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Abstract

Permian–Triassic boundary sections record the most severe mass extinction event in geological history. However, there is a
long-standing controversy of whether bolide impact and/or basaltic flood volcanism triggered the mass extinction. Platinum-group
elements (PGEs) are enriched in most extraterrestrial materials, but highly depleted in the terrestrial crust materials. We analyzed Ir,
Ru, Rh, Pt and Pd in a set of samples from the global stratotype section and point (GSSP) of the Permian–Triassic boundary at
Meishan, China, using isotope dilution inductively coupled plasma mass spectrometry (ID-ICP-MS) and nickel sulfide fire assay
(NiS-FA) combined with Te coprecipitation. The samples have no Ir anomaly (5–53 pg/g), and their PGE patterns normalized to
chondrites are highly fractionated with Ir/Pd ratios of 0.02–0.03×CI, distinct from most extraterrestrial materials. In contrast, these
patterns are closely parallel to those of the Siberian and probably Emeishan flood basalts, suggestive of possible sources of PGEs
from the basalts. The abundances of PGEs increase in order of the pyrite lamina on the top of bed 24, bed 25 and bed 26, and then
decrease to bed 28, probably indicative of a maximum eruption of the flood basalts during deposition of bed 26. The new data favor
massive volcanism, rather than extraterrestrial impact, as a major cause of the Permian–Triassic boundary mass extinction.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Iridium is highly depleted in terrestrial crust materials
relative to most extraterrestrial materials; hence it is
commonly used as a critical geochemical marker for
bolide impacts. Alvarez et al. (1980) first reported
anomalous enrichment of Ir in the world-wide spread
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cm-thick layer of white clay in the Cretaceous–Tertiary
(K/T) boundary sections and proposed that impact of a
large Earth-crossing asteroid caused the extinction of
dinosaurs. The Ir anomaly has been confirmed in many
K/T boundary sections throughout the world (Alvarez
et al., 1990), and the bolide impact hypothesis is
supported by other lines of evidence, including carbon
soot (Wolbach et al., 1988), Fullerenes (C60) with 3He-
enriched noble gases (Heymann et al., 1994), shocked
quartz (Bostwick and Kyte, 1996), fragments of
meteorites (Kyte, 1998; Bauluz et al., 2000), and the
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Chicxulub impact crater (Hildebrand and Boynton,
1990; Swisher et al., 1992; Morgan et al., 1997).

Permian–Triassic (P/Tr) boundary sections probably
have recorded the most severe mass extinction event in
the past 540 million years (Erwin, 1994; Jin et al., 2000;
Benton et al., 2004). Abrupt ecosystem changes at the P/
Tr boundary have been documented, such as marine
anoxia (Wignall and Twitchett, 1996), increase of
atmospheric CO2 content (Berner, 2002), global warm-
ing (Huey and Ward, 2005), carbon isotopic excursions
(Payne et al., 2004) and acid rains (Liang, 2002;
Maruoka et al., 2003). However, the causes of these
disturbances are enigmatic. Different from the Creta-
ceous–Tertiary boundary event, evidence for extrater-
restrial impact of the P/Tr boundary is frail. Xu et al.
(1985) reported ∼2 ng/g of Ir in samples from the
Meishan P/Tr boundary section, China, which was not
confirmed in later studies (Clark et al., 1986; Zhou and
Kyte, 1988). Fullerenes with extraterrestrial noble gases
were first found in the same section (Becker et al., 2001)
and later in the P/Tr boundary section at Graphite Peak,
Antarctica (Poreda and Becker, 2003). However, Farley
et al. (2001) analyzed samples of the Meishan section
and found no extraterrestrial 3He. Stronger evidence for
a bolide impact is the discovery of chondritic fragments
in the P/Tr boundary section in Antarctica (Basu et al.,
2003).

Beside extraterrestrial impact, another widely accept-
ed hypothesis for the end-Permian mass extinction is
eruption of vast flood volcanism that could cause
catastrophic changes of the ecosystem (Courtillot et al.,
1999; Wignall, 2001; Grard et al., 2005). The P/Tr
boundary event took place at about 251 Ma (Bowring
et al., 1998; Mundil et al., 2004), contemporary with
activity of the Siberian Traps (Campbell et al., 1992;
Renne et al., 1995; Reichow et al., 2002; Kamo et al.,
2003). Ages of the Emeishan large igneous province are
controversial. The eruption of Emeishan basalts was
reported to overlap temporally the P/Tr boundary event
(Boven et al., 2002; Lo et al., 2002), or to predate the
latter (Guo et al., 2004; Zhou et al., 2006; He et al.,
2007). Zhou and Kyte (1988) showed that the clay layers
of the P/Tr boundary sections were strongly enriched in
Cs, Zr, Hf, Ta and Th and depleted in Cr, Co and Ir, and
suggested that the clay was altered volcanic ash.

Previous analyses of Ir and other trace elements were
usually carried out by radiochemical neutron activation
analysis (RNAA) that is sensitive to Ir but not other
platinum-group elements (PGEs) (e.g., Xu et al., 1985;
Clark et al., 1986; Zhou and Kyte, 1988). In order to
clarify the issue of Ir anomaly, we analyzed all PGEs
(except for Os) of the P/Tr boundary section at Meishan,
using isotope dilution inductively coupled plasma mass
spectrometry (ID-ICP-MS) and nickel sulfide (NiS) fire
assay combined with Te coprecipitation. The PGE pat-
terns, instead of the abundances of Ir solely, have addi-
tional constraints on the sources of these elements. In
addition, large masses of the samples (10–20 g) were
analyzed in this study, hence the results are more
representative for PGEs.

2. Samples and experiments

2.1. Samples

The P/Tr boundary section locates at Meishan,
Changxing County, China (Fig. 1a). Exposed in this
section is a series of quarries (Fig. 1b). The boundary
between layers of bed 27b and 27c at Quarry D was
defined as the Global Stratotype Section and Point
(GSSP) of the P/Tr boundary according to the first ap-
pearance of Hindeodus parvus (Yin et al., 1996, 2001).
However, the P/Tr catastrophic 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). The pyrite lamina is thin
(∼0.3 cm thick) and consists predominantly of pyrite. It
is labeled as bed 24f hereafter. Bed 25 is composed of
two layers of clay. The lower layer is light gray (0.5 cm
thick) labeled as bed 25a, and the upper one is dark gray
(2–3 cm thick) labeled as bed 25b. Bed 26 is composed
of marl (8 cm thick), and it was divided artificially into
two equal parts labeled as bed 26a (lower) and bed 26b
(upper). Bed 27 consists of limestone (18 cm), which
was subdivided into a, b, c and d upwards. Bed 28 is
composed of white clay (3 cm thick). In order to study Ir
and other PGEs of P/Tr boundary section, we collected a
complete set of samples of the event boundary, including
beds 24f, 25a, 25b, 26a and 26b from a fresh outcrop of
Quarry C that locates about 400 m southwest to the
GSSP and has recently been blasted. We also sampled
the clay layer of bed 28, used as the background of PGEs
because it postdated the mass extinction event. All
samples were collected with plastic spades and packed in
plastic bags. Rock of bed 27 was not analyzed in this
study, because it deposited after the P/Tr catastrophic
event and the limestone contains very low PGEs.

The pyrite lamina and clay samples were ground to
b200 μm in an agate mortar, respectively. The mudstone
samples of bed 26 were first broken into small fragments
by freeze–thaw using liquid nitrogen, and then ground
to b200 μm. To avoid contamination between samples,
the agate mortar and pestle were washed 3 times with



Fig. 1. (a) A sketch map showing locations of Meishan, the Siberial and Emeishan flood basalts. (b) A map showing the quarry region of the Meishan
P/Tr boundary section. Locations of Quarry C, from where we sampled the rocks, and Quarry D, i.e. the GSSP, cannot be distinguished, marked as a
black rectangle. The map is modified after Yin et al. (2001).
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distilled water by ultrasonic cleaning, and then cleaned
with ethanol and high-purity deionized water (18 MΩ/
cm), respectively. About 50 g of each powder sample
was dried overnight at 105 °C in an oven.

Another set of samples of fine-grained fractions
(b25 μm) of bed 25 and 26 were also prepared for NiS
fire assay analysis. They were separated from large
masses of bed 25 (1.18 kg) and bed 26 (1.35 kg), and
account for 98% of bed 25 and 95% of bed 26,
respectively. The fine-grained samples were labeled as
bed 25FG and bed 26FG, respectively. The other
fractions with larger grain sizes were preserved for
mineralogical study that was not reported here.

2.2. NiS fire assay method

20 g of each sample of bed 25a, bed 25b, bed 25FG
and bed 26FG was analyzed using the NiS fire assay
method. The reference material used in this study is
WGB-1 gabbro. The details of the NiS fire assay method
were described by Plessen and Erzinger (1998). In
summary, 20 g of sample was fully mixed with 20 g of



Table 1
Blank level and determination limit of PGEs (ng/g)

Samples Methods Ir Ru Rh Pt Pd

Blank level NiS fire assay 0.005 0.057 0.020 0.36 0.48
Determination limit
(n=2, 10 σ)

NiS fire assay 0.009 0.076 0.019 0.13 0.18

Blank level ID-ICP-MS 0.001 0.008 0.002 0.045 0.025
Determination limit
(n=6, 10 σ)

ID-ICP-MS 0.004 0.050 0.016 0.23 0.13
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di-lithium tetraborate, 10 g of sodium carbonate, 6.5 g of
SiO2, 2 g of nickel carbonyl, and 2 g of sublimated
sulfur. The samples, reference material, and blank were
melted in clay crucibles at 1150 °C for 2 h. The NiS
buttons were then dissolved in 100 mL of 6 N HCl in
150 mL Savillex screw-capped Teflon beakers on a hot
plate (90 °C) for 3 days. 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 Te precipitates were dissolved in 2.5 mL of aqua
regia (at 80 °C for 4 h) and then diluted to 25 mL
with internal reference isotopes of 111Cd and 185Re
(∼10 ppb). All of the chemical procedures were carried
out in an ultra-clean laboratory at the Institute of Geol-
ogy and Geophysics, Chinese Academy of Sciences.
The solutions were measured on a VG Plasma-Quad
ExCell ICP-MS at the National Research Center for
Geological Analysis, Chinese Academy of Geological
Sciences.

All of the powder reagents used in this study were of
guaranteed reagent grade. HCl and HNO3 were purified
by sub-boiling distillation. High-purity deionized water
(18 MΩ/cm) was obtained from a Milli-Q system. The
blank level and determination limit of the NiS fire assay
method are listed in Table 1. The blank level is the
average concentration of two procedural reagent blanks,
and the determination limit was calculated to be 10
times the square root of average counts of the blanks
divided by the sensitivity of 10 ng/mL PGE standard
solution.

2.3. ID-ICP-MS method

10 g of each sample from the P/Tr boundary section
was first heated in an oven at 700 °C for 1–2 h to
incinerate any organic compounds and/or elemental
carbon. The procedure for PGE separation and measure-
ment follows the improved ID-ICP-MS method de-
scribed by Qi et al. (2004). In general, 12 ng Pt, 10 ng Pd,
0.4 ng Ir and 0.7 ng Ru enriched isotope spikes were
added to the samples. Silicates in the samples were
dissolved with 45 mL of concentrated HF that was added
in two times and each time the solutionwas evaporated to
dryness on a hot plate. 15 mL of aqua regia were added
to the residue and heated to 80 °C for 1 hour, and then
slowly evaporated to dryness. The treatment with aqua
regia was repeated 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
centrifugation, the solution was transferred into a
150 mL glass beaker and 35 mL of 3% H3BO3 was
added to the residue to dissolve fluorides. The process of
dissolving fluorides with H3BO3 was repeated 3 times
until the residue was b0.1 g, which was then transferred
into a corundum crucible and evaporated to dryness. The
last residue was fused with Na2O2, and then dissolved
with water and HCl. This solution was added into the
glass beaker.

The Te-coprecipitation step was the same as what is
described above. The precipitate was then dissolved in
2 mL of aqua regia, and diluted to 10 mL. The solution
was let to pass through the ion exchange column to
eliminate interferences of Zr, Hf, Ni and Cu. The
column consists of cation exchange resin of Dowex
50WX8 (200–400 mesh) and P507 extraction chro-
matograph resin (60–80 mesh). The elution was
measured with the ICP-MS mentioned above. The con-
centrations of Ir, Ru, Pt and Pd were calculated by isotope
dilution technique. Rh has only one isotope, hence it was
calculated by using 194Pt as the internal standard, because
Pt and Rh have the same recoveries in the procedures (Qi
et al., 2004).

Sub-boiling purified HF, HCl and HNO3 were
purchased from the Institute of Chemical Reagents,
Beijing. The Ir and Rh contents of the acids were 0.2–
0.4 pg/g, and the other PGEs were b8 pg/g. The SnCl2
and Te solutions were purified by Te coprecipitation
with each other. The H3BO3 solution was also purified
by Te coprecipitation. All the Teflon and glass beakers
were cleaned by boiling in fresh aqua regia before
usage. The blank level and determination limit of the ID-
ICP-MS method are given in Table 1. The blank level is
average of six analyses of blanks that were prepared in
the same way as the samples, and the determination limit
is taken to be 10 times the standard deviation of the
counts of the blanks divided by the sensitivity 10 ng/mL
PGE standard solution. The blank level of ID-ICP-MS is
approximately by a factor of 5–10 lower than the NiS
fire assay mothed. The determination limit of the ID-
ICP-MS is obviously higher than the blank level, but it
is still clearly lower than the contents of PGEs in the
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samples (Table 2). Analysis of Ru of the clay samples
(i.e. beds 25, 26 and 28) has unknown interference to
99Ru, hence the values are omitted from Table 2.

3. Results

3.1. NIS fire assay analysis

The PGE concentrations of the samples and reference
material determined by the NiS fire assay method are
summarized in Table 2. Our analysis of Rh for reference
material, WGB-1, are in agreement with the certified
value, while the abundances of other PGEs are slightly
lower relative to the certified data. However, other
literature data of WGB-1 are also systematically lower
than the certified values, and are in good agreement with
our analyses (Table 2).

The concentrations of PGEs in beds 25 and 26 are
rather low, with the highest Ir of 0.053 ng/g in bed
26FG, suggestive of no positive Ir anomaly (Table 2).
Furthermore, it is noticed that PGEs in bed 26FG are
highly fractionated, with the Ir/Pd ratio of 0.05×CI. The
dark-colored clay of bed 25b contains higher PGEs in
comparison with the light-colored clay of bed 25a that
has nearly no PGEs detectible for the NiS fire assay
method. This is consistent with the analysis of bed 25FG
that is a mixture sample of bed 25a and bed 25b with the
abundances of PGEs within the ranges of the latter,
except for a slightly higher abundance of Pt in bed 25FG
than bed 25b. In addition, PGEs in bed 25b are also
strongly fractionated, with the Ir/Pd ratio of 0.02×CI.
Table 2
Concentrations of PGEs in the Meishan P/Tr boundary section (ng/g)

Number Thickness (cm) Ir Ru

Bed 28 6 3 0.015±0.003
Bed 26b 3 4 0.028±0.005
Bed 26a 3 4 0.027±0.003 0.085±0.030
Bed 25b 3 2–3 0.013±0.002
Bed 25a 3 0.5 0.005±0.001
Bed 24f 6 0.2–0.4 0.008±0.003 0.031±0.024
Bed 26FG 1 8 0.053 n.d.
Bed 25FG 1 2.5–3.5 n.d. n.d.
Bed 25b 1 2–3 0.011 n.d.
Bed 25a 1 0.5 n.d. n.d.
WGB-1 5 0.153±0.026 0.144±0.079

1 0.204 0.215
0.33 0.30
0.23±0.02 0.16±0.04
0.27 0.16
0.20±0.04 0.20±0.04
0.20±0.02 0.17±0.03

Note: n.d.=below the determination limit. The analytical results are given a
(2001), Plessen and Erzinger (1998), and Jin and Zhu (2000).
3.2. ID-ICP-MS analysis

The ID-ICP-MS analysis of the reference material
WGB-1 is listed in Table 2. Although lower than the
certified values, the result of ID-ICP-MS analysis is
consistent with other literature data and that of NiS fire
assay analysis (except for Rh). The discrepancy of Rh is
probably attributable to the analytical methods. The
analysis of Rh by the NiS fire assay method is similar to
the certified value, while that by ID-ICP-MS agrees with
the other literature data.

The ID-ICP-MS analyses of the P/Tr boundary
samples reveal no positive Ir anomaly, with a range of
0.005–0.028 ng/g (Table 2). The abundance of Ir appears
to increase from bed 25a to bed 25b, and then to a
maximum at beds 26a and b (Fig. 2). The variation trend
is consistent with the result of NiS fire assay analysis as
mentioned above, although the value of bed 26FG by
NiS fire assay is significantly higher than those of beds
26a and 26b by ID-ICP-MS. The pyrite lamina (bed 24f)
is commonly referred to as the P/Tr event boundary, but it
contains very low Ir (0.008±0.003 ng/g). In contrast, the
Ir content of bed 28 (0.015±0.003 ng/g), which
postdated the mass extinction, is higher than those of
beds 24f and 25.

The other PGEs are correlated with Ir (Table 2).
Fig. 2 also shows the Pd concentration profile of the
Meishan P/Tr boundary section, which is parallel to that
of Ir. Fig. 3 plots the CI-normalized abundances of PGEs
of the samples, indicative of the highly fractionated
patterns with the relative abundances increasing from
Rh Pt Pd Note

0.045±0.020 0.375±0.036 0.873±0.314 ID-ICP-MS
0.066±0.009 1.30±0.052 1.80±0.049 ID-ICP-MS
0.052±0.026 1.03±0.046 1.38±0.083 ID-ICP-MS
0.054±0.034 0.577±0.043 0.772±0.191 ID-ICP-MS
0.038±0.009 0.256±0.067 0.359±0.165 ID-ICP-MS
0.053±0.024 0.372±0.028 0.274±0.065 ID-ICP-MS
0.063 1.21 1.15 NiS fire assay
n.d. 0.61 0.50 NiS fire assay
0.031 0.49 0.68 NiS fire assay
n.d. 0.14 n.d. NiS fire assay
0.167±0.011 5.25±0.95 11.5±1.4 ID-ICP-MS
0.326 5.04 12.6 NiS fire assay
0.32 6.10 13.9 certified
0.19±0.02 5.74±0.65 12.0±1.7 Qi

4.71 11.7 Meisel
0.14±0.01 3.8±1.0 13.0±1.1 Plessen
0.15±0.01 4.20±0.50 12.90±0.5 Jin

s mean±σ. Literature data (italic) after Qi et al. (2004), Meisel et al.,



Fig. 2. Ir and Pd concentration profiles of the Meishan P/Tr boundary section, showing small peaks at bed 26. Bed 28 contains slightly higher Ir and
Pd in comparison with beds 24f and 25, although the former postdated the P/Tr boundary event. The assignments of the beds after Yin et al. (2001).
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left to right (in order of increasing volatility). The PGE
patterns of individual samples are nearly parallel to each
other, except for slight depletion of Pt in beds 24f, 25a
and 28 relative to Rh. In addition, the ID-ICP-MS ana-
lyses are consistent with the results obtained by the NiS
fire assay method (Table 2).
Fig. 3. The CI-normalized PGE patterns of the Meishan P/Tr boundary
section are highly fractionated, with the relative abundances increasing
from left to right (in order of increasing volatility). These patterns are
nearly parallel to each other, except for slight depletions of Pt in beds
24f, 25 and 28. The Siberian basalts (solid lines) (Lightfoot and Keays,
2005) and Emeishan basalts (dotted lines) (Song et al., 2006) are
shown for comparison, which are also parallel to the P/Tr boundary
samples, especially to bed 26. Data of CI chondrite are from Anders
and Grevesse (1989).
4. Discussion

4.1. Evidence against extraterrestrial impact

The presence of an iridium anomaly in event
boundary sections is one of the crucial arguments for
extraterrestrial impacts responsible for mass extinction.
A well-studied example is the Ir anomaly of the K/T
boundary sections (Alvarez et al., 1980). However, the
Ir anomaly of the P/Tr boundary sections is disputed. Xu
et al. (1985) analyzed Ir of the Meishan P/Tr boundary
section using RNAA, and reported an Ir concentration of
2 ng/g. In contrast, Zhou and Kyte (1988) found very
low Ir concentrations (0.003–0.087 ng/g) in the same
section using RNAA. Our data of the Meishan section
revealed no positive Ir anomaly either (Table 2),
strongly confirming Zhou and Kyte's results.

The absence of Ir anomaly could not be due to
heterogeneous distribution of PGEs in the samples. In
comparison with small masses (80–120 mg) of samples
for RNAA, much larger samples were used for NiS fire
assay (about 20 g) and ID-ICP-MS (about 10 g) analyses,
hence the results of the latter are more representative.
Moreover, the fine-grained fractions of beds 25 and 26
were prepared frommore than 1 kg of samples from each
bed, and they were thoroughly mixed during the size
separating procedures. The analyses of beds 25FG and
26FG confirm no Ir anomaly in beds 25 and 26.



Fig. 4. Ir/Pt vs. Pd/Pt plots of the Meishan P/Tr boundary section. Our
analyses of the Meishan samples overlap with the majority of 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
located at the bottom of the Siberian trap. The mid-ocean ridge basalts
(MORB) and Ontong Java Plateau (OJP) basalts (Ely and Neal, 2003)
have distinguishable ratios. It is evident that the Meishan samples plot
far from literature values of the K–T boundary section (Kyte et al.,
1985; Lee et al., 2003) that are consistent with CI chondrites. The
dashed line shows chondritic ratio of Pd/Ir as a reference.
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The pyrite lamina on the top of bed 24e could be the
P/Tr event boundary, because that it is the onset layer of
large negative excursions of δ13C (Jin et al., 2000), δ34S
and δ87Sr (Kaiho et al., 2001), and oceanic anoxia (Shen
et al., 2007). Fullerenes and the captured 3He-enriched
noble gases were also reported in samples at the base of
bed 25 of the Meishan section (Becker et al., 2001).
However, the pyrite lamina (bed 24f) and the lower part
of bed 25 (bed 25a) contain the lowest Ir (0.008±
0.003 ng/g, 0.005±0.001 ng/g) and other PGEs (Table 2).
The deposition of bed 28 postdated the mass extinction,
and it contains even higher Ir and other PGEs than beds
24f and 25a. If a bolide impact were the main cause of
the P/Tr boundary event, higher abundances of Ir and
other PGEs would have been found in beds 24f and/or
25a than in the other beds.

Another key line of evidence against extraterrestrial
impact is the highly fractionated patterns of PGEs in the
Meishan P/Tr boundary section (Fig. 3). Most of
meteorites (N96% in number) are undifferentiated
(namely chondrites), hence have flat PGE patterns
normalized to CI chondrites, obviously distinct from the
strongly Ir-depleted patterns of the Meishan P/Tr
boundary section. Chondritic meteorite fragments were
found at the P/Tr boundary in Antarctica (Basu et al.,
2003), taken as evidence for the bolide impact hypoth-
esis. However, this is inconsistent with the fractionated
PGE patterns. Furthermore, as mentioned above, the
PGE patterns of beds 24f, 25 and 26 are nearly parallel
to that of bed 28 deposited after the mass extinction
event, suggestive of their similar terrestrial sources.

Fig. 4 plots elemental ratios with Ir/Pt vs. Pd/Pt. It is
clear that the Meishan boundary samples are far from
the chondritic meteorites, arguing against for a genetic
link between them. In contrast, the K/T boundary
samples overlap with chondritic materials.

It is unlikely that the highly fractionated PGE patterns
and elemental ratios of the samples were modified from a
flat pattern of chondritic materials by postdeposition
processes, such as biological activity. The different
colors of the clay layers of beds 25, 26 and 28 suggest
various degrees of biological activity, and the pyrite
lamina is composed predominantly of pyrite. However,
all of the samples have nearly parallel PGE patterns,
suggestive of a similar source and no significant sec-
ondary effects. In fact, the PGEs patterns of the samples
are parallel to those of the Siberian (and probably
Emeishan) basalts (see next subsection), and this could
not be coincident.

Assuming terrestrial origins of the PGEs in the P/Tr
boundary samples, the highest abundance of Ir of bed 26
(0.028 ng/g) can be referred to as the background, hence
it is used to estimate the detection limit of chondritic
materials in the boundary samples. Taking the Ir content
of CI chondrites (480 ng/g) for the possible projectile
and that of bed 26 (0.028 ng/g) as the background, the
detection limit can be estimated to be as low as 6×10−5

based on mass balance. This means that presence of
chondritic materials with abundance of less than 60 ppm
in the boundary samples cannot be detected.

4.2. Evidence for volcanic eruption

Besides bolide impact, the P/Tr boundary event may
be related to vast eruption of flood basalts (Wignall,
2001; Grard et al., 2005). Zircon U–Pb ages of the P/Tr
boundary ashes (250.0–251.4 Ma) (Renne et al., 1995;
Bowring et al., 1998) are synchronous with the eruption
of Siberian flood basalts (249.4–250 Ma) (Renne et al.,
1995; Reichow et al., 2002) (Kamo et al., 2003). Our
analyses of the Meishan samples provide with crucial
evidence for a similar reservoir of PGEs in the P/Tr
boundary samples and Siberian flood basalts. In Fig. 3,
it is noted that the PGE patterns of the Meishan samples
are closely parallel to majority of the Siberian basalts.
Furthermore, elemental ratios PGEs of the P/Tr
boundary samples also overlap with the latter, but are
distinguished from the mid-ocean ridge basalts (MORB)
and Ontong Java Plateau (OJP) basalts (Fig. 4).
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The Emeishan flood basalts are widespread in south-
western China and northern Vietnam (Fig. 1a). Although
many zircon U–Pb ages of the Emeishan basalts are
∼260Ma (Zhou et al., 2006; He et al., 2007), 39Ar–40Ar
ages of ∼251–253 Ma were also reported (Lo et al.,
2002), which are consistent with the newly obtained
U–Pb dates of the P/Tr boundary event (252.6±0.2 Ma)
(Mundil et al., 2004). Our analyses of the Meishan
samples show rather similar elemental patterns and ratios
of PGEs in comparison with the Emeishan basalts, except
for slight positive Pt anomalies and negative Ru
anomalies in the majority of the latter (Figs. 3 and 4).
We cannot exclude the Emeishan basalts as a possible
resource of PGEs in the Meishan P/Tr boundary section.

The concentrations of PGEs in the Meishan P/Tr
boundary section can be used as an indicator for the
intensity of flood basalt volcanism. As shown in Fig. 2,
the concentrations of Ir and Pd increase from the pyrite
lamina to bed 26 and then decrease to bed 28, indicative
of a maximum eruption of basalt volcanism during the
deposition of bed 26. This main eruption event probably
triggered the mass extinction recorded in the P/Tr
boundary section. Although the black color of bed 26
probably indicates the presence of organic matter, its
higher abundance of PGEs than other beds could not be
a result of biological activity, because it has similar PGE
patterns as the pyrite lamina and the other clay layers
with different colors as discussed above.

Assuming all PGEs were contributed by the Siberian
basalts, the contents of basaltic ashes in individual beds
can be estimated according to the PGE abundances of
the samples. Taking the average abundance of Pd
(9.4 ng/g) of the Siberian basalts (Lightfoot and Keays,
2005) and that of bed 26b (1.8 ng/g), a maximum
content of the basaltic ashes in the Meishan P/Tr
boundary samples is about 20%. This implies that most
of the boundary clay is composed of other highly PGE-
depleted volcanic ashes, in consistency with previous
work that the ashes are silicic volcanic origin according
to enrichments in incompatible elements (e.g. Cs, Zr, Hf,
Ta and Th) (Zhou and Kyte, 1988).

5. Conclusions

The Ir, Ru, Rh, Pt and Pd in theMeishan P/Tr boundary
section were analyzed with both ID-ICP-MS and NiS fire
assay in combination with Te coprecipitation, and the
results obtained by both methods showed no Ir anomaly.
Furthermore, the PGE patterns of the samples are highly
fractionated relative to chondritic materials, arguing
against extraterrestrial impact for mass extinction at the
P/Tr boundary. However, achondrite-like projectiles
highly depleted in siderophile elements cannot be
excluded based on the lack of PGE anomaly.

On the other hand, our newly obtained data revealed
the parallel PGE patterns of beds 24f, 25, 26 and 28,
suggestive of origin from similar terrestrial sources as
bed 28 postdated the mass extinction event. The PGE
patterns are also similar to those of the Siberian and
probably Emeishan basalts, providing evidence for a
close relationship between the P/Tr boundary event and
the eruption of flood basalts. The concentrations of PGEs
increase from the pyrite lamina to bed 26 and then
decrease to bed 28, indicating a maximum eruption of
food basalts when bed 26 deposited. The main eruption
event was probably related to the mass extinction event
at the P/Tr boundary.
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