 
depicted as 20 error ellipses. The scale of con- 
cordia diagrams is variable. In (C), the shading 

distinguishes the two different groups of zircons discussed in text. 
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separated from it are euhedral, colorless, 
doub1.i- terminated prisms (30 to 325 pm) 
that have aspect ratios of 8 : 1 to 1 : 1 and 
contain abundant inclusions. We analyzed 
12 fractions. Nine concordant analvses 
yielded weighted mean 2"Pb/23Q 2"~b/ 
235U. and 2"Pb/'c6Pb dates of 259.; i 9.2 
Ma (MSWD = 9.57), 259.5 i 9.2 Ma 
(MSWD = 0.47), and 253.7 i 2.2 Ma 
(MSWD = 1.06), respectively (Fig. 3F). 
We interpret the best esti~nate of the age of 
this ash to be 250.2 i C.2 Ma. 

The section at Heshan is characterized 
by a thick (10 m) sequence of volcanic 
rocks immediately belovv the boundary on 
both sides of the river (Fig. 1). The volcanic 
rocks comprise several cycles of thick-bed- 
ded cr\-stal-rich tuffs that grade upvvard into 
clay-rich la\-ers. We attribute these c\-cles to 
a proximal eruptive episode. We collected 
several samples to see if \Ire could resolve 
small age differences within this unit and to 
test reproducibility. 

The lowest samples, H-Mata1196-1 and 
-3, were collected at the top and bottom of 
one graded sequence. They yielded a variety 
of zircons, man\- of them detrital. Twenty 
analyses were made, and many show evi- 
dence of inheritance or Pb loss. Six analyses 
from these two samples clustered about con- 
cordia and gave weighted mean 2"Pb/23%J, 
?C?pb/:3j~, and ?.Cipb/ZC6pb dates of 

251.6 i C.l Ma (MSWD = 0.6C), 251.6 i 
9.1 Ma (MSWD = C.18), and 252.1 i 1.5 
Ma (MSWD = 0.59), respectively (Fig. 
3G). The best estimate of the age of this 
rock is 251.6 i 0.1 Ma. 

The highest sample, H-Matan96-6, is 
from just beneath the boundary on the 
south side of the river, where it is im- 
nlediately overlain by the boundary se- 
quence. Twelve fractions of zircon were 
analyzed, and seven were used to calculate 
the weighted mean "6Pb/23eU, '"Pbl 
23iU, and 2c'Pb/i""P dates of 251.7 i 9.2 
Ma (MSWD = 9.75), 251.7 i 0.3 Ma 
(MSWD = C.80), and 251.4 i 4 . i  Ma 
(MSLVD = 2.17), respectively (Fig. 3H).  
The best esti~nate of the age of this rock is 
251.7 i 0.2 Ma. 

H-bIatan96-7 is the stratigraphically 
highest exposure of volcanic ash on the 
north side of the river and correlates with 
H-Matan96-6. Sixteen zircon fractions were 
analyzed from this sample. '4 group of nine 
clustered about concordia and gave weight- 
ed rnean 2"Pb/238U, 2c'Pb/23jU, and '"Pb/ 
'"Pb dates of 25 1.6 i 0.1 Ma (MSWD = 

C.87), 251.8 i 0.1 Ma (MSWD = 0.17), 
and 252.9 i 1.4 Ma (MSWD = 9.i4), 
respectively (Fig. 31). Our best esti~nate of 
the age of H-hlatan96-7 is 251.6 i 0.1 Ma. 

Four samples from this locality (H-Ma- 
tan96-1, -3, -6, and -7) yielded ages that are 
statisticallv identical (251.6 i 0.1, 251.7 i 

0.2, and 251.6 i C.l Ma, respectively). 
These results demonstrate that our ages are 
very reproducible and that the calculated 
uncertainties accurately describe all sources 
of nonsystematic error. 

Sample LP96-2 from Penglaitan con- 
tains abundant zircons, some of which are 
detrital, as well as small grains of mona- 
zite. It is unclear whether the monazites 
are primary phenocrysts or formed by di- 
agenesis. The monazite is rich in Th and 
has high common Pb content, which pre- 
cludes precise U/Pb age determination. 
Twelve fractions of zircon \Irere anal\-zed 
and five clustered around concordia and 
gave weighted mean 2"Pb/238U, '"Pb/ 
'j5U, and 2"Pb/2c6"P dates of 252.4 i 9.2 
Ma (bISWD = @.I@),  252.6 i 0.4 Ma 
(MSWD = 0.06), and 253.6 i 1.7 Ma 
(MSWD = 0.21), respective1.i- (Fig. 3J). 
We interpret the age of LP96-2 to be 
252.4 i 0.2 Ma. This sample is from 
within the late Changhsingian Stage, but 
its exact location relative to the conodont 
zonation is uncertain. 

Six zircon fractions analyzed from the 
ash exposed on Nipple Hill define a con- 
cordant cluster of data. Five fractions from 
this sample weighted mean '"Pb/ 
23SU, Zc'Pb/235U, and 2c7Pb/2""P dates of 
265.3 i 0.2 Ma (MSWD = 0.59), 265.4 i 
0.3 Ma (MSWD = 9.25), and 266.5 i 1.8 
Ma (MSWD = 0.25), respectively (Fig. 
3K). The best esti~nate of the age of this ash 
is 265.3 i 0.2 Ma, which provides a max- 
imum estimate for the age of the base of the 
Capitanian. 

Implications of geochronology for un- 
derstanding the mechanisms of extinction. 
Our data have several i~nplicatiol~s for un- 
derstanding mechanisms that contributed 
to the biological and chemical events asso- 
ciated with the end-Permian mass estinc- 
tion. At Meishan, the age of the event 
boundary is 251.4 i 9.3 Ma, and the bio- 
stratigraphically defined P-T boundary is 
<251.4 i 0.3 Ma and >259.7 i 9.3 Ma. 
The age data from the Heshan section show 
that the age of the boundary in two widely 
separated localities (-1500 km) is about 
the same. 

Within south China, the major p ~ ~ l s e  of 
the end-Permian extinction is confined 
largely to the upper member of the Chang- 
hsingian Stage. Diverse marine assemblages 
of brachiopods, bivalves, conodonts, am- 
monoids, and other taxa occur throughout 
south China in the C. subcarinnta zone of 
the loner Changhsingian and persist into 
the overlying unit. The youngest Permian 
reefs are in the Paleofus~~lina sinensis fusulin- 
id zone in Sichaun Province (19) but not 
within the final two conodont zones of the 
Changhsingian (the C .  yingi and C .  meis- 
hanensis zones). Throughout south China, 

280 of 329 genera (85%) of marine inver- 
tebrates became extinct within the C .  
chnnghsingensis and C. yingi conodont zones 
(equivalent to the P ,  sinensis fusulinid zone) 
of the upper stage and thus largely above 
bIZ96-(-4.3) (bed 29). These genera in- 
clude all fusulinid fora~ns and corals, 85% of 
articulate brachiopod genera, 94% of non- 
fusulinid forams, 97% of ammonoids, 85% 
of gastropods, and 59% of bivalves (20). At  
Meishan, most last appearances occur with- 
in 50 cm of the boundar\-, between units 
24c and 24d (20). Correlations with con- 
odonts and the carbon isotopic excursion 
suggest that the extinction was eclually rap- 
id in Spitsbergen (21) and the Alps (22). 
Further detailed studies, including statisti- 
cal anal\rsis of range end points, are required 
to anal\-ze the pattern of extinction (23) 
and the relation between the disappearanc- 
es, the ash beds, and the isotopic excursion. 
Our geochronological data indicate that the 
main pulse of Changhsingian extinction oc- 
curred in less than 1 My (between 251.4 i 
9.3 and 252.3 i C.3 Ma). 

At Meishan as vvell as at other sections, 
there are abrupt negative shifts in the S13C 
value of carbonates (both inorganic and 
organic carbon) at the P-T boundary (21, 
24-27). The amplitude and wavelength of 
the shifts are a function of accumulation 
rate and sampling interval. In Inany studies, 
a shift from the Late Permian to the Early 
Triassic values of -2 to -4 per mil is 
observed with the maximum excursion ap- 
proximately coinciding with the boundary 
(24, 25) At Meshian, detailed sampling 
shows that there is an abrupt negative ex- 
cursion in S13C to as lo\\l as -6 per mil 
above the "boundary ash" and close to the 
biostratigraphically defined boundary (29, 
26) (unit 27c, Fig. 2). This sharp spike is 
mostly ~ ~ i t h i n  the 4- to 5-cm-thick unit 
27a, although a single very negative sample 
was recorded from bed 26. The S13C value 
recovered to 0 per mil by the first occur- 
rence of H. pnruus at the base of bed 27c. 

Our geochronological data limit the 
~ n a x i ~ n u ~ n  duration of the isotopic excur- 
sion. The main high-amplitude excursion to 
-6 per mil takes place within unit 27a (4 
cm). Accumulation rates for bed 2 i  can be 
estimated with the ages of ash beds 25 and 
28 and yield a duration for the spike of less 
than 165,000 years (28). This result implies 
that there was a catastrophic input of iso- 
topically light carbon to the oceans. Until 
detailed (centimeter scale) sampling is done 
in other sections, it is difficult to evaluate 
whether this short duration spike is unique 
to Meishan. 

Proposed hypotheses to explain the end- 
Permian extinction include the following: 
effects from a bolide impact (29) or flood 
basalt volcanism (12, 30), overturn of a 
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and Yan (26) at the boundary at Meishan 
can most easily be driven by sudden release 
of isotopically light carbon such as methane 
or oxidation of organic carbon. 

stratified ocean and poisoning of shelf areas 
with C02- r i ch  waters (6 ,  31, 32) ,  transgres- 
sion-associated anoxia ( a ) ,  and a variety of 
environmental effects associated with a ma- 

aerosols associated with volcanism. Sugges- 
tions that sulfate aerosols generated acid 
rain are plausible and are consistent with 
the destruction of both marine and terres- 

jor marine regression (1 ,  2).  Any hypothesis 
must explain the  short duration (< 1 My) of 

trial ecosystems, although it is not  clear that 
this model is consistent with the  nattern of 

" 
Although oceanic overturn remains a 

plausible mechanism, there is n o  geological 
evidence (glacial deposits) to  support gla- 
cially induced overturn, as suggested by 
Knoll et nl. (6) .  T h e  deep-sea record ( 3  1 ) of 
long-term deep-water anoxia from Late Per- 
mian through Early Triassic exhibits little 
indication of a inaior "event" at the  bound- 

selective marine extinction. How much sul- 
fate aerosol or carbon dioxide was released 

the  final pulse of extinction. 
T h e  aee of the  Siberian flood basalt " 

volcanism has been reported to be identical 
within error to that of the P-T boundary at 

is poorly constrained. Because volcanic car- 
bon is not  sufficiently light to produce the 
observed S13C shift, given the  assumption 
of reasonable volumes (1 ), the eruntion of 

Meishan and to  have a duration of 1 M;. or 
less as indicated by 4cAr/39Ar and U/Pb 
dates (12, 33, 34).  Direct comparison of 
'cAr/39i4r and U/Pb ages is difficult because 
of possible interlaboratory biases in  the A r  
standards and uncertainty in  the  decay con- 
stants (35).  A L/Pb  zircon and badellyite 
age for the Noril'sk-1 gabbroic intrusion, 
which cuts the lower third of the  Siberian 
Traps, is 251.2 i C.3 Ma (34) .  Renne e t a [ .  
(35) indicate that recalculation of previous- 
ly reported A r  data (12) yields a n  age of 
250.0 ? 4.6 Ma ( 2 a ;  including all system- 
atic uncertainties affecting the  4'Ar/3%r 

the  Siberian Traps is a t  best only a partial 
explanation of the  observations. 

T h e  613C isotopic shift is approximately 
coincident with the  maximum vulse of ex- 

ary, which is inconsistent with a catastroph- 
ic overturn of the oceans. Onshore move- 
ment  of a dysaerobic layer (8)  appears in- 
sufficient because the dysaerobic layer 

tinction in  the  latest Changhsingian and 
with the  eruntion of the  Siberian Trans. 

~ ~ o u l d  require a minimum i;f 3000 gigatdns 
( G t )  of carbon to  cause the  observed isoto- 

Most discuss~ons of the  isotopic shift have 
focused o n  causes affecting the  whole 

. . 
pic shift. In  addition, persistence of shallow 
water marine anoxia requires greatly re- - 

ocean, including the  following: ( i )  exposure 
of marine organic carbon (27) or gas hy- 
drates (1 ) in  continental shelves associated 
with a major regression; (i i)  marine anoxia 
associated with oxidation of isotopically de- 
pleted, C02-enr iched bottom waters during 
rapid overturn (6 ,  32);  (iii) onshore migra- 
tion of a dysaerobic layer during transgres- 
sion (8); (iv) collapse of surface to deep 
SI3C gradient due to the  extinction and its 
aftermath. which resulted in the exnort of 

duced atmospheric oxygen concentrations. 
O n  the other hand,  the  isotopic excur- 

sion might not  reflect a whole-ocean shift 
in the  carbon cycle. A whole-ocean S13C 
shift from + 2  to  C per mil (average Late 
Permian values to average earliest Triassic 
values) coupled with a transient surface- 
ocean shift of -1 to -2 per mil (39) 
through collapse in  primary productivity is 
also plausible. T h e  volume of carbon re- 
quired to drive this shift (1 ,  42)  drops cor- 
respondingly, depending o n  the  source and 
thus the  613C value of the carbon 143). In  

- 
system) for the  initiation of Siberian Trap 
volcanisrn (including biotite from the  
Noril'sk-1 intrusion). Comparison of the  
"A~r/~%r ages of the  traps with the  "Ar/ 
3%r age of the  P-T boundary may be done 
without considering systematic errors, lead- 
ing to the conclusion that the  two were 
synchronous within <360,CCO years (12).  
Our  best estimate for the  age of the bound- 
ary is <251.4 and >25C.7 Ma, and thus the 
U/Pb ages for the two events coincide. 

However, in our opinion, for the  erup- 
tion of the Siberian Trans to  be considered 

less isotopically light carbon to the  deep 
ocean 137-39) and a shift of whole-ocean 
values to more negative values ( the  magni- 
tude of the  s h ~ f t  would denend o n  how 

, , 

this scenario, the  extinction and drop in  
primary productivity are related, and the  
extinction causes the isotopic shift. T h e  
whole-ocean shift of $2  to 0 ner mil could 

much organic carbon burial continued o n  
the  shelves): and iv )  oxidation of Late Per- 

a cause of extinction, it should predate the  
onset of the extinction. Our  data indicate 

, , 

mian peat deposits (40).  
Erosional unconformities throughout 

also have resulted from the collapse of pri- 
mary productivity or ecosystem structuring 
if the  collapse caused a decrease in organic 
burial rates. 

T h e  isotopic shift and perhaps the  final 
extinction could also be related to a bolide 
impact (29, 44-46).  T h e  brief negative ex- 
cursion and the  abrupt change in climate 
could be due to  rapid delivery of isotopically 
light carbon in the  form of C02 or methane 
(or both)  (47, 48).  Impact of a cornet or icy 
body with Earth's atmosphere would un- 
leash a sequence of chemical reactions (46, 
49)  but, because of its volatile nature, leave 
little trace. ,4n icy, carbon-rich comet 
would be rapidly converted to COL in our 
oxygen-rich atmosphere, resulting in acid 
rain and greenhouse warming. Acid rain is 
predicted to  lower shallow marine p H  to 
depths of a t  least 150 m such that carbon- 
ates would dissolve and release large 
amounts of C02 (49) .  Similar effects would 
be expected if the object contained large 
amounts of nitrogen-bearing compounds. 
Methane could also be released from shock 
heating of gas hydrates. If it survived atmo- 
spheric disintegration and impacted the 
oceans, a body of sufficient size ( > I 0  km) 

that most of the  Changhsingian extinction 
occurred between 252.3 and 251.4 Ma. If 

" 

south China and elsewhere suggest that  
there \vas a mlnor reoresslon near the  P-T 

the traps were involved, eruption would had 
to have begun before 252 Ma, which is 
permitted by the U/Pb data (33) .  'cAr/39Ar 
dating in the nearbl- Meimecha-Kotui sub- 

" 

boundary, but estimates of a sea level drop 
of more than 20C m (41) are unsubstanti- 
ated ( 5 ,  8, 29).  Detailed stratigraphic anal- 
ysis reveals a maximum low stand near the 
LVuchaipingian-Changhsingian boundary 
(5, 20) or during the  lower Changhsingian 
(8) .  Our  geochronological data from Meis- 
h a n  (Fig. 2) ,  however, indicate that the  
sediment accumulation rate increased 
across the  boundary consistent with trans- 
gression. T h e  timing of the  isotopic shift 
and lack of evidence for a major erosional 
unconformity make a major episode of re- 

- 
province indicates that precursory volca- 
nism began at 253.3 2 2.6 Ma (36),  sup- 
porting the  expected relative timing of 
cause and effect. O n  the  other hand, a n  
earliest Triassic eruption of the  Siberian 
Traps is also consistent with the data, with 
the  environmental effects of the  eruptions 
perhaps having been responsible for retard- 
ing the biotic recovery but not  having been 
involved in  the  extinction itself. However, 
the  overall eruptive history of the  Siberian 

gression (exposing organic carbon or releas- 
ing gas hydrates) followed by a major trans- 

Traps remains incompletely known. 
Despite the possible temporal coinci- 

dence of Siberian Trap volcanism and the  
P-T boundarv, a causal connection remains 

gression (flooding the  shelves with isotopi- 
cally light carbon) unlikely. Although gas 
hydrates are an  ideal source for driving the  
isotonic shift i 1 ), the lack of evidence for a , , 

unclear. \'isscher et nl. (39) have suggested 
that the  destruction of terrestrial ecosys- 
tems was recorded by the  late Changhsing- 
ian increase in the  abundance of fungal 
spores that reflect acid rain from sulfate 

major regression and the observation that 
the  latest Permian was a time of a global sea 
level low stand rule out this scenario. T h e  
short-lived excursion (<165,CCO years) of 
613C values to -6 per mil as reported by Xu 
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could mlx a large volume of the  oceans (32,  
46) ;  the  persistence of deep-water anoxla 
through the boundary (8, 31) ,  however, 
suggests that no  such perturbation occurred. 

T h e  followin. seven observations must " 
be accommodated in  any model for the  P-T 
extinction: 1i) the  widesoread evidence of , , 

anoxia in latest Permian-earliest Triassic 
deep-ocean sediments ( 3  1 ), including accu- 
mulation of massive amounts of organic 
carbon (5Q); (ii) the  613C isotopic excur- 
sion a t  or near the  P-T boundary in  both 
marine and terrestrial ecosvstems, although - 
the precise relation between peak extinc- 
tion and the  isotooic shift remains unclear; 
(iii) evidence for anoxia in nearshore set- 
tings at or close to the  P-T boundary (8), 
coincident with a major earliest Triassic 
transgression (41) ;  (iv) patterns of extinc- 
tion consistent with hypocapnia or C O ,  
poisoning (6) ;  (v)  the  age of the  Siberian 
Traps and extinction being the  same within 
error; (vi)  a lack of evidence for a latest 
Permian glaciation (1 ); and (vii) sudden 
climate warming a t  and after the  boundary 
(51).  

O n  the basis of our high- recision geo- 
u 

chronology, we suggest three possible scenar- 
ios to explain the events at the P-T bound- 
ary. In  the first, eruption of the Siberian 
flood basalts in the latest Changhsingian 
released large amounts of CO, (and possibly 
sulfates, producing acid rain) and initiated a 
period of global warming. Warming of shal- 
low seas lowered the lysocline sufficiently to 
release some 1200 Gt of oceanic methane 
hydrates (52). Follo\\:ing the scenario of 
Renne et nl. 112). a short volcanic winter , , ,  

triggered by volcanic aerosols was followed 
by greenhouse conditions and warm in^. This , u " 

cooling-warming cycle could have triggered 
convective overturn of the oceans, d u r n ~ i n g  
deep C02-r ich bottom water onto the khek 
regions (6),  leading to hypocapnia and in- 
creased at~nospheric CO,. 

In  the  second scenario, extinction, per- 
haps related to  the  Siberian Traps, elimi- 
nated primary productivity and export of 
light carbon to the  deep ocean, which pro- 
duced a transient isotopic shift; the  oceans 
returned 613C values of around 0 per mil 
during recovery. It is possible that the ex- 
port of sequestered light carbon and CO, 
charged water by upwelling, conlbined with 
volcanic eruotion-induced extinction. could 
explain the  observations. N o  single mech- 
anism is sufficient to explain all the  geolog- 
ical and paleontological data in either of 
these scenarios, but the massive eruution of 
the  Siberian ~ ; a ~ s  may well have b i e n  the  
proximal cause for a cascade of events lead- 
ing to the  apparent synchroneity of marine 
and terrestrial extinctions. 

T h e  final uossibilitv is that the  latest 
Perrn~an blota'was alre'ady in  d e c l ~ n e  as a 

result of the  above scenarios and that the  
collision of Earth and an  icy object was 
the  final catalyst that pushed the  planet to  
the  brink of total extinction. A carbon-rich 
bolide 1C km or greater in  diameter could 
have delivered or caused a massive infusion 
of CO, to  the  atmosphere and oceans that 
was the  trigger for the  final and most pro- 
found pulse of extinction a t  the  boundary. 
Massive volcanism, both marine and conti- 
nental, acid rain, anoxia, and the  other 
mechanisms discussed above have been op- 
erative a t  other times in Earth history and 
may have played a role in  other less dramat- 
ic extinctions. However, the  annihilation 
of 70 to 90% of all species is truly a singular 
event in Earth history and may require such 
a n  explanation. 

Geochronology of the P-T boundary sec- 
tion in  southern China now outstrips the  
available paleontological and chemostrati- 
graphic resolution. T h e  geochronological 
data presented here allow specific tests of 
extinction scenarios and the  ability to focus 
o n  outstanding problems with a precise 
chronological framework. T h e  rapidity of 
the extinction and its synchroneity with 
the rapid S13C isotopic excursion and the  
eruption of the  Siberian Traps are n o  longer 
in doubt. T h e  distribution of dated ash beds 
at Meishan allows estimates of the  distribu- 
tion of time a t  better than the  5C,000-year , , 

level. Outstanding issues and questions are 
as follows: i i )  Although we have shown " 

that  the  age of the  boundary is about the 
same in two widely seoarated localities in , 
south Chlna, ~t remains to  be documented 
whether the  boundary has exactlv the  same 
age across all of Pangia. (i i)  Did ;he extinc- 
t ion occur a t  exactly the  same time in ter- 
restrial and marine environments? (iii) Is 
the  613C shift the  result of the  extinction 
(collapse of primary productivity), the  sig- 
nature of upwelling of deep C0,-charged 
bottom water, the  result of a cometary im- 
pact, or a combination thereof! (iv) '4 de- 
tailed colnparisol~ of carbon isotope varia- 
tions with the  extinction chronology is nec- 
essary to  better evaluate a relation. (v )  Af- 
ter its demise in  <1 My, how quickly did 
life rebound during the  earliest Triassic? 
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