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Abstract There is a long-standing controversy of what triggered the extinction at the Permian-Triassic boundary, 
the most severe mass extinction in the geologic record, including flood basaltic volcanism and/or bolide impact hy-
pothesis. In order to clarify various pieces of evidence for the mass extinction event at the Permian-Triassic bound-
ary, some researchers from some laboratories throughout the world have made a comprehensive study on a group of 
samples from the Meishan area of China. Some fresh core samples from the Permian-Triassic boundary in the Me-
ishan area were analyzed in this study. The results showed that there is no Ir anomaly. Moreover, the PGEs patterns 
of those samples show obvious differentiation characteristics, that is different from the case encountered in meteor-
ites. So no evidence supports the hypothesis of extraterrestrial impact. In contrast, the PGEs patterns are similar to 
those of Siberian and Emeishan basalts, which indicates that those PGEs are derived mainly from the basalts, lending 
a support to the correlation between mass extinction at the Permian-Triassic boundary and flood basaltic volcanism. 
This study has also confirmed the results for samples from section C prior to the analysis of the samples. 
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1 Introduction 

The most severe living things extinction event on 
the Earth took place 252.28±0.08 million years ago 
between the Permian and Triassic boundary geologic 
periods, as well as between the Paleozoic and the 
Mesozoic, with up to 90% of all marine species and 
70% of terrestrial vertebrate species having being ex-
tincted (Erwin, 1994; Jin et al., 2000; Benton et al., 
2004). The extinction characteristics of P-T boundary 
and the sedimentary records show that a series of 
sudden major geological events may have occurred at 
that time. Along with the biological extinction event, 
the ecosystems experienced dramatic changes, such as 
marine anoxia (Wignall and Twitchett, 1996), the in-
crease of atmospheric CO2 content (Berner, 2002), 
global warming (Huey and Ward, 2005), carbon iso-
topic excursion (Payne et al., 2004), acid rain, etc. 
(Liang, 2002; Maruoka et al., 2003). 

The reason of the most severe mass extinction in 
the geologic record is a hot research subject in the 
earth science. One of the hypotheses is that the mass 
extinction event is usually caused by extraterrestrial 
body impact, as evidenced by Ir anomalies found at 
the K/T boundary. But there is a controversy at the 
evidence of extraterrestrial body impact in the P-T 
boundary event. Xu et al. (1985) analyzed the clay 
layer samples from the Meishan P/Tr boundary sec-
tion, China. The results showed that the content of Ir 
is about 2 ng/g, which is obviously higher than the 
background values of the crust, and the Ir anomalies 
were not confirmed in later studies (Clark et al., 1986; 
Zhou and Kyte, 1988; Cai et al., 1986). As reported by 
Becker et al. (2001), the extraterrestrial noble gas 3He 
was found for the first time in the same P/Tr boundary 
section at Meishan, Changxing County, Zhejiang 
Province, China, which may imply an extraterrestrial 
source. Some similar research results were reported 
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from the P/Tr boundary section at Graphite Peak, Ant-
arctica (Poreda and Becker, 2003). However, Farley et 
al. (2001) analyzed the samples collected from the 
Meishan section and found no extraterrestrial 3He. 
Another evidence for a bolide impact is the discovery 
of chondritic fragments in the P-Tr boundary section 
in Antarctica (Basu et al., 2003), but this finding can-
not be reproduced. Beside extraterrestrial bolide im-
pact, more evidence shows that the mass extinction 
which happened in the P/Tr boundary period is ge-
netically caused by vast flood volcanism that caused 
catatrophic changes of the ecosystem (Courtillot et al., 
1999; Wignall, 2001; Grard et al., 2005). The P/Tr 
boundary event occurred about 252.28±0.08 Ma years 
ago (Shen et al., 2011), which is almost the same pe-
riod during which Siberian basalt eruption took place 
(Renne et al., 1995; Reichow et al., 2002; Kamo et al., 
2003; Mundil et al., 2004). In addition, the time of 
Emeishan basalt eruption in Sichuan Province, China, 
partly overlaps with that in the P/Tr boundary section 
(Boven et al., 2002; Lo et al., 2002), or earlier than the 
latter (Guo et al., 2004; Zhou et al., 2006; He et al., 
2007). 

Zhou and Kyte (1988) analyzed the clay layer 
samples from the P/Tr boundary section in Meishan 
and other areas in China. The results showed that Cs, 
Zr, Hf, Ta and Th were strongly enriched while Cr, Co 
and Ir were strongly depleted, suggesting that the 
source of clay is related with volcanic ash. Xu et al. 
(2007) analyzed systematically the contents of PGEs, 
including Ir, from the Meishan P/Tr boundary section. 
The result showed that there is no Ir anomaly, and the 
patterns of PGEs in the P/Tr boundary section at Me-
ishan are similar with those of Siberial and Emeishan 
basalts, which are different from the known extrater-
restrial materials. This result further indicated the cor-
relation between the mass extinction event in the P/Ts 
boundary period and the large-scale volcanic activity. 
Analyzing the samples from the Meishan section, 
Shen et al. (2011) also found evidence of fire burning 
and volcanic activity leading to anoxia, which led to 
changes in the environment (Shen and Lin, 2010; 
Shen et al., 2007). 

In order to find out the evidence of mass extinc-
tion event at the P/Tr boundary, the late Jin Yugan (an 
academician) working at the Nanjing Institute of Ge-
ology and Palaeontology and Prof. Kyte F. coming 
from the California Institute of Technology, USA, 
organized the International Cooperation Project of 
“Chinese Meishan Permian-Triassic (P/T) Extinction 
Event” to carry out a comprehensive study in many 
aspects, including paleontology, petrography and mi-
neralogy, magnetic stratigraphy, isotopes (such as O, 
C, S, Sr, etc.), element geochemistry (such as REE, 
PGEs), organic geochemistry (such as organic carbon, 
biomarker, etc.), fullerene, rare gas, etc., with an at-

tempt to analyze the two drilling samples from the 
Global Stratotype Section and Point (GSSP) of the 
P/Tr boundary at Meishan, Changxing County, Zheji-
ang Province, China, in combination with the famous 
global geochemical laboratories. The project is ex-
pected to get a clear conclusion that whether the mass 
extinction at the P/Tr boundary section is related to 
the extraterrestrial bolide impact event. In this study, 
we will report the research results concerned. 

2 Samples and experiment  

The Meishan section in Changxing County, Zhe-
jiang Province, China, is the global stratotype section 
and point (GSSP) of the P/Tr boundary, also known as 
“golden spike” (Yin, 2001). The section located at a 
series of large quarries, which is divided into A, B, C, 
D, E and Z in turn from west to east. The samples 
used in the study were collected from Bed 24 to Bed 
28 (Yin et al., 1996; Zhao et al., 1981; Sheng et al., 
1987). Among them, Bed 24 is mainly composed of 
limestone, at the top of which is pyrite lamina. Bed 25 
is composed of white clay, and Bed 26 is composed of 
black clay. Bed 27 is divided into four layers a, b, c 
and d from the top to the bottom, which are mainly 
composed of limestone. Bed 28 is composed of white 
clay. The boundary between the layers of Bed 27b and 
27c at Quarry D was defined as the GSSP of the P/Tr 
boundary according to the first appearance of Hin-
deodusparvus (Yin et al., 1996, 2001, 2005), which 
belong to the biological boundary layer. However, the 
P/T catastrophec event (or geochemical) boundary lies 
about 10 cm below, recognized as the “boundary clay” 
of Beds 25 and 26 or probably the pyrite lamina on the 
top of Bed 24e (Bowring et al., 1998; Jin et al., 2000; 
Yin et al., 2001, 2005). 

In order to ensure the samples to be as fresh as 
possible and to avoid contamination, the drill core 
samples were used in the study. The drilling sites were 
located 550 m (Meishan-1) and 150 m (Meishan-2) 
west of section D of the Meishan P/Tr boundary. By 
drilling through the P/Tr boundary layer, the core 
samples are very intact and fresh (2003). All the sam-
ples were of unified treatment for crushing, grinding 
and distribution at the sedimentology laboratory of the 
National History Museum. In order to verify the re-
sults obtained by different laboratories, the samples 
were numbered randomly, which were distributed to 
different laboratories in the form of unknown samples. 
The number for the actual section of samples will be 
told to the researchers from different laboratories after 
all laboratories have completed their analyses of the 
samples and submitting the analytical results. Figure 1 
shows the actual position of numbered samples from 
the Meishan section.  

The VG Plasma-Quad ExCell ICP-MS installed 
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at the National Research Center for Geological Analy-
sis has been employed in this study (Chinese Acad-
emy of Geological Sciences). The multi-element solu-
tion of 20×10-9 produced by U.S.A. was used. All 
samples were separated and concentrated before de-
termination. 

The analytical method is isotope dilution and in-
ductively coupled plasma mass spectrometry 
(ID-ICP-MS) combined with Te-coprecipitation that 
follows the improved method described by Qi et al. 
(2004). About 12 ng Pt, 10 ng Pd, 0.4 ng Ir and 0.7 ng 
Ru enriched isotope spikes were added in each sam-
ple. Silicates in the samples were dissolved with 45 
mL of concentrated HF that was added in two times. 
15 mL of aqua regia were added in the residue and 
heated to 80℃ for 1 hour, and then slowly evaporated 
to dryness. The treatment with aqua regia was re-
peated once. Any remained HNO3 was then driven out 
by adding 8 mL of concentrated HCl, and evaporated 
to dryness. Finally, the dried fraction was dissolved in 
15 mL of concentrated HCl and 10 mL of water, and 
transferred into a 50 mL centrifuge tube. After cen-
trifugation, the solution was transferred into a 200 mL 
Savillex beaker. 35 mL of 3% H3BO3 was added in the 
residue to dissolve fluorides, followed by centrifuga-
tion. The process of dissolving fluorides with H3BO3 
was repeated 3–5 times until the residue was <0.1 g. 
The last residue was fused with Na2O2 (<0.4 g), and 
then dissolved with water and HCl. This solution was 
added into the Savillex beaker.  

The PGEs in the solutions were separated from 
the matrix through Te-coprecipitation by adding 2 mL 
of 1 mg/mL Te and 4 mL of 1 M SnCl2. The solutions 
were then filtered using a millipore membrane filter 
(type-HA, 0.45 m). The Te precipitants were dis-
solved in 2 mL of aqua regia, and diluted to 10 mL for 
passing through the ion exchange column (glass col-
umns with a reservoir at the top, 5 mm120 mm) to 
eliminate interferences of Cu, Ni, Zr and Hf. The 
column consists of cation exchange resin of Dowex 50 
WX8 (200–400 mesh, 2 g) and P507 extraction chro-
matograph resin (60–80 mesh, 1 g). The elution solu-
tions were diluted to 5 mL for ICP-MS measurement, 
and the acidity is within the range of 3%–4%.  

All of the HF, HCl and HNO3 used in this study 
were sub-boiling purified. High-purity deionized wa-
ter (18 M/cm) was obtained from a Milli-Q system. 
The SnCl2 and Te solutions were purified by Te-  
coprecipitation with each other. The H3BO3 solution 
was also purified by Te-coprecipitation. The blank 
level and determination limit of the ID-ICP-MS me-
thod are given in Table 1. The blank level is the aver-
age of six analyses of blanks that were prepared in the 
same way as the samples, i.e., Ir 0.0002 ng/g, Ru 
0.0019 ng/g, Rh 0.0002 ng/g, Pt 0.0106 ng/g and Pd 
0.0016 ng/g. The determination limit is taken as 10 

times the standard deviation of the counts of the 
blanks divided by the sensitivity 10 ng/mL PGE stan-
dard solutions, i.e., Ir 0.0029 ng/g, Ru 0.0057 ng/g, Rh 
0.0011 ng/g, Pt 0.0289 ng/g and Pd 0.0222 ng/g. The 
abundances of Ir, Ru, Pt and Pd were calculated by the 
isotope dilution method. Rh is a mono-isotope, hence 
it was calculated using 194Pt as the internal standard.  

The results of analysis of reference material 
WGB-1 are listed in Table 1. Although lower than the 
certified values, our results are consistent with other 
literature data analyzed with ID-ICP-MS and NiS. The 
discrepancy of Rh is probably attributable to the ana-
lytical methods. Except that the abundances of Ir and 
Pt are lower, our data are consistent with what was 
reported by Qi et al. (2004), which is higher than what 
was reported by Meisel et al. (2001), and Jin and Zhu 
(2000).  

3 Results 

We analyzed a total of 16 pieces of samples se-
lected from three sections, including Section B with 9 
pieces of samples from Bed A to Bed H and Bed T, 
Section C only with Bed N, and Section C with 6 
pieces of samples from Bed O to Bed S and Bed U. 
Our data on the P/Tr boundary samples revealed no 
obvious positive Ir anomaly, with a range of 
0.003–0.029 ng/g (Table 1). Variations in the concen-
trations of Ir and other PGEs between Sections B and 
C are shown in Fig. 1. The abundances of Ir and other 
PGEs reach the maximum at Bed 26, and Bed 25 and 
the pyrite lamina of Bed 24 (Bed C and Bed Q) con-
tains the lowest abundance of those PGEs. Bed 25 and 
pyrite lamina of Bed 24 are generally referred to as 
the P/Tr event boundary, but they contain very low Ir. 
On the contrary, the abundances of Ir and other PGEs 
in Bed 27 and at the top of Bed 24 are higher than 
those of Bed 25 and pyrite lamina of Bed 24. Bed G is 
enriched in carbon and overlaps the top of Bed F. With 
the exception of Ru, the contents of the other PGES in 
Bed G are obviously higher than those of Bed F. The 
abundances of PGEs are different from one layer to 
another, but they have the same pattern. The concen-
trations of PGEs in Sections B and C have the same 
results, which have testified that our data are more 
reliable. 

Figure 1 shows the Ir and Pd concentration pro-
files of the Meishan P/Tr boundary section are paral-
lel. Plotted in Fig. 2 are the CI-normalized abundances 
of PGEs of the samples, indicative of the highly frac-
tionated patterns with the relative abundance increas-
ing from left to right (in the order of volatility). The 
PGE patterns of individual samples are nearly parallel 
to each other, except for slightly higher Ru at Bed F 
from Section B and Bed Q from Section C, and Rh at 
Bed N from Section C. 
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Fig. 1. Ir and Pd concentration profile of the Meishan P/Tr boundary section. Ir and Pd concentration profiles at Sections B and C of the Meishan 

P/Tr boundary section, showing small peaks at Bed 26. The abundances of Ir and Pd in Bed 27 and at the top of Bed 24e are higher than those of 

Bed 25 and pyrite lamina of Bed 24 that were the P/Tr event boundary in all probability. The sample numbers in this study correspond to the ac-

tual section of samples (marked by red). 

 

 
Fig. 2.  PGE patterns of samples from the Meishan P/Tr boundary section. 
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The CI-normalized PGE patterns of the Meishan 

P/Tr boundary section are highly fractionated, the ab-
scissa indicates the increase of relative abundances of 
the elements from left to right according to 50% con-
densation temperature. The patterns of all the samples 
we analyzed are nearly parallel to each other, followed 
along with an increase in melt degree of PGEs, the 
patterns are more mildly. The Siberian basalts (solid 
lines) (Lightfoot and Keays, 2005) and Emeishan ba-
salts (dotted lines) (Song et al., 2006) are shown for 
comparison, which are also parallel to the Meishan 
P/Tr boundary samples, especially the Siberian basalts 
have a good coherence, and Emeishan basalts have 
slightly higher Pt and depleted Ru. 

4 Discussion 

The Ir anomaly is one piece of the crucial evi-
dence for extraterrestrial impacts responsible for mass 
extinction in the P/Tr event boundary sections (Xu et 
al., 1985). Xu et al. (1985) analyzed Ir of the Meishan 
P/Tr boundary section using RNAA, and reported an 
Ir concentration of 2 ng/g. Our data showed that the Ir 
concentrations both in Sections B and C of the Me-
ishan section are lower than those reported by Xu et 
al. (1985) but are consistent with those (0.003–0.087 
ng/g) reported by Zhou and Kyte (1988) for the same 
section.  

This discrepancy of Ir anomaly could not be at-
tributed to the heterogeneous distribution of PGEs in 
the samples. Our several groups of data on PGEs of 
the Meishan boundary section are very consistent each 
other (Xu et al., 2007). In comparison with small 
pieces (80–120 mg) of samples for RNAA, much lar-
ger samples (about 100 mg) were used in our analysis, 
hence the results are more representative. 

Pyrite laminae at the top of Bed 24e (Beds C and 
Q) are like those at the P/Tr event boundary, in which 
there has been a sharp change in 13C (Jin et al., 2000), 
34S and 87Sr (Kaiho et al., 2001). And the captured 
3He-enriched noble gases were also reported in sam-
ples at the base of Bed 25 of the Meishan section 
(Becker et al., 2001). But our data show that the pyrite 
laminae at the top of Bed 24e and Bed 25 have the 
lowest concentrations of Ir and the other PGEs. Xu et 
al. (2007) analyzed the samples from Bed 28 overly-
ing Bed 27, and the results showed that Ir and the oth-
er PGEs are obviously higher than those in the mass 
extinction event section. According to the variation 
patterns at different layers, there has no PGEs anom-
aly. In addition, no solid shocked minerals including 
Fe-Ni grains were observed in the event beds. 

The more important evidence is that the highly 
fractionated patterns of PGEs in the Meishan P/Tr 
boundary section are different from those of chon-

drites (Fig. 3). Although some iron meteorites have 
experienced high fractionation of PGEs, the patterns 
are different (Fig. 4). It is clearly seen that the PGEs 
of the Meishan P/Tr boundary section do not come 
from chondritic or iron meteorites. Most of the mete-
orites (>98% in number) are chondrites and iron me-
teorites, so we can rule out the possibility that the 
mass extinction event of the Meishan boundary sec-
tion is due to extraterrestrial impacts.  

In addition, Figure 2 shows very similar PGEs 
patterns between the Meishan samples we analyzed 
and the Siberian flood basalts and Emeishan flood 
basalts, particularly closely parallel to the former. The 
above-mentioned relations indicated that the PGEs of 
the Meishan P/Tr boundary section were derived from 
the Siberian flood basalts and(or) Emeishan blood 
basalts.  

 

 
Fig. 3. Ir/Pt vs. Pd/Pt plots of the Meishan P/Tr boundary section. 

Note: (a) Our analyses of the Meishan samples are evidently different 

from literature values for the K/T boundary section (Kyte et al., 

1985; Lee et al., 2003), which are overlapped with those of CI chon-

drites. A dashed line shows the chondritic ratio of Pd/Ir as a refer-

ence. (b) The inset shows similarity of the Meishan samples with the 

Siberian basalts (Lightfoot and Keays, 2005) and Emeishan basalts 

(Song et al., 2006), except for a higher Ir/Pt ratio of the Gd unit that 

is located at the bottom of the Siberian trap. In contrast, the 

mid-ocean ridge basalts (MORB) and the Ontong Java Plateau (OJP) 

basalts (Ely and Neal, 2003) have distinguishable ratios. Data of the 

CI chondrites are from Anders and Grevesse (1989). 

 

Plotted in Fig. 3 are element ratios with Ir/Pt vs. 
Pd/Pt. It is clear that the Meishan boundary samples 
are consistent with the Siberian flood basalts and 
Emeishan flood basalts, and are far from the chon-
dritic meteorites and other basalts. Compared with 
samples from the K/T boundary section, the mass ex-
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tinction event is due to extraterrestrial impacts and 
this viewpoint has been commonly accepted, the PGE 
ratios fall within the range of those of chondritic me-
teorites.  

The zircon U-Pb ages of the Siberian flood ba-
salts are within the range of 249.4–250 Ma (Renne et 
al., 1995; Reichow et al., 2002; Kamo et al., 2003). 
Although there has been reported that many zircon 
U-Pb ages of the Emeishan flood basalts are similar to 
those of the Siberian flood basalts (Lo et al., 2002), 
most studies showed that there are much older ages 
(Zhou et al., 2006; He et al., 2007). The zircon U-Pb 
ages of the P/Tr boundary ashes are within the range 
of 250.0–251.4 Ma (Renne et al., 1995; Bowring et 
al., 1998), which are in synchrony with eruption of the 
Siberian flood basalts. So the PGEs are more possibly 
derived from the Siberian flood basalts.  

 

 
Fig. 4. The partial area of PGEs patterns from the Armanty iron me-

teorite. Figure 4 shows an area (labeled it as L1 in literature) of the 

PGEs patterns from the Armanty (IIIE) iron meteorite has experi-

enced high fractionation of PGEs (Xu et al., 2008), but the patterns 

are different from those of the Meishan P/Tr boundary section and 

Siberian basalts and Emeishan basalts.  

 

Dark-colored clay in Bed 26 may be indicative of 
the existence of organic matter, a comparison of the 
C-bearing Bed G in Section B with samples from Bed 
F (the bottom of Bed 26) demonstrated that carbon 
made a certain contribution to the increase of PGE 
content. But the maximum values of the PGEs, except 
for Ir, are reported from Bed H above Bed 26 (overly-
ing the C-bearing Bed G). Such a significant differ-
ence could hardly be the result of bio-processes be-
cause Bed 26 and the pyrite bed as well other rock 
beds all have similar PGE distribution patterns. 

The PGEs patterns of the Meishan P/Tr boundary 
section are similar to those of Bed 24e to Bed 28 (Xu 
et al., 2007), suggestive of their similar sources. And 
their wide time range at layers is consistent with the 
long-term eruption of the Siberian flood basalts, dif-
ferent from the short-time extraterrestrial impacts.  

Assuming all PGEs were contributed by the Si-

berian basalts, the contents of basaltic ashes in indi-
vidual beds can be estimated according to their PGE 
abundances. The results showed that the maximum 
content of the basaltic ashes was found in Bed 26, 
only accounting for about 20%. This implies that the 
clay of Bed 25 and Bed 26 is composed of other 
highly PGE-depleted volcanic ashes.  

A large volume of fine framboid pyrite, at the 
same time, similar to what had been observed previ-
ously, occurred in the event bed, indicative of anoxic 
to dysoxic depositional environments in the Meishan 
section (Shen et al., 2007). It is particularly notewor-
thy that a great proportion of bioclastic pyrite as well 
as fine framboid pyrite grains is preserved in the py-
rite crust which lies on the top of Bed 24e. The fact 
that the sulfur isotope of pyrite crust approaches to 
0‰ (Liang and Ding, 2004; Jiang et al., 2006) is con-
sistent with intensive volcanic activities. The 
co-occurrence and causal links of mass extinction, 
anoxia and intensive volcanic activities in the event 
bed suggest that volcanism would be most likely to be 
the ultimate reason for environmental change and 
biomass crisis. Large quantities of hazardous gases 
emitted into air and volcanic sulfur (including H2S) 
entered oceanic water, resulting in hypoxia and poi-
soning of ocean water and anoxia, thus leading to si-
multaneous extinction of both continental and oceanic 
biomass. 
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