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産業技術総合研究所 臨海副都心センター別館 11階 会議室１

文部科学省委託事業　数学協働プログラム
in サイエンスアゴラ2015 講演会

総合司会　砂田 利一 (すなだ としかず )
明治大学総合数理学部長、理学博士。東京大学大学院修士課程修了。名古屋大学、東京大学、
東北大学教授を経て、2003年 4月より明治大学理工学部教授。2013年 4月より現職。

専門は離散幾何解析学および大域解析学。1998年日本数学会弥永賞、2013年日本数学会出版賞受賞。
『チャート式　数学』（数研出版）、『現代幾何学への道』（岩波書店）、『ダイヤモンドはなぜ美しい』（シュプリンガー）、

『バナッハ・タルスキーのパラドックス』（岩波書店）など著書多数。
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2 億年前に衝突した隕石は超巨大だった？
- 地層記録と計算手法からわかる隕石衝突の実体 -

語り手：佐藤 峰南（さとう ほなみ）
国立研究開発法人 海洋研究開発機構 海底資源研究開発センター 日本学術振興会特別研究員。博士（理学）。
2015 年 3 月 九州大学大学院理学府 地球惑星科学専攻博士課程修了。2015 年 4 月より現職。
三畳紀における巨大隕石衝突と環境変動の解明に関する研究に従事している。
主な業績に Sato, H., et. al., “Osmium isotope evidence for a large Late Triassic impact event.” , 
Nature Communications, 4, 2455, 2013. がある。
平成 24 年 9 月 日本地質学会 小藤賞、平成 26 年度 第 5 回 日本学術振興会育志賞を受賞。

10:20 ~ 11:00

数学と計算で探るタンパク質の出会いとネットワーク

語り手：大上 雅史（おおうえ まさひと）
東京工業大学 大学院情報理工学研究科 計算工学専攻 助教。博士（工学）。
2014 年 3 月 東京工業大学大学院情報理工学研究科 計算工学専攻博士課程修了。
2014 年 4 月から 2015 年 3 月まで日本学術振興会特別研究員、2015 年 4 月より現職。
計算機で生命科学の問題を解くバイオインフォマティクスの研究に従事し、
特にタンパク質立体構造や創薬支援計算に興味を持つ。
平成 25 年度 第 4 回 日本学術振興会育志賞、平成 26 年度 手島精一記念研究賞を受賞。

11:05 ~ 11:45

2講演の聞き手：中川 真（なかがわ しん）
東京外国語大学外国語学部イタリア語学科卒。東京外国語大学大学院外国語学研究科ロマンス系言語専攻。
海外 TV 番組台本・映画字幕翻訳を経て、ライトノベル作家（別名義）、漫画原作者。
作品『江戸釣り百景　ぶらり百竿』『和算に恋した少女』（小学館ビッグコミックス）。
筋金入りの数学嫌いだったが、和算を題材に物語を書くうちに、実は「数がとても不思議だった」し、
「算数はとても楽しかった」ことを思い出す。以来、数学にほんのり片思い。

パネルディスカッション - 数理を中心に据えた科学の異文化交流 -

11:45 ~ 12:15
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着目した元素：オスミウム「Os」 
同じオスミウムでも重さがちがう：“同位体” 
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地層の中の　   と      の比の変化 

0.2 0.4

187Os/188Os

0.6

0 cm

10

20

!"#$

NHR30

NHR31

NHR32

NHR33

NHR34

NHR36

NHR37

NHR38
NHR39

NHR40

NHR42

NHR43

NHR44

NHR46

NHR47

NHR48

NHR49
NHR50
NHR51

30

40

50

60

0.2 0.4 0.6

%&'(

)
'
*
+
,
-
.

/
0
1
2
. E
p
ig
o
n
d
o
le
lla

b
id
e
n
ta
ta

E
p
ig
o
n
d
o
le
lla
p
o
st
e
ra
/E
.
se
rr
u
la
ta

34 567

6
B

6
A

NH52-R2

~R7

0.8

0.8

89!

187� 188�

Os� Os�

0.582�

0.222�

この比率の変化から衝突隕石の質量を推定する(! Sato-et-al.,-Nature'Commun.,-2013.�

3



��������2015� 2015/11/15�

 �
����������	����! 
	

����

隕石に含まれていたオスミウムの質量は ? 

Table S5) provides no evidence for a mass extinction event across
the claystone layer. In contrast, significant faunal turnover
occurred B1 Myr after the impact event and 18 radiolarian
species became extinct at this level in the bedded chert3. It is
possible that the impact triggered the extinction of these 18
radiolarian species, although the direct cause of their extinction
remains unclear.

A recent review of the application of Os isotopes to
paleoceanographic studies40 highlights that our work provides
previously undiscovered evidence of a meteoritic Os isotope
signature in Triassic deep-sea sediments, which now crop out in
an accretionary complex (Fig. 1). It is likely that this impact ejecta
layer must also be present in other bedded cherts within other
accretionary complexes around the Circum-Pacific. Bedded chert
successions, which deposited in the pelagic Pacific Ocean occur
in accretionary complexes throughout eastern Russia, Japan,
Philippines, New Zealand and western North America. These
successions have a wide range of sedimentary ages with a
duration of 250 Myr from the Lower Carboniferous to Lower
Cretaceous periods. Given that an impact event produced by a
chondritic meteorite of 2 km in diameter is detectable using
marine Os isotope records14, systematic Os isotope studies of
these global bedded chert successions should enable the
identification of impact events throughout this time. For
example, analysis of Os isotope ratios in bedded cherts across
the Permian–Triassic boundary41 would enable testing of the
hypothesis that an extraterrestrial impact produced this major
biotic extinction event, as has been inferred from the possible
discovery of shocked quartz grains and high abundances of Ir in
sediments of this age42.

Methods
Re–Os isotope analysis. Re and Os concentrations and isotope ratios were
determined by isotope dilution–multi-collector–inductively coupled plasma–mass
spectrometry (ID–MC–ICP–MS), after Carius tube digestion of samples and
sparging introduction of Os into the MC–ICP–MS43. PGEs in deep-sea sediments
represent subequal inputs by several components, such as aeolian dust,
hydrogenetic material and extraterrestrial dust, and the hydrogenetic component
can be extracted from bulk samples using this method44. We also compared the
Re–Os isotope compositions obtained by inverse aqua regia and CrO3–H2SO4
digestion for the Sakahogi lower claystone samples and a Triassic chert reference
material (JCh-1) issued by the Geological Survey of Japan (Supplementary Table
S6). Re–Os data obtained by the two digestion methods are almost identical
within analytical uncertainty. Moreover, the variation in the Os isotope records
obtained by our Os analytical method for the Upper Triassic bedded cherts of the
Inuyama area44 is positively correlated with marine 87Sr/86Sr and 187Os/188Os
compositions45–47, indicating that Os extracted by our method from the chert
samples is dominated by hydrogenous Os.

Chert and claystone samples were crushed in an agate mortar and ball mill.
Chert samples of B2.5 g and claystone samples of B0.5 to B2.0 g were dissolved
and equilibrated with 185Re and 190Os spikes in 4 ml of inverse aqua regia, and
were heated at 220 !C for 24 h in sealed Carius tubes. Re and Os concentrations and
isotope ratios were determined with a Thermo Fisher Scientific Neptune MC–ICP–
MS. Total procedural Re and Os blanks were 7.35±0.28 pg (n¼ 6; average±1 s.d.)
and 0.64±0.04 pg (n¼ 9), respectively, with a 187Os/188Os ratio of 0.126±0.018
(n¼ 9)43. Initial 187Os/188Os ratios of the chert and claystone samples were
calculated using an age estimated from biostratigraphy and the astronomically
tuned geomagnetic polarity time scale (215 Ma; Fig. 1), and a 187Re decay constant
of 1.666" 10–11 yr# 1 (ref. 37). Full details of our sample preparation and analytical
methods are described in Nozaki et al.43

Major element analysis. Major element (Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K and P)
concentrations were determined by X-ray fluorescence spectrometry (XRF). Fused
glass beads for XRF analysis were made from a mixture of B0.4 g of powdered
sample and B4 g of lithium tetraborate flux. All analyses were conducted with a
Rigaku Simultix 12 simultaneous wavelength dispersive XRF spectrometer48. The
accuracy and precision of the XRF analysis were monitored using reference
materials of high-Mg basalt (SDSYB) reported by Shimoda et al.49, stream
sediment (JSd-3) and chert (JCh-1) issued by the Geological Survey of Japan50.

Estimation of impactor size. The diameter of the impacting object d can be
calculated by the following equation, with the assumption that 0.22–1.0 to the

fraction F of the impact-derived Os dissolved into seawater6,14,34:

d ¼ 2" 3"½mass OsimpactorðngÞ'" 1
F

rimpactorðg cm#3Þ" Os½ 'impactorðng g#1Þ"4p

 !1=3

"10# 5

2

4

3

5 ð1Þ

where rimpactor (g cm# 3) and [Os]impactor (ng g# 1) denote the density and Os
concentration of the impactor, respectively. The mass of Os derived from the
impactor (mass Osimpactor (ng)) is given by following equations14:

½mass Osimpactor ngð Þ' ¼ f
1# f

! "
"mass Ossw ð2Þ

f ¼
187Os=188Ospostimpact#187Os=188Ospreimpact
187Os=188Osimpactor#187Os=188Ospreimpact

! "
ð3Þ

where the seawater Os mass (mass Ossw) is 1.4" 1019 ng (ref. 51). 187Os/
188Ospostimpact is the 187Os/188Osi ratio of the upper sublayer claystone (average
187Os/188Osi ratios of four claystone samples of NH52-R4 to R7; B0.222), 187Os/
188Ospre-impact is an average 187Os/188Osi ratio of ten chert samples below claystone
layer (NHR30 to NHR40; B0.582), and 187Os/188Osimpactor is the 187Os/188Os ratio
of the impactor.
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隕石中のオスミウムの質量 隕石衝突前の 
海洋中のオスミウムの質量 

Os�Os�
187� 188�

隕石衝突の前と後の　　　と          の比の測定結果から導かれる 

でもなぜこの等式が成り立つのでしょうか ? 

Table S5) provides no evidence for a mass extinction event across
the claystone layer. In contrast, significant faunal turnover
occurred B1 Myr after the impact event and 18 radiolarian
species became extinct at this level in the bedded chert3. It is
possible that the impact triggered the extinction of these 18
radiolarian species, although the direct cause of their extinction
remains unclear.

A recent review of the application of Os isotopes to
paleoceanographic studies40 highlights that our work provides
previously undiscovered evidence of a meteoritic Os isotope
signature in Triassic deep-sea sediments, which now crop out in
an accretionary complex (Fig. 1). It is likely that this impact ejecta
layer must also be present in other bedded cherts within other
accretionary complexes around the Circum-Pacific. Bedded chert
successions, which deposited in the pelagic Pacific Ocean occur
in accretionary complexes throughout eastern Russia, Japan,
Philippines, New Zealand and western North America. These
successions have a wide range of sedimentary ages with a
duration of 250 Myr from the Lower Carboniferous to Lower
Cretaceous periods. Given that an impact event produced by a
chondritic meteorite of 2 km in diameter is detectable using
marine Os isotope records14, systematic Os isotope studies of
these global bedded chert successions should enable the
identification of impact events throughout this time. For
example, analysis of Os isotope ratios in bedded cherts across
the Permian–Triassic boundary41 would enable testing of the
hypothesis that an extraterrestrial impact produced this major
biotic extinction event, as has been inferred from the possible
discovery of shocked quartz grains and high abundances of Ir in
sediments of this age42.

Methods
Re–Os isotope analysis. Re and Os concentrations and isotope ratios were
determined by isotope dilution–multi-collector–inductively coupled plasma–mass
spectrometry (ID–MC–ICP–MS), after Carius tube digestion of samples and
sparging introduction of Os into the MC–ICP–MS43. PGEs in deep-sea sediments
represent subequal inputs by several components, such as aeolian dust,
hydrogenetic material and extraterrestrial dust, and the hydrogenetic component
can be extracted from bulk samples using this method44. We also compared the
Re–Os isotope compositions obtained by inverse aqua regia and CrO3–H2SO4
digestion for the Sakahogi lower claystone samples and a Triassic chert reference
material (JCh-1) issued by the Geological Survey of Japan (Supplementary Table
S6). Re–Os data obtained by the two digestion methods are almost identical
within analytical uncertainty. Moreover, the variation in the Os isotope records
obtained by our Os analytical method for the Upper Triassic bedded cherts of the
Inuyama area44 is positively correlated with marine 87Sr/86Sr and 187Os/188Os
compositions45–47, indicating that Os extracted by our method from the chert
samples is dominated by hydrogenous Os.

Chert and claystone samples were crushed in an agate mortar and ball mill.
Chert samples of B2.5 g and claystone samples of B0.5 to B2.0 g were dissolved
and equilibrated with 185Re and 190Os spikes in 4 ml of inverse aqua regia, and
were heated at 220 !C for 24 h in sealed Carius tubes. Re and Os concentrations and
isotope ratios were determined with a Thermo Fisher Scientific Neptune MC–ICP–
MS. Total procedural Re and Os blanks were 7.35±0.28 pg (n¼ 6; average±1 s.d.)
and 0.64±0.04 pg (n¼ 9), respectively, with a 187Os/188Os ratio of 0.126±0.018
(n¼ 9)43. Initial 187Os/188Os ratios of the chert and claystone samples were
calculated using an age estimated from biostratigraphy and the astronomically
tuned geomagnetic polarity time scale (215 Ma; Fig. 1), and a 187Re decay constant
of 1.666" 10–11 yr# 1 (ref. 37). Full details of our sample preparation and analytical
methods are described in Nozaki et al.43

Major element analysis. Major element (Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K and P)
concentrations were determined by X-ray fluorescence spectrometry (XRF). Fused
glass beads for XRF analysis were made from a mixture of B0.4 g of powdered
sample and B4 g of lithium tetraborate flux. All analyses were conducted with a
Rigaku Simultix 12 simultaneous wavelength dispersive XRF spectrometer48. The
accuracy and precision of the XRF analysis were monitored using reference
materials of high-Mg basalt (SDSYB) reported by Shimoda et al.49, stream
sediment (JSd-3) and chert (JCh-1) issued by the Geological Survey of Japan50.

Estimation of impactor size. The diameter of the impacting object d can be
calculated by the following equation, with the assumption that 0.22–1.0 to the

fraction F of the impact-derived Os dissolved into seawater6,14,34:

d ¼ 2" 3"½mass OsimpactorðngÞ'" 1
F

rimpactorðg cm#3Þ" Os½ 'impactorðng g#1Þ"4p

 !1=3

"10# 5

2

4

3

5 ð1Þ

where rimpactor (g cm# 3) and [Os]impactor (ng g# 1) denote the density and Os
concentration of the impactor, respectively. The mass of Os derived from the
impactor (mass Osimpactor (ng)) is given by following equations14:

½mass Osimpactor ngð Þ' ¼ f
1# f

! "
"mass Ossw ð2Þ

f ¼
187Os=188Ospostimpact#187Os=188Ospreimpact
187Os=188Osimpactor#187Os=188Ospreimpact

! "
ð3Þ

where the seawater Os mass (mass Ossw) is 1.4" 1019 ng (ref. 51). 187Os/
188Ospostimpact is the 187Os/188Osi ratio of the upper sublayer claystone (average
187Os/188Osi ratios of four claystone samples of NH52-R4 to R7; B0.222), 187Os/
188Ospre-impact is an average 187Os/188Osi ratio of ten chert samples below claystone
layer (NHR30 to NHR40; B0.582), and 187Os/188Osimpactor is the 187Os/188Os ratio
of the impactor.
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Table S5) provides no evidence for a mass extinction event across
the claystone layer. In contrast, significant faunal turnover
occurred B1 Myr after the impact event and 18 radiolarian
species became extinct at this level in the bedded chert3. It is
possible that the impact triggered the extinction of these 18
radiolarian species, although the direct cause of their extinction
remains unclear.

A recent review of the application of Os isotopes to
paleoceanographic studies40 highlights that our work provides
previously undiscovered evidence of a meteoritic Os isotope
signature in Triassic deep-sea sediments, which now crop out in
an accretionary complex (Fig. 1). It is likely that this impact ejecta
layer must also be present in other bedded cherts within other
accretionary complexes around the Circum-Pacific. Bedded chert
successions, which deposited in the pelagic Pacific Ocean occur
in accretionary complexes throughout eastern Russia, Japan,
Philippines, New Zealand and western North America. These
successions have a wide range of sedimentary ages with a
duration of 250 Myr from the Lower Carboniferous to Lower
Cretaceous periods. Given that an impact event produced by a
chondritic meteorite of 2 km in diameter is detectable using
marine Os isotope records14, systematic Os isotope studies of
these global bedded chert successions should enable the
identification of impact events throughout this time. For
example, analysis of Os isotope ratios in bedded cherts across
the Permian–Triassic boundary41 would enable testing of the
hypothesis that an extraterrestrial impact produced this major
biotic extinction event, as has been inferred from the possible
discovery of shocked quartz grains and high abundances of Ir in
sediments of this age42.

Methods
Re–Os isotope analysis. Re and Os concentrations and isotope ratios were
determined by isotope dilution–multi-collector–inductively coupled plasma–mass
spectrometry (ID–MC–ICP–MS), after Carius tube digestion of samples and
sparging introduction of Os into the MC–ICP–MS43. PGEs in deep-sea sediments
represent subequal inputs by several components, such as aeolian dust,
hydrogenetic material and extraterrestrial dust, and the hydrogenetic component
can be extracted from bulk samples using this method44. We also compared the
Re–Os isotope compositions obtained by inverse aqua regia and CrO3–H2SO4
digestion for the Sakahogi lower claystone samples and a Triassic chert reference
material (JCh-1) issued by the Geological Survey of Japan (Supplementary Table
S6). Re–Os data obtained by the two digestion methods are almost identical
within analytical uncertainty. Moreover, the variation in the Os isotope records
obtained by our Os analytical method for the Upper Triassic bedded cherts of the
Inuyama area44 is positively correlated with marine 87Sr/86Sr and 187Os/188Os
compositions45–47, indicating that Os extracted by our method from the chert
samples is dominated by hydrogenous Os.

Chert and claystone samples were crushed in an agate mortar and ball mill.
Chert samples of B2.5 g and claystone samples of B0.5 to B2.0 g were dissolved
and equilibrated with 185Re and 190Os spikes in 4 ml of inverse aqua regia, and
were heated at 220 !C for 24 h in sealed Carius tubes. Re and Os concentrations and
isotope ratios were determined with a Thermo Fisher Scientific Neptune MC–ICP–
MS. Total procedural Re and Os blanks were 7.35±0.28 pg (n¼ 6; average±1 s.d.)
and 0.64±0.04 pg (n¼ 9), respectively, with a 187Os/188Os ratio of 0.126±0.018
(n¼ 9)43. Initial 187Os/188Os ratios of the chert and claystone samples were
calculated using an age estimated from biostratigraphy and the astronomically
tuned geomagnetic polarity time scale (215 Ma; Fig. 1), and a 187Re decay constant
of 1.666" 10–11 yr# 1 (ref. 37). Full details of our sample preparation and analytical
methods are described in Nozaki et al.43

Major element analysis. Major element (Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K and P)
concentrations were determined by X-ray fluorescence spectrometry (XRF). Fused
glass beads for XRF analysis were made from a mixture of B0.4 g of powdered
sample and B4 g of lithium tetraborate flux. All analyses were conducted with a
Rigaku Simultix 12 simultaneous wavelength dispersive XRF spectrometer48. The
accuracy and precision of the XRF analysis were monitored using reference
materials of high-Mg basalt (SDSYB) reported by Shimoda et al.49, stream
sediment (JSd-3) and chert (JCh-1) issued by the Geological Survey of Japan50.

Estimation of impactor size. The diameter of the impacting object d can be
calculated by the following equation, with the assumption that 0.22–1.0 to the

fraction F of the impact-derived Os dissolved into seawater6,14,34:

d ¼ 2" 3"½mass OsimpactorðngÞ'" 1
F
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where rimpactor (g cm# 3) and [Os]impactor (ng g# 1) denote the density and Os
concentration of the impactor, respectively. The mass of Os derived from the
impactor (mass Osimpactor (ng)) is given by following equations14:

½mass Osimpactor ngð Þ' ¼ f
1# f

! "
"mass Ossw ð2Þ

f ¼
187Os=188Ospostimpact#187Os=188Ospreimpact
187Os=188Osimpactor#187Os=188Ospreimpact

! "
ð3Þ

where the seawater Os mass (mass Ossw) is 1.4" 1019 ng (ref. 51). 187Os/
188Ospostimpact is the 187Os/188Osi ratio of the upper sublayer claystone (average
187Os/188Osi ratios of four claystone samples of NH52-R4 to R7; B0.222), 187Os/
188Ospre-impact is an average 187Os/188Osi ratio of ten chert samples below claystone
layer (NHR30 to NHR40; B0.582), and 187Os/188Osimpactor is the 187Os/188Os ratio
of the impactor.
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Table S5) provides no evidence for a mass extinction event across
the claystone layer. In contrast, significant faunal turnover
occurred B1 Myr after the impact event and 18 radiolarian
species became extinct at this level in the bedded chert3. It is
possible that the impact triggered the extinction of these 18
radiolarian species, although the direct cause of their extinction
remains unclear.

A recent review of the application of Os isotopes to
paleoceanographic studies40 highlights that our work provides
previously undiscovered evidence of a meteoritic Os isotope
signature in Triassic deep-sea sediments, which now crop out in
an accretionary complex (Fig. 1). It is likely that this impact ejecta
layer must also be present in other bedded cherts within other
accretionary complexes around the Circum-Pacific. Bedded chert
successions, which deposited in the pelagic Pacific Ocean occur
in accretionary complexes throughout eastern Russia, Japan,
Philippines, New Zealand and western North America. These
successions have a wide range of sedimentary ages with a
duration of 250 Myr from the Lower Carboniferous to Lower
Cretaceous periods. Given that an impact event produced by a
chondritic meteorite of 2 km in diameter is detectable using
marine Os isotope records14, systematic Os isotope studies of
these global bedded chert successions should enable the
identification of impact events throughout this time. For
example, analysis of Os isotope ratios in bedded cherts across
the Permian–Triassic boundary41 would enable testing of the
hypothesis that an extraterrestrial impact produced this major
biotic extinction event, as has been inferred from the possible
discovery of shocked quartz grains and high abundances of Ir in
sediments of this age42.

Methods
Re–Os isotope analysis. Re and Os concentrations and isotope ratios were
determined by isotope dilution–multi-collector–inductively coupled plasma–mass
spectrometry (ID–MC–ICP–MS), after Carius tube digestion of samples and
sparging introduction of Os into the MC–ICP–MS43. PGEs in deep-sea sediments
represent subequal inputs by several components, such as aeolian dust,
hydrogenetic material and extraterrestrial dust, and the hydrogenetic component
can be extracted from bulk samples using this method44. We also compared the
Re–Os isotope compositions obtained by inverse aqua regia and CrO3–H2SO4
digestion for the Sakahogi lower claystone samples and a Triassic chert reference
material (JCh-1) issued by the Geological Survey of Japan (Supplementary Table
S6). Re–Os data obtained by the two digestion methods are almost identical
within analytical uncertainty. Moreover, the variation in the Os isotope records
obtained by our Os analytical method for the Upper Triassic bedded cherts of the
Inuyama area44 is positively correlated with marine 87Sr/86Sr and 187Os/188Os
compositions45–47, indicating that Os extracted by our method from the chert
samples is dominated by hydrogenous Os.

Chert and claystone samples were crushed in an agate mortar and ball mill.
Chert samples of B2.5 g and claystone samples of B0.5 to B2.0 g were dissolved
and equilibrated with 185Re and 190Os spikes in 4 ml of inverse aqua regia, and
were heated at 220 !C for 24 h in sealed Carius tubes. Re and Os concentrations and
isotope ratios were determined with a Thermo Fisher Scientific Neptune MC–ICP–
MS. Total procedural Re and Os blanks were 7.35±0.28 pg (n¼ 6; average±1 s.d.)
and 0.64±0.04 pg (n¼ 9), respectively, with a 187Os/188Os ratio of 0.126±0.018
(n¼ 9)43. Initial 187Os/188Os ratios of the chert and claystone samples were
calculated using an age estimated from biostratigraphy and the astronomically
tuned geomagnetic polarity time scale (215 Ma; Fig. 1), and a 187Re decay constant
of 1.666" 10–11 yr# 1 (ref. 37). Full details of our sample preparation and analytical
methods are described in Nozaki et al.43

Major element analysis. Major element (Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K and P)
concentrations were determined by X-ray fluorescence spectrometry (XRF). Fused
glass beads for XRF analysis were made from a mixture of B0.4 g of powdered
sample and B4 g of lithium tetraborate flux. All analyses were conducted with a
Rigaku Simultix 12 simultaneous wavelength dispersive XRF spectrometer48. The
accuracy and precision of the XRF analysis were monitored using reference
materials of high-Mg basalt (SDSYB) reported by Shimoda et al.49, stream
sediment (JSd-3) and chert (JCh-1) issued by the Geological Survey of Japan50.

Estimation of impactor size. The diameter of the impacting object d can be
calculated by the following equation, with the assumption that 0.22–1.0 to the

fraction F of the impact-derived Os dissolved into seawater6,14,34:

d ¼ 2" 3"½mass OsimpactorðngÞ'" 1
F
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where rimpactor (g cm# 3) and [Os]impactor (ng g# 1) denote the density and Os
concentration of the impactor, respectively. The mass of Os derived from the
impactor (mass Osimpactor (ng)) is given by following equations14:

½mass Osimpactor ngð Þ' ¼ f
1# f

! "
"mass Ossw ð2Þ

f ¼
187Os=188Ospostimpact#187Os=188Ospreimpact
187Os=188Osimpactor#187Os=188Ospreimpact
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where the seawater Os mass (mass Ossw) is 1.4" 1019 ng (ref. 51). 187Os/
188Ospostimpact is the 187Os/188Osi ratio of the upper sublayer claystone (average
187Os/188Osi ratios of four claystone samples of NH52-R4 to R7; B0.222), 187Os/
188Ospre-impact is an average 187Os/188Osi ratio of ten chert samples below claystone
layer (NHR30 to NHR40; B0.582), and 187Os/188Osimpactor is the 187Os/188Os ratio
of the impactor.
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Table S5) provides no evidence for a mass extinction event across
the claystone layer. In contrast, significant faunal turnover
occurred B1 Myr after the impact event and 18 radiolarian
species became extinct at this level in the bedded chert3. It is
possible that the impact triggered the extinction of these 18
radiolarian species, although the direct cause of their extinction
remains unclear.

A recent review of the application of Os isotopes to
paleoceanographic studies40 highlights that our work provides
previously undiscovered evidence of a meteoritic Os isotope
signature in Triassic deep-sea sediments, which now crop out in
an accretionary complex (Fig. 1). It is likely that this impact ejecta
layer must also be present in other bedded cherts within other
accretionary complexes around the Circum-Pacific. Bedded chert
successions, which deposited in the pelagic Pacific Ocean occur
in accretionary complexes throughout eastern Russia, Japan,
Philippines, New Zealand and western North America. These
successions have a wide range of sedimentary ages with a
duration of 250 Myr from the Lower Carboniferous to Lower
Cretaceous periods. Given that an impact event produced by a
chondritic meteorite of 2 km in diameter is detectable using
marine Os isotope records14, systematic Os isotope studies of
these global bedded chert successions should enable the
identification of impact events throughout this time. For
example, analysis of Os isotope ratios in bedded cherts across
the Permian–Triassic boundary41 would enable testing of the
hypothesis that an extraterrestrial impact produced this major
biotic extinction event, as has been inferred from the possible
discovery of shocked quartz grains and high abundances of Ir in
sediments of this age42.

Methods
Re–Os isotope analysis. Re and Os concentrations and isotope ratios were
determined by isotope dilution–multi-collector–inductively coupled plasma–mass
spectrometry (ID–MC–ICP–MS), after Carius tube digestion of samples and
sparging introduction of Os into the MC–ICP–MS43. PGEs in deep-sea sediments
represent subequal inputs by several components, such as aeolian dust,
hydrogenetic material and extraterrestrial dust, and the hydrogenetic component
can be extracted from bulk samples using this method44. We also compared the
Re–Os isotope compositions obtained by inverse aqua regia and CrO3–H2SO4
digestion for the Sakahogi lower claystone samples and a Triassic chert reference
material (JCh-1) issued by the Geological Survey of Japan (Supplementary Table
S6). Re–Os data obtained by the two digestion methods are almost identical
within analytical uncertainty. Moreover, the variation in the Os isotope records
obtained by our Os analytical method for the Upper Triassic bedded cherts of the
Inuyama area44 is positively correlated with marine 87Sr/86Sr and 187Os/188Os
compositions45–47, indicating that Os extracted by our method from the chert
samples is dominated by hydrogenous Os.

Chert and claystone samples were crushed in an agate mortar and ball mill.
Chert samples of B2.5 g and claystone samples of B0.5 to B2.0 g were dissolved
and equilibrated with 185Re and 190Os spikes in 4 ml of inverse aqua regia, and
were heated at 220 !C for 24 h in sealed Carius tubes. Re and Os concentrations and
isotope ratios were determined with a Thermo Fisher Scientific Neptune MC–ICP–
MS. Total procedural Re and Os blanks were 7.35±0.28 pg (n¼ 6; average±1 s.d.)
and 0.64±0.04 pg (n¼ 9), respectively, with a 187Os/188Os ratio of 0.126±0.018
(n¼ 9)43. Initial 187Os/188Os ratios of the chert and claystone samples were
calculated using an age estimated from biostratigraphy and the astronomically
tuned geomagnetic polarity time scale (215 Ma; Fig. 1), and a 187Re decay constant
of 1.666" 10–11 yr# 1 (ref. 37). Full details of our sample preparation and analytical
methods are described in Nozaki et al.43

Major element analysis. Major element (Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K and P)
concentrations were determined by X-ray fluorescence spectrometry (XRF). Fused
glass beads for XRF analysis were made from a mixture of B0.4 g of powdered
sample and B4 g of lithium tetraborate flux. All analyses were conducted with a
Rigaku Simultix 12 simultaneous wavelength dispersive XRF spectrometer48. The
accuracy and precision of the XRF analysis were monitored using reference
materials of high-Mg basalt (SDSYB) reported by Shimoda et al.49, stream
sediment (JSd-3) and chert (JCh-1) issued by the Geological Survey of Japan50.

Estimation of impactor size. The diameter of the impacting object d can be
calculated by the following equation, with the assumption that 0.22–1.0 to the

fraction F of the impact-derived Os dissolved into seawater6,14,34:

d ¼ 2" 3"½mass OsimpactorðngÞ'" 1
F
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where rimpactor (g cm# 3) and [Os]impactor (ng g# 1) denote the density and Os
concentration of the impactor, respectively. The mass of Os derived from the
impactor (mass Osimpactor (ng)) is given by following equations14:

½mass Osimpactor ngð Þ' ¼ f
1# f

! "
"mass Ossw ð2Þ

f ¼
187Os=188Ospostimpact#187Os=188Ospreimpact
187Os=188Osimpactor#187Os=188Ospreimpact
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where the seawater Os mass (mass Ossw) is 1.4" 1019 ng (ref. 51). 187Os/
188Ospostimpact is the 187Os/188Osi ratio of the upper sublayer claystone (average
187Os/188Osi ratios of four claystone samples of NH52-R4 to R7; B0.222), 187Os/
188Ospre-impact is an average 187Os/188Osi ratio of ten chert samples below claystone
layer (NHR30 to NHR40; B0.582), and 187Os/188Osimpactor is the 187Os/188Os ratio
of the impactor.
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Table S5) provides no evidence for a mass extinction event across
the claystone layer. In contrast, significant faunal turnover
occurred B1 Myr after the impact event and 18 radiolarian
species became extinct at this level in the bedded chert3. It is
possible that the impact triggered the extinction of these 18
radiolarian species, although the direct cause of their extinction
remains unclear.

A recent review of the application of Os isotopes to
paleoceanographic studies40 highlights that our work provides
previously undiscovered evidence of a meteoritic Os isotope
signature in Triassic deep-sea sediments, which now crop out in
an accretionary complex (Fig. 1). It is likely that this impact ejecta
layer must also be present in other bedded cherts within other
accretionary complexes around the Circum-Pacific. Bedded chert
successions, which deposited in the pelagic Pacific Ocean occur
in accretionary complexes throughout eastern Russia, Japan,
Philippines, New Zealand and western North America. These
successions have a wide range of sedimentary ages with a
duration of 250 Myr from the Lower Carboniferous to Lower
Cretaceous periods. Given that an impact event produced by a
chondritic meteorite of 2 km in diameter is detectable using
marine Os isotope records14, systematic Os isotope studies of
these global bedded chert successions should enable the
identification of impact events throughout this time. For
example, analysis of Os isotope ratios in bedded cherts across
the Permian–Triassic boundary41 would enable testing of the
hypothesis that an extraterrestrial impact produced this major
biotic extinction event, as has been inferred from the possible
discovery of shocked quartz grains and high abundances of Ir in
sediments of this age42.

Methods
Re–Os isotope analysis. Re and Os concentrations and isotope ratios were
determined by isotope dilution–multi-collector–inductively coupled plasma–mass
spectrometry (ID–MC–ICP–MS), after Carius tube digestion of samples and
sparging introduction of Os into the MC–ICP–MS43. PGEs in deep-sea sediments
represent subequal inputs by several components, such as aeolian dust,
hydrogenetic material and extraterrestrial dust, and the hydrogenetic component
can be extracted from bulk samples using this method44. We also compared the
Re–Os isotope compositions obtained by inverse aqua regia and CrO3–H2SO4
digestion for the Sakahogi lower claystone samples and a Triassic chert reference
material (JCh-1) issued by the Geological Survey of Japan (Supplementary Table
S6). Re–Os data obtained by the two digestion methods are almost identical
within analytical uncertainty. Moreover, the variation in the Os isotope records
obtained by our Os analytical method for the Upper Triassic bedded cherts of the
Inuyama area44 is positively correlated with marine 87Sr/86Sr and 187Os/188Os
compositions45–47, indicating that Os extracted by our method from the chert
samples is dominated by hydrogenous Os.

Chert and claystone samples were crushed in an agate mortar and ball mill.
Chert samples of B2.5 g and claystone samples of B0.5 to B2.0 g were dissolved
and equilibrated with 185Re and 190Os spikes in 4 ml of inverse aqua regia, and
were heated at 220 !C for 24 h in sealed Carius tubes. Re and Os concentrations and
isotope ratios were determined with a Thermo Fisher Scientific Neptune MC–ICP–
MS. Total procedural Re and Os blanks were 7.35±0.28 pg (n¼ 6; average±1 s.d.)
and 0.64±0.04 pg (n¼ 9), respectively, with a 187Os/188Os ratio of 0.126±0.018
(n¼ 9)43. Initial 187Os/188Os ratios of the chert and claystone samples were
calculated using an age estimated from biostratigraphy and the astronomically
tuned geomagnetic polarity time scale (215 Ma; Fig. 1), and a 187Re decay constant
of 1.666" 10–11 yr# 1 (ref. 37). Full details of our sample preparation and analytical
methods are described in Nozaki et al.43

Major element analysis. Major element (Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K and P)
concentrations were determined by X-ray fluorescence spectrometry (XRF). Fused
glass beads for XRF analysis were made from a mixture of B0.4 g of powdered
sample and B4 g of lithium tetraborate flux. All analyses were conducted with a
Rigaku Simultix 12 simultaneous wavelength dispersive XRF spectrometer48. The
accuracy and precision of the XRF analysis were monitored using reference
materials of high-Mg basalt (SDSYB) reported by Shimoda et al.49, stream
sediment (JSd-3) and chert (JCh-1) issued by the Geological Survey of Japan50.

Estimation of impactor size. The diameter of the impacting object d can be
calculated by the following equation, with the assumption that 0.22–1.0 to the

fraction F of the impact-derived Os dissolved into seawater6,14,34:

d ¼ 2" 3"½mass OsimpactorðngÞ'" 1
F
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where rimpactor (g cm# 3) and [Os]impactor (ng g# 1) denote the density and Os
concentration of the impactor, respectively. The mass of Os derived from the
impactor (mass Osimpactor (ng)) is given by following equations14:

½mass Osimpactor ngð Þ' ¼ f
1# f

! "
"mass Ossw ð2Þ

f ¼
187Os=188Ospostimpact#187Os=188Ospreimpact
187Os=188Osimpactor#187Os=188Ospreimpact
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where the seawater Os mass (mass Ossw) is 1.4" 1019 ng (ref. 51). 187Os/
188Ospostimpact is the 187Os/188Osi ratio of the upper sublayer claystone (average
187Os/188Osi ratios of four claystone samples of NH52-R4 to R7; B0.222), 187Os/
188Ospre-impact is an average 187Os/188Osi ratio of ten chert samples below claystone
layer (NHR30 to NHR40; B0.582), and 187Os/188Osimpactor is the 187Os/188Os ratio
of the impactor.
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Table S5) provides no evidence for a mass extinction event across
the claystone layer. In contrast, significant faunal turnover
occurred B1 Myr after the impact event and 18 radiolarian
species became extinct at this level in the bedded chert3. It is
possible that the impact triggered the extinction of these 18
radiolarian species, although the direct cause of their extinction
remains unclear.

A recent review of the application of Os isotopes to
paleoceanographic studies40 highlights that our work provides
previously undiscovered evidence of a meteoritic Os isotope
signature in Triassic deep-sea sediments, which now crop out in
an accretionary complex (Fig. 1). It is likely that this impact ejecta
layer must also be present in other bedded cherts within other
accretionary complexes around the Circum-Pacific. Bedded chert
successions, which deposited in the pelagic Pacific Ocean occur
in accretionary complexes throughout eastern Russia, Japan,
Philippines, New Zealand and western North America. These
successions have a wide range of sedimentary ages with a
duration of 250 Myr from the Lower Carboniferous to Lower
Cretaceous periods. Given that an impact event produced by a
chondritic meteorite of 2 km in diameter is detectable using
marine Os isotope records14, systematic Os isotope studies of
these global bedded chert successions should enable the
identification of impact events throughout this time. For
example, analysis of Os isotope ratios in bedded cherts across
the Permian–Triassic boundary41 would enable testing of the
hypothesis that an extraterrestrial impact produced this major
biotic extinction event, as has been inferred from the possible
discovery of shocked quartz grains and high abundances of Ir in
sediments of this age42.

Methods
Re–Os isotope analysis. Re and Os concentrations and isotope ratios were
determined by isotope dilution–multi-collector–inductively coupled plasma–mass
spectrometry (ID–MC–ICP–MS), after Carius tube digestion of samples and
sparging introduction of Os into the MC–ICP–MS43. PGEs in deep-sea sediments
represent subequal inputs by several components, such as aeolian dust,
hydrogenetic material and extraterrestrial dust, and the hydrogenetic component
can be extracted from bulk samples using this method44. We also compared the
Re–Os isotope compositions obtained by inverse aqua regia and CrO3–H2SO4
digestion for the Sakahogi lower claystone samples and a Triassic chert reference
material (JCh-1) issued by the Geological Survey of Japan (Supplementary Table
S6). Re–Os data obtained by the two digestion methods are almost identical
within analytical uncertainty. Moreover, the variation in the Os isotope records
obtained by our Os analytical method for the Upper Triassic bedded cherts of the
Inuyama area44 is positively correlated with marine 87Sr/86Sr and 187Os/188Os
compositions45–47, indicating that Os extracted by our method from the chert
samples is dominated by hydrogenous Os.

Chert and claystone samples were crushed in an agate mortar and ball mill.
Chert samples of B2.5 g and claystone samples of B0.5 to B2.0 g were dissolved
and equilibrated with 185Re and 190Os spikes in 4 ml of inverse aqua regia, and
were heated at 220 !C for 24 h in sealed Carius tubes. Re and Os concentrations and
isotope ratios were determined with a Thermo Fisher Scientific Neptune MC–ICP–
MS. Total procedural Re and Os blanks were 7.35±0.28 pg (n¼ 6; average±1 s.d.)
and 0.64±0.04 pg (n¼ 9), respectively, with a 187Os/188Os ratio of 0.126±0.018
(n¼ 9)43. Initial 187Os/188Os ratios of the chert and claystone samples were
calculated using an age estimated from biostratigraphy and the astronomically
tuned geomagnetic polarity time scale (215 Ma; Fig. 1), and a 187Re decay constant
of 1.666" 10–11 yr# 1 (ref. 37). Full details of our sample preparation and analytical
methods are described in Nozaki et al.43

Major element analysis. Major element (Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K and P)
concentrations were determined by X-ray fluorescence spectrometry (XRF). Fused
glass beads for XRF analysis were made from a mixture of B0.4 g of powdered
sample and B4 g of lithium tetraborate flux. All analyses were conducted with a
Rigaku Simultix 12 simultaneous wavelength dispersive XRF spectrometer48. The
accuracy and precision of the XRF analysis were monitored using reference
materials of high-Mg basalt (SDSYB) reported by Shimoda et al.49, stream
sediment (JSd-3) and chert (JCh-1) issued by the Geological Survey of Japan50.

Estimation of impactor size. The diameter of the impacting object d can be
calculated by the following equation, with the assumption that 0.22–1.0 to the

fraction F of the impact-derived Os dissolved into seawater6,14,34:

d ¼ 2" 3"½mass OsimpactorðngÞ'" 1
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where rimpactor (g cm# 3) and [Os]impactor (ng g# 1) denote the density and Os
concentration of the impactor, respectively. The mass of Os derived from the
impactor (mass Osimpactor (ng)) is given by following equations14:

½mass Osimpactor ngð Þ' ¼ f
1# f
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"mass Ossw ð2Þ

f ¼
187Os=188Ospostimpact#187Os=188Ospreimpact
187Os=188Osimpactor#187Os=188Ospreimpact
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where the seawater Os mass (mass Ossw) is 1.4" 1019 ng (ref. 51). 187Os/
188Ospostimpact is the 187Os/188Osi ratio of the upper sublayer claystone (average
187Os/188Osi ratios of four claystone samples of NH52-R4 to R7; B0.222), 187Os/
188Ospre-impact is an average 187Os/188Osi ratio of ten chert samples below claystone
layer (NHR30 to NHR40; B0.582), and 187Os/188Osimpactor is the 187Os/188Os ratio
of the impactor.
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Table S5) provides no evidence for a mass extinction event across
the claystone layer. In contrast, significant faunal turnover
occurred B1 Myr after the impact event and 18 radiolarian
species became extinct at this level in the bedded chert3. It is
possible that the impact triggered the extinction of these 18
radiolarian species, although the direct cause of their extinction
remains unclear.

A recent review of the application of Os isotopes to
paleoceanographic studies40 highlights that our work provides
previously undiscovered evidence of a meteoritic Os isotope
signature in Triassic deep-sea sediments, which now crop out in
an accretionary complex (Fig. 1). It is likely that this impact ejecta
layer must also be present in other bedded cherts within other
accretionary complexes around the Circum-Pacific. Bedded chert
successions, which deposited in the pelagic Pacific Ocean occur
in accretionary complexes throughout eastern Russia, Japan,
Philippines, New Zealand and western North America. These
successions have a wide range of sedimentary ages with a
duration of 250 Myr from the Lower Carboniferous to Lower
Cretaceous periods. Given that an impact event produced by a
chondritic meteorite of 2 km in diameter is detectable using
marine Os isotope records14, systematic Os isotope studies of
these global bedded chert successions should enable the
identification of impact events throughout this time. For
example, analysis of Os isotope ratios in bedded cherts across
the Permian–Triassic boundary41 would enable testing of the
hypothesis that an extraterrestrial impact produced this major
biotic extinction event, as has been inferred from the possible
discovery of shocked quartz grains and high abundances of Ir in
sediments of this age42.

Methods
Re–Os isotope analysis. Re and Os concentrations and isotope ratios were
determined by isotope dilution–multi-collector–inductively coupled plasma–mass
spectrometry (ID–MC–ICP–MS), after Carius tube digestion of samples and
sparging introduction of Os into the MC–ICP–MS43. PGEs in deep-sea sediments
represent subequal inputs by several components, such as aeolian dust,
hydrogenetic material and extraterrestrial dust, and the hydrogenetic component
can be extracted from bulk samples using this method44. We also compared the
Re–Os isotope compositions obtained by inverse aqua regia and CrO3–H2SO4
digestion for the Sakahogi lower claystone samples and a Triassic chert reference
material (JCh-1) issued by the Geological Survey of Japan (Supplementary Table
S6). Re–Os data obtained by the two digestion methods are almost identical
within analytical uncertainty. Moreover, the variation in the Os isotope records
obtained by our Os analytical method for the Upper Triassic bedded cherts of the
Inuyama area44 is positively correlated with marine 87Sr/86Sr and 187Os/188Os
compositions45–47, indicating that Os extracted by our method from the chert
samples is dominated by hydrogenous Os.

Chert and claystone samples were crushed in an agate mortar and ball mill.
Chert samples of B2.5 g and claystone samples of B0.5 to B2.0 g were dissolved
and equilibrated with 185Re and 190Os spikes in 4 ml of inverse aqua regia, and
were heated at 220 !C for 24 h in sealed Carius tubes. Re and Os concentrations and
isotope ratios were determined with a Thermo Fisher Scientific Neptune MC–ICP–
MS. Total procedural Re and Os blanks were 7.35±0.28 pg (n¼ 6; average±1 s.d.)
and 0.64±0.04 pg (n¼ 9), respectively, with a 187Os/188Os ratio of 0.126±0.018
(n¼ 9)43. Initial 187Os/188Os ratios of the chert and claystone samples were
calculated using an age estimated from biostratigraphy and the astronomically
tuned geomagnetic polarity time scale (215 Ma; Fig. 1), and a 187Re decay constant
of 1.666" 10–11 yr# 1 (ref. 37). Full details of our sample preparation and analytical
methods are described in Nozaki et al.43

Major element analysis. Major element (Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K and P)
concentrations were determined by X-ray fluorescence spectrometry (XRF). Fused
glass beads for XRF analysis were made from a mixture of B0.4 g of powdered
sample and B4 g of lithium tetraborate flux. All analyses were conducted with a
Rigaku Simultix 12 simultaneous wavelength dispersive XRF spectrometer48. The
accuracy and precision of the XRF analysis were monitored using reference
materials of high-Mg basalt (SDSYB) reported by Shimoda et al.49, stream
sediment (JSd-3) and chert (JCh-1) issued by the Geological Survey of Japan50.

Estimation of impactor size. The diameter of the impacting object d can be
calculated by the following equation, with the assumption that 0.22–1.0 to the

fraction F of the impact-derived Os dissolved into seawater6,14,34:

d ¼ 2" 3"½mass OsimpactorðngÞ'" 1
F

rimpactorðg cm#3Þ" Os½ 'impactorðng g#1Þ"4p

 !1=3

"10# 5

2

4

3

5 ð1Þ

where rimpactor (g cm# 3) and [Os]impactor (ng g# 1) denote the density and Os
concentration of the impactor, respectively. The mass of Os derived from the
impactor (mass Osimpactor (ng)) is given by following equations14:

½mass Osimpactor ngð Þ' ¼ f
1# f

! "
"mass Ossw ð2Þ

f ¼
187Os=188Ospostimpact#187Os=188Ospreimpact
187Os=188Osimpactor#187Os=188Ospreimpact

! "
ð3Þ

where the seawater Os mass (mass Ossw) is 1.4" 1019 ng (ref. 51). 187Os/
188Ospostimpact is the 187Os/188Osi ratio of the upper sublayer claystone (average
187Os/188Osi ratios of four claystone samples of NH52-R4 to R7; B0.222), 187Os/
188Ospre-impact is an average 187Os/188Osi ratio of ten chert samples below claystone
layer (NHR30 to NHR40; B0.582), and 187Os/188Osimpactor is the 187Os/188Os ratio
of the impactor.

References
1. Tanner, L. H., Lucas, S. G. & Chapman, M. G. Assessing the record and causes

of Late Triassic extinctions. Earth Sci. Rev. 65, 103–139 (2004).
2. Hallam, A. How catastrophic was the end-Triassic mass extinction? Lethaia 35,

147–157 (2002).
3. Onoue, T. et al. A deep-sea record of impact apparently unrelated to mass

extinction in the Late Triassic. Proc. Natl Acad. Sci. USA 109, 19134–19139
(2012).

4. Walkden, G., Parker, J. & Kelley, S. A late Triassic impact ejecta layer in
southwestern Britain. Science 298, 2185–2188 (2002).

5. Thackrey, S. et al. The use of heavy mineral correlation for determining the
source of impact ejecta: a Manicouagan distal ejecta case study. Earth Planet.
Sci. Lett. 285, 163–172 (2009).

6. Alvarez, L. W., Alvarez, W., Asaro, F. & Michel, H. V. Extraterrestrial cause of
the Cretaceous-Tertiary extinction. Science 208, 1095–1108 (1980).

7. Ganapathy, R. A major meteorite impact on the earth 65 million years ago:
Evidence from the Cretaceous-Tertiary boundary clay. Science 209, 921–923
(1980).

8. Peucker-Ehrenbrink, B. & Jahn, B. Rhenium-osmium isotope systematics and
platinum group element concentrations: Loess and the upper continental crust.
Geochem. Geophys. Geosyst. 2, 1061 (2001).

9. Anders, E. & Grevesse, N. Abundances of the elements: Meteoritic and solar.
Geochim. Cosmochim. Acta 53, 197–214 (1989).

10. Colodner, D. C., Boyle, E. A., Edmond, J. M. & Thomson, J. Post-depositional
mobility of platinum, iridium and rhenium in marine sediments. Nature 358,
402–404 (1992).

11. Wallace, M. A., Gostin, V. A. & Keays, R. R. Acraman impact ejecta and host
shales: Evidence for low-temperature mobilization of iridium and other
platinoids. Geology 18, 132–135 (1990).

12. Koeberl, C. & Shirey, S. B. Re-Os isotope systematics as a diagnostic tool for the
study of impact craters and distal ejecta. Palaeogeogr. Palaeoclimatol.
Palaeoecol. 132, 25–46 (1997).

13. Luck, J. M. & Turekian, K. K. Osmium-187/osmium-186 in manganese nodules
and the Cretaceous-Tertiary boundary. Science 222, 613–615 (1983).

14. Paquay, F. S., Ravizza, G. E., Dalai, T. K. & Peucker-Ehrenbrink, B.
Determining chondritic impactor size from the marine osmium isotope record.
Science 320, 214–218 (2008).

15. Peucker-Ehrenbrink, B. & Ravizza, G. The marine osmium isotope record.
Terra Nova 12, 205–219 (2000).
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Table S5) provides no evidence for a mass extinction event across
the claystone layer. In contrast, significant faunal turnover
occurred B1 Myr after the impact event and 18 radiolarian
species became extinct at this level in the bedded chert3. It is
possible that the impact triggered the extinction of these 18
radiolarian species, although the direct cause of their extinction
remains unclear.

A recent review of the application of Os isotopes to
paleoceanographic studies40 highlights that our work provides
previously undiscovered evidence of a meteoritic Os isotope
signature in Triassic deep-sea sediments, which now crop out in
an accretionary complex (Fig. 1). It is likely that this impact ejecta
layer must also be present in other bedded cherts within other
accretionary complexes around the Circum-Pacific. Bedded chert
successions, which deposited in the pelagic Pacific Ocean occur
in accretionary complexes throughout eastern Russia, Japan,
Philippines, New Zealand and western North America. These
successions have a wide range of sedimentary ages with a
duration of 250 Myr from the Lower Carboniferous to Lower
Cretaceous periods. Given that an impact event produced by a
chondritic meteorite of 2 km in diameter is detectable using
marine Os isotope records14, systematic Os isotope studies of
these global bedded chert successions should enable the
identification of impact events throughout this time. For
example, analysis of Os isotope ratios in bedded cherts across
the Permian–Triassic boundary41 would enable testing of the
hypothesis that an extraterrestrial impact produced this major
biotic extinction event, as has been inferred from the possible
discovery of shocked quartz grains and high abundances of Ir in
sediments of this age42.

Methods
Re–Os isotope analysis. Re and Os concentrations and isotope ratios were
determined by isotope dilution–multi-collector–inductively coupled plasma–mass
spectrometry (ID–MC–ICP–MS), after Carius tube digestion of samples and
sparging introduction of Os into the MC–ICP–MS43. PGEs in deep-sea sediments
represent subequal inputs by several components, such as aeolian dust,
hydrogenetic material and extraterrestrial dust, and the hydrogenetic component
can be extracted from bulk samples using this method44. We also compared the
Re–Os isotope compositions obtained by inverse aqua regia and CrO3–H2SO4
digestion for the Sakahogi lower claystone samples and a Triassic chert reference
material (JCh-1) issued by the Geological Survey of Japan (Supplementary Table
S6). Re–Os data obtained by the two digestion methods are almost identical
within analytical uncertainty. Moreover, the variation in the Os isotope records
obtained by our Os analytical method for the Upper Triassic bedded cherts of the
Inuyama area44 is positively correlated with marine 87Sr/86Sr and 187Os/188Os
compositions45–47, indicating that Os extracted by our method from the chert
samples is dominated by hydrogenous Os.

Chert and claystone samples were crushed in an agate mortar and ball mill.
Chert samples of B2.5 g and claystone samples of B0.5 to B2.0 g were dissolved
and equilibrated with 185Re and 190Os spikes in 4 ml of inverse aqua regia, and
were heated at 220 !C for 24 h in sealed Carius tubes. Re and Os concentrations and
isotope ratios were determined with a Thermo Fisher Scientific Neptune MC–ICP–
MS. Total procedural Re and Os blanks were 7.35±0.28 pg (n¼ 6; average±1 s.d.)
and 0.64±0.04 pg (n¼ 9), respectively, with a 187Os/188Os ratio of 0.126±0.018
(n¼ 9)43. Initial 187Os/188Os ratios of the chert and claystone samples were
calculated using an age estimated from biostratigraphy and the astronomically
tuned geomagnetic polarity time scale (215 Ma; Fig. 1), and a 187Re decay constant
of 1.666" 10–11 yr# 1 (ref. 37). Full details of our sample preparation and analytical
methods are described in Nozaki et al.43

Major element analysis. Major element (Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K and P)
concentrations were determined by X-ray fluorescence spectrometry (XRF). Fused
glass beads for XRF analysis were made from a mixture of B0.4 g of powdered
sample and B4 g of lithium tetraborate flux. All analyses were conducted with a
Rigaku Simultix 12 simultaneous wavelength dispersive XRF spectrometer48. The
accuracy and precision of the XRF analysis were monitored using reference
materials of high-Mg basalt (SDSYB) reported by Shimoda et al.49, stream
sediment (JSd-3) and chert (JCh-1) issued by the Geological Survey of Japan50.

Estimation of impactor size. The diameter of the impacting object d can be
calculated by the following equation, with the assumption that 0.22–1.0 to the

fraction F of the impact-derived Os dissolved into seawater6,14,34:

d ¼ 2" 3"½mass OsimpactorðngÞ'" 1
F

rimpactorðg cm#3Þ" Os½ 'impactorðng g#1Þ"4p

 !1=3

"10# 5

2

4

3

5 ð1Þ

where rimpactor (g cm# 3) and [Os]impactor (ng g# 1) denote the density and Os
concentration of the impactor, respectively. The mass of Os derived from the
impactor (mass Osimpactor (ng)) is given by following equations14:

½mass Osimpactor ngð Þ' ¼ f
1# f

! "
"mass Ossw ð2Þ

f ¼
187Os=188Ospostimpact#187Os=188Ospreimpact
187Os=188Osimpactor#187Os=188Ospreimpact

! "
ð3Þ

where the seawater Os mass (mass Ossw) is 1.4" 1019 ng (ref. 51). 187Os/
188Ospostimpact is the 187Os/188Osi ratio of the upper sublayer claystone (average
187Os/188Osi ratios of four claystone samples of NH52-R4 to R7; B0.222), 187Os/
188Ospre-impact is an average 187Os/188Osi ratio of ten chert samples below claystone
layer (NHR30 to NHR40; B0.582), and 187Os/188Osimpactor is the 187Os/188Os ratio
of the impactor.
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Table S5) provides no evidence for a mass extinction event across
the claystone layer. In contrast, significant faunal turnover
occurred B1 Myr after the impact event and 18 radiolarian
species became extinct at this level in the bedded chert3. It is
possible that the impact triggered the extinction of these 18
radiolarian species, although the direct cause of their extinction
remains unclear.

A recent review of the application of Os isotopes to
paleoceanographic studies40 highlights that our work provides
previously undiscovered evidence of a meteoritic Os isotope
signature in Triassic deep-sea sediments, which now crop out in
an accretionary complex (Fig. 1). It is likely that this impact ejecta
layer must also be present in other bedded cherts within other
accretionary complexes around the Circum-Pacific. Bedded chert
successions, which deposited in the pelagic Pacific Ocean occur
in accretionary complexes throughout eastern Russia, Japan,
Philippines, New Zealand and western North America. These
successions have a wide range of sedimentary ages with a
duration of 250 Myr from the Lower Carboniferous to Lower
Cretaceous periods. Given that an impact event produced by a
chondritic meteorite of 2 km in diameter is detectable using
marine Os isotope records14, systematic Os isotope studies of
these global bedded chert successions should enable the
identification of impact events throughout this time. For
example, analysis of Os isotope ratios in bedded cherts across
the Permian–Triassic boundary41 would enable testing of the
hypothesis that an extraterrestrial impact produced this major
biotic extinction event, as has been inferred from the possible
discovery of shocked quartz grains and high abundances of Ir in
sediments of this age42.

Methods
Re–Os isotope analysis. Re and Os concentrations and isotope ratios were
determined by isotope dilution–multi-collector–inductively coupled plasma–mass
spectrometry (ID–MC–ICP–MS), after Carius tube digestion of samples and
sparging introduction of Os into the MC–ICP–MS43. PGEs in deep-sea sediments
represent subequal inputs by several components, such as aeolian dust,
hydrogenetic material and extraterrestrial dust, and the hydrogenetic component
can be extracted from bulk samples using this method44. We also compared the
Re–Os isotope compositions obtained by inverse aqua regia and CrO3–H2SO4
digestion for the Sakahogi lower claystone samples and a Triassic chert reference
material (JCh-1) issued by the Geological Survey of Japan (Supplementary Table
S6). Re–Os data obtained by the two digestion methods are almost identical
within analytical uncertainty. Moreover, the variation in the Os isotope records
obtained by our Os analytical method for the Upper Triassic bedded cherts of the
Inuyama area44 is positively correlated with marine 87Sr/86Sr and 187Os/188Os
compositions45–47, indicating that Os extracted by our method from the chert
samples is dominated by hydrogenous Os.

Chert and claystone samples were crushed in an agate mortar and ball mill.
Chert samples of B2.5 g and claystone samples of B0.5 to B2.0 g were dissolved
and equilibrated with 185Re and 190Os spikes in 4 ml of inverse aqua regia, and
were heated at 220 !C for 24 h in sealed Carius tubes. Re and Os concentrations and
isotope ratios were determined with a Thermo Fisher Scientific Neptune MC–ICP–
MS. Total procedural Re and Os blanks were 7.35±0.28 pg (n¼ 6; average±1 s.d.)
and 0.64±0.04 pg (n¼ 9), respectively, with a 187Os/188Os ratio of 0.126±0.018
(n¼ 9)43. Initial 187Os/188Os ratios of the chert and claystone samples were
calculated using an age estimated from biostratigraphy and the astronomically
tuned geomagnetic polarity time scale (215 Ma; Fig. 1), and a 187Re decay constant
of 1.666" 10–11 yr# 1 (ref. 37). Full details of our sample preparation and analytical
methods are described in Nozaki et al.43

Major element analysis. Major element (Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K and P)
concentrations were determined by X-ray fluorescence spectrometry (XRF). Fused
glass beads for XRF analysis were made from a mixture of B0.4 g of powdered
sample and B4 g of lithium tetraborate flux. All analyses were conducted with a
Rigaku Simultix 12 simultaneous wavelength dispersive XRF spectrometer48. The
accuracy and precision of the XRF analysis were monitored using reference
materials of high-Mg basalt (SDSYB) reported by Shimoda et al.49, stream
sediment (JSd-3) and chert (JCh-1) issued by the Geological Survey of Japan50.

Estimation of impactor size. The diameter of the impacting object d can be
calculated by the following equation, with the assumption that 0.22–1.0 to the

fraction F of the impact-derived Os dissolved into seawater6,14,34:

d ¼ 2" 3"½mass OsimpactorðngÞ'" 1
F
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where rimpactor (g cm# 3) and [Os]impactor (ng g# 1) denote the density and Os
concentration of the impactor, respectively. The mass of Os derived from the
impactor (mass Osimpactor (ng)) is given by following equations14:

½mass Osimpactor ngð Þ' ¼ f
1# f

! "
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f ¼
187Os=188Ospostimpact#187Os=188Ospreimpact
187Os=188Osimpactor#187Os=188Ospreimpact
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where the seawater Os mass (mass Ossw) is 1.4" 1019 ng (ref. 51). 187Os/
188Ospostimpact is the 187Os/188Osi ratio of the upper sublayer claystone (average
187Os/188Osi ratios of four claystone samples of NH52-R4 to R7; B0.222), 187Os/
188Ospre-impact is an average 187Os/188Osi ratio of ten chert samples below claystone
layer (NHR30 to NHR40; B0.582), and 187Os/188Osimpactor is the 187Os/188Os ratio
of the impactor.
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Table S5) provides no evidence for a mass extinction event across
the claystone layer. In contrast, significant faunal turnover
occurred B1 Myr after the impact event and 18 radiolarian
species became extinct at this level in the bedded chert3. It is
possible that the impact triggered the extinction of these 18
radiolarian species, although the direct cause of their extinction
remains unclear.

A recent review of the application of Os isotopes to
paleoceanographic studies40 highlights that our work provides
previously undiscovered evidence of a meteoritic Os isotope
signature in Triassic deep-sea sediments, which now crop out in
an accretionary complex (Fig. 1). It is likely that this impact ejecta
layer must also be present in other bedded cherts within other
accretionary complexes around the Circum-Pacific. Bedded chert
successions, which deposited in the pelagic Pacific Ocean occur
in accretionary complexes throughout eastern Russia, Japan,
Philippines, New Zealand and western North America. These
successions have a wide range of sedimentary ages with a
duration of 250 Myr from the Lower Carboniferous to Lower
Cretaceous periods. Given that an impact event produced by a
chondritic meteorite of 2 km in diameter is detectable using
marine Os isotope records14, systematic Os isotope studies of
these global bedded chert successions should enable the
identification of impact events throughout this time. For
example, analysis of Os isotope ratios in bedded cherts across
the Permian–Triassic boundary41 would enable testing of the
hypothesis that an extraterrestrial impact produced this major
biotic extinction event, as has been inferred from the possible
discovery of shocked quartz grains and high abundances of Ir in
sediments of this age42.

Methods
Re–Os isotope analysis. Re and Os concentrations and isotope ratios were
determined by isotope dilution–multi-collector–inductively coupled plasma–mass
spectrometry (ID–MC–ICP–MS), after Carius tube digestion of samples and
sparging introduction of Os into the MC–ICP–MS43. PGEs in deep-sea sediments
represent subequal inputs by several components, such as aeolian dust,
hydrogenetic material and extraterrestrial dust, and the hydrogenetic component
can be extracted from bulk samples using this method44. We also compared the
Re–Os isotope compositions obtained by inverse aqua regia and CrO3–H2SO4
digestion for the Sakahogi lower claystone samples and a Triassic chert reference
material (JCh-1) issued by the Geological Survey of Japan (Supplementary Table
S6). Re–Os data obtained by the two digestion methods are almost identical
within analytical uncertainty. Moreover, the variation in the Os isotope records
obtained by our Os analytical method for the Upper Triassic bedded cherts of the
Inuyama area44 is positively correlated with marine 87Sr/86Sr and 187Os/188Os
compositions45–47, indicating that Os extracted by our method from the chert
samples is dominated by hydrogenous Os.

Chert and claystone samples were crushed in an agate mortar and ball mill.
Chert samples of B2.5 g and claystone samples of B0.5 to B2.0 g were dissolved
and equilibrated with 185Re and 190Os spikes in 4 ml of inverse aqua regia, and
were heated at 220 !C for 24 h in sealed Carius tubes. Re and Os concentrations and
isotope ratios were determined with a Thermo Fisher Scientific Neptune MC–ICP–
MS. Total procedural Re and Os blanks were 7.35±0.28 pg (n¼ 6; average±1 s.d.)
and 0.64±0.04 pg (n¼ 9), respectively, with a 187Os/188Os ratio of 0.126±0.018
(n¼ 9)43. Initial 187Os/188Os ratios of the chert and claystone samples were
calculated using an age estimated from biostratigraphy and the astronomically
tuned geomagnetic polarity time scale (215 Ma; Fig. 1), and a 187Re decay constant
of 1.666" 10–11 yr# 1 (ref. 37). Full details of our sample preparation and analytical
methods are described in Nozaki et al.43

Major element analysis. Major element (Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K and P)
concentrations were determined by X-ray fluorescence spectrometry (XRF). Fused
glass beads for XRF analysis were made from a mixture of B0.4 g of powdered
sample and B4 g of lithium tetraborate flux. All analyses were conducted with a
Rigaku Simultix 12 simultaneous wavelength dispersive XRF spectrometer48. The
accuracy and precision of the XRF analysis were monitored using reference
materials of high-Mg basalt (SDSYB) reported by Shimoda et al.49, stream
sediment (JSd-3) and chert (JCh-1) issued by the Geological Survey of Japan50.

Estimation of impactor size. The diameter of the impacting object d can be
calculated by the following equation, with the assumption that 0.22–1.0 to the

fraction F of the impact-derived Os dissolved into seawater6,14,34:
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where rimpactor (g cm# 3) and [Os]impactor (ng g# 1) denote the density and Os
concentration of the impactor, respectively. The mass of Os derived from the
impactor (mass Osimpactor (ng)) is given by following equations14:

½mass Osimpactor ngð Þ' ¼ f
1# f
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f ¼
187Os=188Ospostimpact#187Os=188Ospreimpact
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where the seawater Os mass (mass Ossw) is 1.4" 1019 ng (ref. 51). 187Os/
188Ospostimpact is the 187Os/188Osi ratio of the upper sublayer claystone (average
187Os/188Osi ratios of four claystone samples of NH52-R4 to R7; B0.222), 187Os/
188Ospre-impact is an average 187Os/188Osi ratio of ten chert samples below claystone
layer (NHR30 to NHR40; B0.582), and 187Os/188Osimpactor is the 187Os/188Os ratio
of the impactor.
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Table S5) provides no evidence for a mass extinction event across
the claystone layer. In contrast, significant faunal turnover
occurred B1 Myr after the impact event and 18 radiolarian
species became extinct at this level in the bedded chert3. It is
possible that the impact triggered the extinction of these 18
radiolarian species, although the direct cause of their extinction
remains unclear.

A recent review of the application of Os isotopes to
paleoceanographic studies40 highlights that our work provides
previously undiscovered evidence of a meteoritic Os isotope
signature in Triassic deep-sea sediments, which now crop out in
an accretionary complex (Fig. 1). It is likely that this impact ejecta
layer must also be present in other bedded cherts within other
accretionary complexes around the Circum-Pacific. Bedded chert
successions, which deposited in the pelagic Pacific Ocean occur
in accretionary complexes throughout eastern Russia, Japan,
Philippines, New Zealand and western North America. These
successions have a wide range of sedimentary ages with a
duration of 250 Myr from the Lower Carboniferous to Lower
Cretaceous periods. Given that an impact event produced by a
chondritic meteorite of 2 km in diameter is detectable using
marine Os isotope records14, systematic Os isotope studies of
these global bedded chert successions should enable the
identification of impact events throughout this time. For
example, analysis of Os isotope ratios in bedded cherts across
the Permian–Triassic boundary41 would enable testing of the
hypothesis that an extraterrestrial impact produced this major
biotic extinction event, as has been inferred from the possible
discovery of shocked quartz grains and high abundances of Ir in
sediments of this age42.

Methods
Re–Os isotope analysis. Re and Os concentrations and isotope ratios were
determined by isotope dilution–multi-collector–inductively coupled plasma–mass
spectrometry (ID–MC–ICP–MS), after Carius tube digestion of samples and
sparging introduction of Os into the MC–ICP–MS43. PGEs in deep-sea sediments
represent subequal inputs by several components, such as aeolian dust,
hydrogenetic material and extraterrestrial dust, and the hydrogenetic component
can be extracted from bulk samples using this method44. We also compared the
Re–Os isotope compositions obtained by inverse aqua regia and CrO3–H2SO4
digestion for the Sakahogi lower claystone samples and a Triassic chert reference
material (JCh-1) issued by the Geological Survey of Japan (Supplementary Table
S6). Re–Os data obtained by the two digestion methods are almost identical
within analytical uncertainty. Moreover, the variation in the Os isotope records
obtained by our Os analytical method for the Upper Triassic bedded cherts of the
Inuyama area44 is positively correlated with marine 87Sr/86Sr and 187Os/188Os
compositions45–47, indicating that Os extracted by our method from the chert
samples is dominated by hydrogenous Os.

Chert and claystone samples were crushed in an agate mortar and ball mill.
Chert samples of B2.5 g and claystone samples of B0.5 to B2.0 g were dissolved
and equilibrated with 185Re and 190Os spikes in 4 ml of inverse aqua regia, and
were heated at 220 !C for 24 h in sealed Carius tubes. Re and Os concentrations and
isotope ratios were determined with a Thermo Fisher Scientific Neptune MC–ICP–
MS. Total procedural Re and Os blanks were 7.35±0.28 pg (n¼ 6; average±1 s.d.)
and 0.64±0.04 pg (n¼ 9), respectively, with a 187Os/188Os ratio of 0.126±0.018
(n¼ 9)43. Initial 187Os/188Os ratios of the chert and claystone samples were
calculated using an age estimated from biostratigraphy and the astronomically
tuned geomagnetic polarity time scale (215 Ma; Fig. 1), and a 187Re decay constant
of 1.666" 10–11 yr# 1 (ref. 37). Full details of our sample preparation and analytical
methods are described in Nozaki et al.43

Major element analysis. Major element (Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K and P)
concentrations were determined by X-ray fluorescence spectrometry (XRF). Fused
glass beads for XRF analysis were made from a mixture of B0.4 g of powdered
sample and B4 g of lithium tetraborate flux. All analyses were conducted with a
Rigaku Simultix 12 simultaneous wavelength dispersive XRF spectrometer48. The
accuracy and precision of the XRF analysis were monitored using reference
materials of high-Mg basalt (SDSYB) reported by Shimoda et al.49, stream
sediment (JSd-3) and chert (JCh-1) issued by the Geological Survey of Japan50.

Estimation of impactor size. The diameter of the impacting object d can be
calculated by the following equation, with the assumption that 0.22–1.0 to the

fraction F of the impact-derived Os dissolved into seawater6,14,34:

d ¼ 2" 3"½mass OsimpactorðngÞ'" 1
F
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where rimpactor (g cm# 3) and [Os]impactor (ng g# 1) denote the density and Os
concentration of the impactor, respectively. The mass of Os derived from the
impactor (mass Osimpactor (ng)) is given by following equations14:

½mass Osimpactor ngð Þ' ¼ f
1# f

! "
"mass Ossw ð2Þ

f ¼
187Os=188Ospostimpact#187Os=188Ospreimpact
187Os=188Osimpactor#187Os=188Ospreimpact

! "
ð3Þ

where the seawater Os mass (mass Ossw) is 1.4" 1019 ng (ref. 51). 187Os/
188Ospostimpact is the 187Os/188Osi ratio of the upper sublayer claystone (average
187Os/188Osi ratios of four claystone samples of NH52-R4 to R7; B0.222), 187Os/
188Ospre-impact is an average 187Os/188Osi ratio of ten chert samples below claystone
layer (NHR30 to NHR40; B0.582), and 187Os/188Osimpactor is the 187Os/188Os ratio
of the impactor.
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Table S5) provides no evidence for a mass extinction event across
the claystone layer. In contrast, significant faunal turnover
occurred B1 Myr after the impact event and 18 radiolarian
species became extinct at this level in the bedded chert3. It is
possible that the impact triggered the extinction of these 18
radiolarian species, although the direct cause of their extinction
remains unclear.

A recent review of the application of Os isotopes to
paleoceanographic studies40 highlights that our work provides
previously undiscovered evidence of a meteoritic Os isotope
signature in Triassic deep-sea sediments, which now crop out in
an accretionary complex (Fig. 1). It is likely that this impact ejecta
layer must also be present in other bedded cherts within other
accretionary complexes around the Circum-Pacific. Bedded chert
successions, which deposited in the pelagic Pacific Ocean occur
in accretionary complexes throughout eastern Russia, Japan,
Philippines, New Zealand and western North America. These
successions have a wide range of sedimentary ages with a
duration of 250 Myr from the Lower Carboniferous to Lower
Cretaceous periods. Given that an impact event produced by a
chondritic meteorite of 2 km in diameter is detectable using
marine Os isotope records14, systematic Os isotope studies of
these global bedded chert successions should enable the
identification of impact events throughout this time. For
example, analysis of Os isotope ratios in bedded cherts across
the Permian–Triassic boundary41 would enable testing of the
hypothesis that an extraterrestrial impact produced this major
biotic extinction event, as has been inferred from the possible
discovery of shocked quartz grains and high abundances of Ir in
sediments of this age42.

Methods
Re–Os isotope analysis. Re and Os concentrations and isotope ratios were
determined by isotope dilution–multi-collector–inductively coupled plasma–mass
spectrometry (ID–MC–ICP–MS), after Carius tube digestion of samples and
sparging introduction of Os into the MC–ICP–MS43. PGEs in deep-sea sediments
represent subequal inputs by several components, such as aeolian dust,
hydrogenetic material and extraterrestrial dust, and the hydrogenetic component
can be extracted from bulk samples using this method44. We also compared the
Re–Os isotope compositions obtained by inverse aqua regia and CrO3–H2SO4
digestion for the Sakahogi lower claystone samples and a Triassic chert reference
material (JCh-1) issued by the Geological Survey of Japan (Supplementary Table
S6). Re–Os data obtained by the two digestion methods are almost identical
within analytical uncertainty. Moreover, the variation in the Os isotope records
obtained by our Os analytical method for the Upper Triassic bedded cherts of the
Inuyama area44 is positively correlated with marine 87Sr/86Sr and 187Os/188Os
compositions45–47, indicating that Os extracted by our method from the chert
samples is dominated by hydrogenous Os.

Chert and claystone samples were crushed in an agate mortar and ball mill.
Chert samples of B2.5 g and claystone samples of B0.5 to B2.0 g were dissolved
and equilibrated with 185Re and 190Os spikes in 4 ml of inverse aqua regia, and
were heated at 220 !C for 24 h in sealed Carius tubes. Re and Os concentrations and
isotope ratios were determined with a Thermo Fisher Scientific Neptune MC–ICP–
MS. Total procedural Re and Os blanks were 7.35±0.28 pg (n¼ 6; average±1 s.d.)
and 0.64±0.04 pg (n¼ 9), respectively, with a 187Os/188Os ratio of 0.126±0.018
(n¼ 9)43. Initial 187Os/188Os ratios of the chert and claystone samples were
calculated using an age estimated from biostratigraphy and the astronomically
tuned geomagnetic polarity time scale (215 Ma; Fig. 1), and a 187Re decay constant
of 1.666" 10–11 yr# 1 (ref. 37). Full details of our sample preparation and analytical
methods are described in Nozaki et al.43

Major element analysis. Major element (Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K and P)
concentrations were determined by X-ray fluorescence spectrometry (XRF). Fused
glass beads for XRF analysis were made from a mixture of B0.4 g of powdered
sample and B4 g of lithium tetraborate flux. All analyses were conducted with a
Rigaku Simultix 12 simultaneous wavelength dispersive XRF spectrometer48. The
accuracy and precision of the XRF analysis were monitored using reference
materials of high-Mg basalt (SDSYB) reported by Shimoda et al.49, stream
sediment (JSd-3) and chert (JCh-1) issued by the Geological Survey of Japan50.

Estimation of impactor size. The diameter of the impacting object d can be
calculated by the following equation, with the assumption that 0.22–1.0 to the

fraction F of the impact-derived Os dissolved into seawater6,14,34:

d ¼ 2" 3"½mass OsimpactorðngÞ'" 1
F
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where rimpactor (g cm# 3) and [Os]impactor (ng g# 1) denote the density and Os
concentration of the impactor, respectively. The mass of Os derived from the
impactor (mass Osimpactor (ng)) is given by following equations14:

½mass Osimpactor ngð Þ' ¼ f
1# f

! "
"mass Ossw ð2Þ

f ¼
187Os=188Ospostimpact#187Os=188Ospreimpact
187Os=188Osimpactor#187Os=188Ospreimpact
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where the seawater Os mass (mass Ossw) is 1.4" 1019 ng (ref. 51). 187Os/
188Ospostimpact is the 187Os/188Osi ratio of the upper sublayer claystone (average
187Os/188Osi ratios of four claystone samples of NH52-R4 to R7; B0.222), 187Os/
188Ospre-impact is an average 187Os/188Osi ratio of ten chert samples below claystone
layer (NHR30 to NHR40; B0.582), and 187Os/188Osimpactor is the 187Os/188Os ratio
of the impactor.
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16. Levasseur, S., Birck, J.-L. & Allègre, C. J. The osmium riverine flux and the
oceanic mass balance of osmium. Earth Planet. Sci. Lett. 174, 7–23 (1999).

17. Ravizza, G. & Peucker-Ehrenbrink, B. Chemostratigraphic evidence of Deccan
volcanism from the marine osmium isotope record. Science 302, 1392–1395
(2003).

18. Ando, A., Kodama, K. & Kojima, S. Low-latitude and Southern Hemisphere
origin of Anisian (Triassic) bedded chert in the Inuyama area, Mino terrane,
central Japan. J. Geophys. Res. 106, 1973–1986 (2001).

19. Matsuda, T. & Isozaki, Y. Well-documented travel history of Mesozoic pelagic
chert in Japan: from remote to subduction zone. Tectonics 10, 475–499 (1991).

20. Uno, K., Onoue, T., Hamada, K. & Hamami, S. Palaeomagnetism of Middle
Triassic red bedded cherts from southwest Japan: equatorial palaeolatitude
of primary magnetization and widespread secondary magnetization. Geophys. J.
Int. 189, 1383–1398 (2012).

21. Oda, H. & Suzuki, H. Paleomagnetism of Triassic and Jurassic red bedded chert
of the Inuyama area, central Japan. J. Geophys. Res. 105, 25743–25767 (2000).

22. Ogg, J. G. in The Geologic Time Scale 2012 (eds Gradstein, F. M., Ogg, J. G.,
Schmitz, M. & Ogg, G.) 681–730 (Elsevier, 2012).

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms3455

6 NATURE COMMUNICATIONS | 4:2455 | DOI: 10.1038/ncomms3455 | www.nature.com/naturecommunications

& 2013 Macmillan Publishers Limited. All rights reserved.

Table S5) provides no evidence for a mass extinction event across
the claystone layer. In contrast, significant faunal turnover
occurred B1 Myr after the impact event and 18 radiolarian
species became extinct at this level in the bedded chert3. It is
possible that the impact triggered the extinction of these 18
radiolarian species, although the direct cause of their extinction
remains unclear.

A recent review of the application of Os isotopes to
paleoceanographic studies40 highlights that our work provides
previously undiscovered evidence of a meteoritic Os isotope
signature in Triassic deep-sea sediments, which now crop out in
an accretionary complex (Fig. 1). It is likely that this impact ejecta
layer must also be present in other bedded cherts within other
accretionary complexes around the Circum-Pacific. Bedded chert
successions, which deposited in the pelagic Pacific Ocean occur
in accretionary complexes throughout eastern Russia, Japan,
Philippines, New Zealand and western North America. These
successions have a wide range of sedimentary ages with a
duration of 250 Myr from the Lower Carboniferous to Lower
Cretaceous periods. Given that an impact event produced by a
chondritic meteorite of 2 km in diameter is detectable using
marine Os isotope records14, systematic Os isotope studies of
these global bedded chert successions should enable the
identification of impact events throughout this time. For
example, analysis of Os isotope ratios in bedded cherts across
the Permian–Triassic boundary41 would enable testing of the
hypothesis that an extraterrestrial impact produced this major
biotic extinction event, as has been inferred from the possible
discovery of shocked quartz grains and high abundances of Ir in
sediments of this age42.

Methods
Re–Os isotope analysis. Re and Os concentrations and isotope ratios were
determined by isotope dilution–multi-collector–inductively coupled plasma–mass
spectrometry (ID–MC–ICP–MS), after Carius tube digestion of samples and
sparging introduction of Os into the MC–ICP–MS43. PGEs in deep-sea sediments
represent subequal inputs by several components, such as aeolian dust,
hydrogenetic material and extraterrestrial dust, and the hydrogenetic component
can be extracted from bulk samples using this method44. We also compared the
Re–Os isotope compositions obtained by inverse aqua regia and CrO3–H2SO4
digestion for the Sakahogi lower claystone samples and a Triassic chert reference
material (JCh-1) issued by the Geological Survey of Japan (Supplementary Table
S6). Re–Os data obtained by the two digestion methods are almost identical
within analytical uncertainty. Moreover, the variation in the Os isotope records
obtained by our Os analytical method for the Upper Triassic bedded cherts of the
Inuyama area44 is positively correlated with marine 87Sr/86Sr and 187Os/188Os
compositions45–47, indicating that Os extracted by our method from the chert
samples is dominated by hydrogenous Os.

Chert and claystone samples were crushed in an agate mortar and ball mill.
Chert samples of B2.5 g and claystone samples of B0.5 to B2.0 g were dissolved
and equilibrated with 185Re and 190Os spikes in 4 ml of inverse aqua regia, and
were heated at 220 !C for 24 h in sealed Carius tubes. Re and Os concentrations and
isotope ratios were determined with a Thermo Fisher Scientific Neptune MC–ICP–
MS. Total procedural Re and Os blanks were 7.35±0.28 pg (n¼ 6; average±1 s.d.)
and 0.64±0.04 pg (n¼ 9), respectively, with a 187Os/188Os ratio of 0.126±0.018
(n¼ 9)43. Initial 187Os/188Os ratios of the chert and claystone samples were
calculated using an age estimated from biostratigraphy and the astronomically
tuned geomagnetic polarity time scale (215 Ma; Fig. 1), and a 187Re decay constant
of 1.666" 10–11 yr# 1 (ref. 37). Full details of our sample preparation and analytical
methods are described in Nozaki et al.43

Major element analysis. Major element (Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K and P)
concentrations were determined by X-ray fluorescence spectrometry (XRF). Fused
glass beads for XRF analysis were made from a mixture of B0.4 g of powdered
sample and B4 g of lithium tetraborate flux. All analyses were conducted with a
Rigaku Simultix 12 simultaneous wavelength dispersive XRF spectrometer48. The
accuracy and precision of the XRF analysis were monitored using reference
materials of high-Mg basalt (SDSYB) reported by Shimoda et al.49, stream
sediment (JSd-3) and chert (JCh-1) issued by the Geological Survey of Japan50.

Estimation of impactor size. The diameter of the impacting object d can be
calculated by the following equation, with the assumption that 0.22–1.0 to the

fraction F of the impact-derived Os dissolved into seawater6,14,34:

d ¼ 2" 3"½mass OsimpactorðngÞ'" 1
F

rimpactorðg cm#3Þ" Os½ 'impactorðng g#1Þ"4p

 !1=3

"10# 5

2

4

3

5 ð1Þ

where rimpactor (g cm# 3) and [Os]impactor (ng g# 1) denote the density and Os
concentration of the impactor, respectively. The mass of Os derived from the
impactor (mass Osimpactor (ng)) is given by following equations14:

½mass Osimpactor ngð Þ' ¼ f
1# f

! "
"mass Ossw ð2Þ

f ¼
187Os=188Ospostimpact#187Os=188Ospreimpact
187Os=188Osimpactor#187Os=188Ospreimpact
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where the seawater Os mass (mass Ossw) is 1.4" 1019 ng (ref. 51). 187Os/
188Ospostimpact is the 187Os/188Osi ratio of the upper sublayer claystone (average
187Os/188Osi ratios of four claystone samples of NH52-R4 to R7; B0.222), 187Os/
188Ospre-impact is an average 187Os/188Osi ratio of ten chert samples below claystone
layer (NHR30 to NHR40; B0.582), and 187Os/188Osimpactor is the 187Os/188Os ratio
of the impactor.
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Table S5) provides no evidence for a mass extinction event across
the claystone layer. In contrast, significant faunal turnover
occurred B1 Myr after the impact event and 18 radiolarian
species became extinct at this level in the bedded chert3. It is
possible that the impact triggered the extinction of these 18
radiolarian species, although the direct cause of their extinction
remains unclear.

A recent review of the application of Os isotopes to
paleoceanographic studies40 highlights that our work provides
previously undiscovered evidence of a meteoritic Os isotope
signature in Triassic deep-sea sediments, which now crop out in
an accretionary complex (Fig. 1). It is likely that this impact ejecta
layer must also be present in other bedded cherts within other
accretionary complexes around the Circum-Pacific. Bedded chert
successions, which deposited in the pelagic Pacific Ocean occur
in accretionary complexes throughout eastern Russia, Japan,
Philippines, New Zealand and western North America. These
successions have a wide range of sedimentary ages with a
duration of 250 Myr from the Lower Carboniferous to Lower
Cretaceous periods. Given that an impact event produced by a
chondritic meteorite of 2 km in diameter is detectable using
marine Os isotope records14, systematic Os isotope studies of
these global bedded chert successions should enable the
identification of impact events throughout this time. For
example, analysis of Os isotope ratios in bedded cherts across
the Permian–Triassic boundary41 would enable testing of the
hypothesis that an extraterrestrial impact produced this major
biotic extinction event, as has been inferred from the possible
discovery of shocked quartz grains and high abundances of Ir in
sediments of this age42.

Methods
Re–Os isotope analysis. Re and Os concentrations and isotope ratios were
determined by isotope dilution–multi-collector–inductively coupled plasma–mass
spectrometry (ID–MC–ICP–MS), after Carius tube digestion of samples and
sparging introduction of Os into the MC–ICP–MS43. PGEs in deep-sea sediments
represent subequal inputs by several components, such as aeolian dust,
hydrogenetic material and extraterrestrial dust, and the hydrogenetic component
can be extracted from bulk samples using this method44. We also compared the
Re–Os isotope compositions obtained by inverse aqua regia and CrO3–H2SO4
digestion for the Sakahogi lower claystone samples and a Triassic chert reference
material (JCh-1) issued by the Geological Survey of Japan (Supplementary Table
S6). Re–Os data obtained by the two digestion methods are almost identical
within analytical uncertainty. Moreover, the variation in the Os isotope records
obtained by our Os analytical method for the Upper Triassic bedded cherts of the
Inuyama area44 is positively correlated with marine 87Sr/86Sr and 187Os/188Os
compositions45–47, indicating that Os extracted by our method from the chert
samples is dominated by hydrogenous Os.

Chert and claystone samples were crushed in an agate mortar and ball mill.
Chert samples of B2.5 g and claystone samples of B0.5 to B2.0 g were dissolved
and equilibrated with 185Re and 190Os spikes in 4 ml of inverse aqua regia, and
were heated at 220 !C for 24 h in sealed Carius tubes. Re and Os concentrations and
isotope ratios were determined with a Thermo Fisher Scientific Neptune MC–ICP–
MS. Total procedural Re and Os blanks were 7.35±0.28 pg (n¼ 6; average±1 s.d.)
and 0.64±0.04 pg (n¼ 9), respectively, with a 187Os/188Os ratio of 0.126±0.018
(n¼ 9)43. Initial 187Os/188Os ratios of the chert and claystone samples were
calculated using an age estimated from biostratigraphy and the astronomically
tuned geomagnetic polarity time scale (215 Ma; Fig. 1), and a 187Re decay constant
of 1.666" 10–11 yr# 1 (ref. 37). Full details of our sample preparation and analytical
methods are described in Nozaki et al.43

Major element analysis. Major element (Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K and P)
concentrations were determined by X-ray fluorescence spectrometry (XRF). Fused
glass beads for XRF analysis were made from a mixture of B0.4 g of powdered
sample and B4 g of lithium tetraborate flux. All analyses were conducted with a
Rigaku Simultix 12 simultaneous wavelength dispersive XRF spectrometer48. The
accuracy and precision of the XRF analysis were monitored using reference
materials of high-Mg basalt (SDSYB) reported by Shimoda et al.49, stream
sediment (JSd-3) and chert (JCh-1) issued by the Geological Survey of Japan50.

Estimation of impactor size. The diameter of the impacting object d can be
calculated by the following equation, with the assumption that 0.22–1.0 to the

fraction F of the impact-derived Os dissolved into seawater6,14,34:

d ¼ 2" 3"½mass OsimpactorðngÞ'" 1
F

rimpactorðg cm#3Þ" Os½ 'impactorðng g#1Þ"4p

 !1=3

"10# 5

2

4

3

5 ð1Þ

where rimpactor (g cm# 3) and [Os]impactor (ng g# 1) denote the density and Os
concentration of the impactor, respectively. The mass of Os derived from the
impactor (mass Osimpactor (ng)) is given by following equations14:

½mass Osimpactor ngð Þ' ¼ f
1# f

! "
"mass Ossw ð2Þ

f ¼
187Os=188Ospostimpact#187Os=188Ospreimpact
187Os=188Osimpactor#187Os=188Ospreimpact

! "
ð3Þ

where the seawater Os mass (mass Ossw) is 1.4" 1019 ng (ref. 51). 187Os/
188Ospostimpact is the 187Os/188Osi ratio of the upper sublayer claystone (average
187Os/188Osi ratios of four claystone samples of NH52-R4 to R7; B0.222), 187Os/
188Ospre-impact is an average 187Os/188Osi ratio of ten chert samples below claystone
layer (NHR30 to NHR40; B0.582), and 187Os/188Osimpactor is the 187Os/188Os ratio
of the impactor.

References
1. Tanner, L. H., Lucas, S. G. & Chapman, M. G. Assessing the record and causes

of Late Triassic extinctions. Earth Sci. Rev. 65, 103–139 (2004).
2. Hallam, A. How catastrophic was the end-Triassic mass extinction? Lethaia 35,

147–157 (2002).
3. Onoue, T. et al. A deep-sea record of impact apparently unrelated to mass

extinction in the Late Triassic. Proc. Natl Acad. Sci. USA 109, 19134–19139
(2012).

4. Walkden, G., Parker, J. & Kelley, S. A late Triassic impact ejecta layer in
southwestern Britain. Science 298, 2185–2188 (2002).

5. Thackrey, S. et al. The use of heavy mineral correlation for determining the
source of impact ejecta: a Manicouagan distal ejecta case study. Earth Planet.
Sci. Lett. 285, 163–172 (2009).

6. Alvarez, L. W., Alvarez, W., Asaro, F. & Michel, H. V. Extraterrestrial cause of
the Cretaceous-Tertiary extinction. Science 208, 1095–1108 (1980).

7. Ganapathy, R. A major meteorite impact on the earth 65 million years ago:
Evidence from the Cretaceous-Tertiary boundary clay. Science 209, 921–923
(1980).

8. Peucker-Ehrenbrink, B. & Jahn, B. Rhenium-osmium isotope systematics and
platinum group element concentrations: Loess and the upper continental crust.
Geochem. Geophys. Geosyst. 2, 1061 (2001).

9. Anders, E. & Grevesse, N. Abundances of the elements: Meteoritic and solar.
Geochim. Cosmochim. Acta 53, 197–214 (1989).

10. Colodner, D. C., Boyle, E. A., Edmond, J. M. & Thomson, J. Post-depositional
mobility of platinum, iridium and rhenium in marine sediments. Nature 358,
402–404 (1992).

11. Wallace, M. A., Gostin, V. A. & Keays, R. R. Acraman impact ejecta and host
shales: Evidence for low-temperature mobilization of iridium and other
platinoids. Geology 18, 132–135 (1990).

12. Koeberl, C. & Shirey, S. B. Re-Os isotope systematics as a diagnostic tool for the
study of impact craters and distal ejecta. Palaeogeogr. Palaeoclimatol.
Palaeoecol. 132, 25–46 (1997).

13. Luck, J. M. & Turekian, K. K. Osmium-187/osmium-186 in manganese nodules
and the Cretaceous-Tertiary boundary. Science 222, 613–615 (1983).

14. Paquay, F. S., Ravizza, G. E., Dalai, T. K. & Peucker-Ehrenbrink, B.
Determining chondritic impactor size from the marine osmium isotope record.
Science 320, 214–218 (2008).

15. Peucker-Ehrenbrink, B. & Ravizza, G. The marine osmium isotope record.
Terra Nova 12, 205–219 (2000).
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Table S5) provides no evidence for a mass extinction event across
the claystone layer. In contrast, significant faunal turnover
occurred B1 Myr after the impact event and 18 radiolarian
species became extinct at this level in the bedded chert3. It is
possible that the impact triggered the extinction of these 18
radiolarian species, although the direct cause of their extinction
remains unclear.

A recent review of the application of Os isotopes to
paleoceanographic studies40 highlights that our work provides
previously undiscovered evidence of a meteoritic Os isotope
signature in Triassic deep-sea sediments, which now crop out in
an accretionary complex (Fig. 1). It is likely that this impact ejecta
layer must also be present in other bedded cherts within other
accretionary complexes around the Circum-Pacific. Bedded chert
successions, which deposited in the pelagic Pacific Ocean occur
in accretionary complexes throughout eastern Russia, Japan,
Philippines, New Zealand and western North America. These
successions have a wide range of sedimentary ages with a
duration of 250 Myr from the Lower Carboniferous to Lower
Cretaceous periods. Given that an impact event produced by a
chondritic meteorite of 2 km in diameter is detectable using
marine Os isotope records14, systematic Os isotope studies of
these global bedded chert successions should enable the
identification of impact events throughout this time. For
example, analysis of Os isotope ratios in bedded cherts across
the Permian–Triassic boundary41 would enable testing of the
hypothesis that an extraterrestrial impact produced this major
biotic extinction event, as has been inferred from the possible
discovery of shocked quartz grains and high abundances of Ir in
sediments of this age42.

Methods
Re–Os isotope analysis. Re and Os concentrations and isotope ratios were
determined by isotope dilution–multi-collector–inductively coupled plasma–mass
spectrometry (ID–MC–ICP–MS), after Carius tube digestion of samples and
sparging introduction of Os into the MC–ICP–MS43. PGEs in deep-sea sediments
represent subequal inputs by several components, such as aeolian dust,
hydrogenetic material and extraterrestrial dust, and the hydrogenetic component
can be extracted from bulk samples using this method44. We also compared the
Re–Os isotope compositions obtained by inverse aqua regia and CrO3–H2SO4
digestion for the Sakahogi lower claystone samples and a Triassic chert reference
material (JCh-1) issued by the Geological Survey of Japan (Supplementary Table
S6). Re–Os data obtained by the two digestion methods are almost identical
within analytical uncertainty. Moreover, the variation in the Os isotope records
obtained by our Os analytical method for the Upper Triassic bedded cherts of the
Inuyama area44 is positively correlated with marine 87Sr/86Sr and 187Os/188Os
compositions45–47, indicating that Os extracted by our method from the chert
samples is dominated by hydrogenous Os.

Chert and claystone samples were crushed in an agate mortar and ball mill.
Chert samples of B2.5 g and claystone samples of B0.5 to B2.0 g were dissolved
and equilibrated with 185Re and 190Os spikes in 4 ml of inverse aqua regia, and
were heated at 220 !C for 24 h in sealed Carius tubes. Re and Os concentrations and
isotope ratios were determined with a Thermo Fisher Scientific Neptune MC–ICP–
MS. Total procedural Re and Os blanks were 7.35±0.28 pg (n¼ 6; average±1 s.d.)
and 0.64±0.04 pg (n¼ 9), respectively, with a 187Os/188Os ratio of 0.126±0.018
(n¼ 9)43. Initial 187Os/188Os ratios of the chert and claystone samples were
calculated using an age estimated from biostratigraphy and the astronomically
tuned geomagnetic polarity time scale (215 Ma; Fig. 1), and a 187Re decay constant
of 1.666" 10–11 yr# 1 (ref. 37). Full details of our sample preparation and analytical
methods are described in Nozaki et al.43

Major element analysis. Major element (Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K and P)
concentrations were determined by X-ray fluorescence spectrometry (XRF). Fused
glass beads for XRF analysis were made from a mixture of B0.4 g of powdered
sample and B4 g of lithium tetraborate flux. All analyses were conducted with a
Rigaku Simultix 12 simultaneous wavelength dispersive XRF spectrometer48. The
accuracy and precision of the XRF analysis were monitored using reference
materials of high-Mg basalt (SDSYB) reported by Shimoda et al.49, stream
sediment (JSd-3) and chert (JCh-1) issued by the Geological Survey of Japan50.

Estimation of impactor size. The diameter of the impacting object d can be
calculated by the following equation, with the assumption that 0.22–1.0 to the

fraction F of the impact-derived Os dissolved into seawater6,14,34:

d ¼ 2" 3"½mass OsimpactorðngÞ'" 1
F

rimpactorðg cm#3Þ" Os½ 'impactorðng g#1Þ"4p
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where rimpactor (g cm# 3) and [Os]impactor (ng g# 1) denote the density and Os
concentration of the impactor, respectively. The mass of Os derived from the
impactor (mass Osimpactor (ng)) is given by following equations14:

½mass Osimpactor ngð Þ' ¼ f
1# f

! "
"mass Ossw ð2Þ

f ¼
187Os=188Ospostimpact#187Os=188Ospreimpact
187Os=188Osimpactor#187Os=188Ospreimpact

! "
ð3Þ

where the seawater Os mass (mass Ossw) is 1.4" 1019 ng (ref. 51). 187Os/
188Ospostimpact is the 187Os/188Osi ratio of the upper sublayer claystone (average
187Os/188Osi ratios of four claystone samples of NH52-R4 to R7; B0.222), 187Os/
188Ospre-impact is an average 187Os/188Osi ratio of ten chert samples below claystone
layer (NHR30 to NHR40; B0.582), and 187Os/188Osimpactor is the 187Os/188Os ratio
of the impactor.
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Table S5) provides no evidence for a mass extinction event across
the claystone layer. In contrast, significant faunal turnover
occurred B1 Myr after the impact event and 18 radiolarian
species became extinct at this level in the bedded chert3. It is
possible that the impact triggered the extinction of these 18
radiolarian species, although the direct cause of their extinction
remains unclear.

A recent review of the application of Os isotopes to
paleoceanographic studies40 highlights that our work provides
previously undiscovered evidence of a meteoritic Os isotope
signature in Triassic deep-sea sediments, which now crop out in
an accretionary complex (Fig. 1). It is likely that this impact ejecta
layer must also be present in other bedded cherts within other
accretionary complexes around the Circum-Pacific. Bedded chert
successions, which deposited in the pelagic Pacific Ocean occur
in accretionary complexes throughout eastern Russia, Japan,
Philippines, New Zealand and western North America. These
successions have a wide range of sedimentary ages with a
duration of 250 Myr from the Lower Carboniferous to Lower
Cretaceous periods. Given that an impact event produced by a
chondritic meteorite of 2 km in diameter is detectable using
marine Os isotope records14, systematic Os isotope studies of
these global bedded chert successions should enable the
identification of impact events throughout this time. For
example, analysis of Os isotope ratios in bedded cherts across
the Permian–Triassic boundary41 would enable testing of the
hypothesis that an extraterrestrial impact produced this major
biotic extinction event, as has been inferred from the possible
discovery of shocked quartz grains and high abundances of Ir in
sediments of this age42.

Methods
Re–Os isotope analysis. Re and Os concentrations and isotope ratios were
determined by isotope dilution–multi-collector–inductively coupled plasma–mass
spectrometry (ID–MC–ICP–MS), after Carius tube digestion of samples and
sparging introduction of Os into the MC–ICP–MS43. PGEs in deep-sea sediments
represent subequal inputs by several components, such as aeolian dust,
hydrogenetic material and extraterrestrial dust, and the hydrogenetic component
can be extracted from bulk samples using this method44. We also compared the
Re–Os isotope compositions obtained by inverse aqua regia and CrO3–H2SO4
digestion for the Sakahogi lower claystone samples and a Triassic chert reference
material (JCh-1) issued by the Geological Survey of Japan (Supplementary Table
S6). Re–Os data obtained by the two digestion methods are almost identical
within analytical uncertainty. Moreover, the variation in the Os isotope records
obtained by our Os analytical method for the Upper Triassic bedded cherts of the
Inuyama area44 is positively correlated with marine 87Sr/86Sr and 187Os/188Os
compositions45–47, indicating that Os extracted by our method from the chert
samples is dominated by hydrogenous Os.

Chert and claystone samples were crushed in an agate mortar and ball mill.
Chert samples of B2.5 g and claystone samples of B0.5 to B2.0 g were dissolved
and equilibrated with 185Re and 190Os spikes in 4 ml of inverse aqua regia, and
were heated at 220 !C for 24 h in sealed Carius tubes. Re and Os concentrations and
isotope ratios were determined with a Thermo Fisher Scientific Neptune MC–ICP–
MS. Total procedural Re and Os blanks were 7.35±0.28 pg (n¼ 6; average±1 s.d.)
and 0.64±0.04 pg (n¼ 9), respectively, with a 187Os/188Os ratio of 0.126±0.018
(n¼ 9)43. Initial 187Os/188Os ratios of the chert and claystone samples were
calculated using an age estimated from biostratigraphy and the astronomically
tuned geomagnetic polarity time scale (215 Ma; Fig. 1), and a 187Re decay constant
of 1.666" 10–11 yr# 1 (ref. 37). Full details of our sample preparation and analytical
methods are described in Nozaki et al.43

Major element analysis. Major element (Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K and P)
concentrations were determined by X-ray fluorescence spectrometry (XRF). Fused
glass beads for XRF analysis were made from a mixture of B0.4 g of powdered
sample and B4 g of lithium tetraborate flux. All analyses were conducted with a
Rigaku Simultix 12 simultaneous wavelength dispersive XRF spectrometer48. The
accuracy and precision of the XRF analysis were monitored using reference
materials of high-Mg basalt (SDSYB) reported by Shimoda et al.49, stream
sediment (JSd-3) and chert (JCh-1) issued by the Geological Survey of Japan50.

Estimation of impactor size. The diameter of the impacting object d can be
calculated by the following equation, with the assumption that 0.22–1.0 to the

fraction F of the impact-derived Os dissolved into seawater6,14,34:

d ¼ 2" 3"½mass OsimpactorðngÞ'" 1
F
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where rimpactor (g cm# 3) and [Os]impactor (ng g# 1) denote the density and Os
concentration of the impactor, respectively. The mass of Os derived from the
impactor (mass Osimpactor (ng)) is given by following equations14:
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where the seawater Os mass (mass Ossw) is 1.4" 1019 ng (ref. 51). 187Os/
188Ospostimpact is the 187Os/188Osi ratio of the upper sublayer claystone (average
187Os/188Osi ratios of four claystone samples of NH52-R4 to R7; B0.222), 187Os/
188Ospre-impact is an average 187Os/188Osi ratio of ten chert samples below claystone
layer (NHR30 to NHR40; B0.582), and 187Os/188Osimpactor is the 187Os/188Os ratio
of the impactor.
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16. Levasseur, S., Birck, J.-L. & Allègre, C. J. The osmium riverine flux and the
oceanic mass balance of osmium. Earth Planet. Sci. Lett. 174, 7–23 (1999).

17. Ravizza, G. & Peucker-Ehrenbrink, B. Chemostratigraphic evidence of Deccan
volcanism from the marine osmium isotope record. Science 302, 1392–1395
(2003).

18. Ando, A., Kodama, K. & Kojima, S. Low-latitude and Southern Hemisphere
origin of Anisian (Triassic) bedded chert in the Inuyama area, Mino terrane,
central Japan. J. Geophys. Res. 106, 1973–1986 (2001).

19. Matsuda, T. & Isozaki, Y. Well-documented travel history of Mesozoic pelagic
chert in Japan: from remote to subduction zone. Tectonics 10, 475–499 (1991).

20. Uno, K., Onoue, T., Hamada, K. & Hamami, S. Palaeomagnetism of Middle
Triassic red bedded cherts from southwest Japan: equatorial palaeolatitude
of primary magnetization and widespread secondary magnetization. Geophys. J.
Int. 189, 1383–1398 (2012).

21. Oda, H. & Suzuki, H. Paleomagnetism of Triassic and Jurassic red bedded chert
of the Inuyama area, central Japan. J. Geophys. Res. 105, 25743–25767 (2000).

22. Ogg, J. G. in The Geologic Time Scale 2012 (eds Gradstein, F. M., Ogg, J. G.,
Schmitz, M. & Ogg, G.) 681–730 (Elsevier, 2012).

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms3455

6 NATURE COMMUNICATIONS | 4:2455 | DOI: 10.1038/ncomms3455 | www.nature.com/naturecommunications

& 2013 Macmillan Publishers Limited. All rights reserved.

Table S5) provides no evidence for a mass extinction event across
the claystone layer. In contrast, significant faunal turnover
occurred B1 Myr after the impact event and 18 radiolarian
species became extinct at this level in the bedded chert3. It is
possible that the impact triggered the extinction of these 18
radiolarian species, although the direct cause of their extinction
remains unclear.

A recent review of the application of Os isotopes to
paleoceanographic studies40 highlights that our work provides
previously undiscovered evidence of a meteoritic Os isotope
signature in Triassic deep-sea sediments, which now crop out in
an accretionary complex (Fig. 1). It is likely that this impact ejecta
layer must also be present in other bedded cherts within other
accretionary complexes around the Circum-Pacific. Bedded chert
successions, which deposited in the pelagic Pacific Ocean occur
in accretionary complexes throughout eastern Russia, Japan,
Philippines, New Zealand and western North America. These
successions have a wide range of sedimentary ages with a
duration of 250 Myr from the Lower Carboniferous to Lower
Cretaceous periods. Given that an impact event produced by a
chondritic meteorite of 2 km in diameter is detectable using
marine Os isotope records14, systematic Os isotope studies of
these global bedded chert successions should enable the
identification of impact events throughout this time. For
example, analysis of Os isotope ratios in bedded cherts across
the Permian–Triassic boundary41 would enable testing of the
hypothesis that an extraterrestrial impact produced this major
biotic extinction event, as has been inferred from the possible
discovery of shocked quartz grains and high abundances of Ir in
sediments of this age42.

Methods
Re–Os isotope analysis. Re and Os concentrations and isotope ratios were
determined by isotope dilution–multi-collector–inductively coupled plasma–mass
spectrometry (ID–MC–ICP–MS), after Carius tube digestion of samples and
sparging introduction of Os into the MC–ICP–MS43. PGEs in deep-sea sediments
represent subequal inputs by several components, such as aeolian dust,
hydrogenetic material and extraterrestrial dust, and the hydrogenetic component
can be extracted from bulk samples using this method44. We also compared the
Re–Os isotope compositions obtained by inverse aqua regia and CrO3–H2SO4
digestion for the Sakahogi lower claystone samples and a Triassic chert reference
material (JCh-1) issued by the Geological Survey of Japan (Supplementary Table
S6). Re–Os data obtained by the two digestion methods are almost identical
within analytical uncertainty. Moreover, the variation in the Os isotope records
obtained by our Os analytical method for the Upper Triassic bedded cherts of the
Inuyama area44 is positively correlated with marine 87Sr/86Sr and 187Os/188Os
compositions45–47, indicating that Os extracted by our method from the chert
samples is dominated by hydrogenous Os.

Chert and claystone samples were crushed in an agate mortar and ball mill.
Chert samples of B2.5 g and claystone samples of B0.5 to B2.0 g were dissolved
and equilibrated with 185Re and 190Os spikes in 4 ml of inverse aqua regia, and
were heated at 220 !C for 24 h in sealed Carius tubes. Re and Os concentrations and
isotope ratios were determined with a Thermo Fisher Scientific Neptune MC–ICP–
MS. Total procedural Re and Os blanks were 7.35±0.28 pg (n¼ 6; average±1 s.d.)
and 0.64±0.04 pg (n¼ 9), respectively, with a 187Os/188Os ratio of 0.126±0.018
(n¼ 9)43. Initial 187Os/188Os ratios of the chert and claystone samples were
calculated using an age estimated from biostratigraphy and the astronomically
tuned geomagnetic polarity time scale (215 Ma; Fig. 1), and a 187Re decay constant
of 1.666" 10–11 yr# 1 (ref. 37). Full details of our sample preparation and analytical
methods are described in Nozaki et al.43

Major element analysis. Major element (Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K and P)
concentrations were determined by X-ray fluorescence spectrometry (XRF). Fused
glass beads for XRF analysis were made from a mixture of B0.4 g of powdered
sample and B4 g of lithium tetraborate flux. All analyses were conducted with a
Rigaku Simultix 12 simultaneous wavelength dispersive XRF spectrometer48. The
accuracy and precision of the XRF analysis were monitored using reference
materials of high-Mg basalt (SDSYB) reported by Shimoda et al.49, stream
sediment (JSd-3) and chert (JCh-1) issued by the Geological Survey of Japan50.

Estimation of impactor size. The diameter of the impacting object d can be
calculated by the following equation, with the assumption that 0.22–1.0 to the

fraction F of the impact-derived Os dissolved into seawater6,14,34:

d ¼ 2" 3"½mass OsimpactorðngÞ'" 1
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where rimpactor (g cm# 3) and [Os]impactor (ng g# 1) denote the density and Os
concentration of the impactor, respectively. The mass of Os derived from the
impactor (mass Osimpactor (ng)) is given by following equations14:

½mass Osimpactor ngð Þ' ¼ f
1# f

! "
"mass Ossw ð2Þ

f ¼
187Os=188Ospostimpact#187Os=188Ospreimpact
187Os=188Osimpactor#187Os=188Ospreimpact
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where the seawater Os mass (mass Ossw) is 1.4" 1019 ng (ref. 51). 187Os/
188Ospostimpact is the 187Os/188Osi ratio of the upper sublayer claystone (average
187Os/188Osi ratios of four claystone samples of NH52-R4 to R7; B0.222), 187Os/
188Ospre-impact is an average 187Os/188Osi ratio of ten chert samples below claystone
layer (NHR30 to NHR40; B0.582), and 187Os/188Osimpactor is the 187Os/188Os ratio
of the impactor.
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Table S5) provides no evidence for a mass extinction event across
the claystone layer. In contrast, significant faunal turnover
occurred B1 Myr after the impact event and 18 radiolarian
species became extinct at this level in the bedded chert3. It is
possible that the impact triggered the extinction of these 18
radiolarian species, although the direct cause of their extinction
remains unclear.

A recent review of the application of Os isotopes to
paleoceanographic studies40 highlights that our work provides
previously undiscovered evidence of a meteoritic Os isotope
signature in Triassic deep-sea sediments, which now crop out in
an accretionary complex (Fig. 1). It is likely that this impact ejecta
layer must also be present in other bedded cherts within other
accretionary complexes around the Circum-Pacific. Bedded chert
successions, which deposited in the pelagic Pacific Ocean occur
in accretionary complexes throughout eastern Russia, Japan,
Philippines, New Zealand and western North America. These
successions have a wide range of sedimentary ages with a
duration of 250 Myr from the Lower Carboniferous to Lower
Cretaceous periods. Given that an impact event produced by a
chondritic meteorite of 2 km in diameter is detectable using
marine Os isotope records14, systematic Os isotope studies of
these global bedded chert successions should enable the
identification of impact events throughout this time. For
example, analysis of Os isotope ratios in bedded cherts across
the Permian–Triassic boundary41 would enable testing of the
hypothesis that an extraterrestrial impact produced this major
biotic extinction event, as has been inferred from the possible
discovery of shocked quartz grains and high abundances of Ir in
sediments of this age42.

Methods
Re–Os isotope analysis. Re and Os concentrations and isotope ratios were
determined by isotope dilution–multi-collector–inductively coupled plasma–mass
spectrometry (ID–MC–ICP–MS), after Carius tube digestion of samples and
sparging introduction of Os into the MC–ICP–MS43. PGEs in deep-sea sediments
represent subequal inputs by several components, such as aeolian dust,
hydrogenetic material and extraterrestrial dust, and the hydrogenetic component
can be extracted from bulk samples using this method44. We also compared the
Re–Os isotope compositions obtained by inverse aqua regia and CrO3–H2SO4
digestion for the Sakahogi lower claystone samples and a Triassic chert reference
material (JCh-1) issued by the Geological Survey of Japan (Supplementary Table
S6). Re–Os data obtained by the two digestion methods are almost identical
within analytical uncertainty. Moreover, the variation in the Os isotope records
obtained by our Os analytical method for the Upper Triassic bedded cherts of the
Inuyama area44 is positively correlated with marine 87Sr/86Sr and 187Os/188Os
compositions45–47, indicating that Os extracted by our method from the chert
samples is dominated by hydrogenous Os.

Chert and claystone samples were crushed in an agate mortar and ball mill.
Chert samples of B2.5 g and claystone samples of B0.5 to B2.0 g were dissolved
and equilibrated with 185Re and 190Os spikes in 4 ml of inverse aqua regia, and
were heated at 220 !C for 24 h in sealed Carius tubes. Re and Os concentrations and
isotope ratios were determined with a Thermo Fisher Scientific Neptune MC–ICP–
MS. Total procedural Re and Os blanks were 7.35±0.28 pg (n¼ 6; average±1 s.d.)
and 0.64±0.04 pg (n¼ 9), respectively, with a 187Os/188Os ratio of 0.126±0.018
(n¼ 9)43. Initial 187Os/188Os ratios of the chert and claystone samples were
calculated using an age estimated from biostratigraphy and the astronomically
tuned geomagnetic polarity time scale (215 Ma; Fig. 1), and a 187Re decay constant
of 1.666" 10–11 yr# 1 (ref. 37). Full details of our sample preparation and analytical
methods are described in Nozaki et al.43

Major element analysis. Major element (Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K and P)
concentrations were determined by X-ray fluorescence spectrometry (XRF). Fused
glass beads for XRF analysis were made from a mixture of B0.4 g of powdered
sample and B4 g of lithium tetraborate flux. All analyses were conducted with a
Rigaku Simultix 12 simultaneous wavelength dispersive XRF spectrometer48. The
accuracy and precision of the XRF analysis were monitored using reference
materials of high-Mg basalt (SDSYB) reported by Shimoda et al.49, stream
sediment (JSd-3) and chert (JCh-1) issued by the Geological Survey of Japan50.

Estimation of impactor size. The diameter of the impacting object d can be
calculated by the following equation, with the assumption that 0.22–1.0 to the

fraction F of the impact-derived Os dissolved into seawater6,14,34:
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where rimpactor (g cm# 3) and [Os]impactor (ng g# 1) denote the density and Os
concentration of the impactor, respectively. The mass of Os derived from the
impactor (mass Osimpactor (ng)) is given by following equations14:
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f ¼
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where the seawater Os mass (mass Ossw) is 1.4" 1019 ng (ref. 51). 187Os/
188Ospostimpact is the 187Os/188Osi ratio of the upper sublayer claystone (average
187Os/188Osi ratios of four claystone samples of NH52-R4 to R7; B0.222), 187Os/
188Ospre-impact is an average 187Os/188Osi ratio of ten chert samples below claystone
layer (NHR30 to NHR40; B0.582), and 187Os/188Osimpactor is the 187Os/188Os ratio
of the impactor.
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Table S5) provides no evidence for a mass extinction event across
the claystone layer. In contrast, significant faunal turnover
occurred B1 Myr after the impact event and 18 radiolarian
species became extinct at this level in the bedded chert3. It is
possible that the impact triggered the extinction of these 18
radiolarian species, although the direct cause of their extinction
remains unclear.

A recent review of the application of Os isotopes to
paleoceanographic studies40 highlights that our work provides
previously undiscovered evidence of a meteoritic Os isotope
signature in Triassic deep-sea sediments, which now crop out in
an accretionary complex (Fig. 1). It is likely that this impact ejecta
layer must also be present in other bedded cherts within other
accretionary complexes around the Circum-Pacific. Bedded chert
successions, which deposited in the pelagic Pacific Ocean occur
in accretionary complexes throughout eastern Russia, Japan,
Philippines, New Zealand and western North America. These
successions have a wide range of sedimentary ages with a
duration of 250 Myr from the Lower Carboniferous to Lower
Cretaceous periods. Given that an impact event produced by a
chondritic meteorite of 2 km in diameter is detectable using
marine Os isotope records14, systematic Os isotope studies of
these global bedded chert successions should enable the
identification of impact events throughout this time. For
example, analysis of Os isotope ratios in bedded cherts across
the Permian–Triassic boundary41 would enable testing of the
hypothesis that an extraterrestrial impact produced this major
biotic extinction event, as has been inferred from the possible
discovery of shocked quartz grains and high abundances of Ir in
sediments of this age42.

Methods
Re–Os isotope analysis. Re and Os concentrations and isotope ratios were
determined by isotope dilution–multi-collector–inductively coupled plasma–mass
spectrometry (ID–MC–ICP–MS), after Carius tube digestion of samples and
sparging introduction of Os into the MC–ICP–MS43. PGEs in deep-sea sediments
represent subequal inputs by several components, such as aeolian dust,
hydrogenetic material and extraterrestrial dust, and the hydrogenetic component
can be extracted from bulk samples using this method44. We also compared the
Re–Os isotope compositions obtained by inverse aqua regia and CrO3–H2SO4
digestion for the Sakahogi lower claystone samples and a Triassic chert reference
material (JCh-1) issued by the Geological Survey of Japan (Supplementary Table
S6). Re–Os data obtained by the two digestion methods are almost identical
within analytical uncertainty. Moreover, the variation in the Os isotope records
obtained by our Os analytical method for the Upper Triassic bedded cherts of the
Inuyama area44 is positively correlated with marine 87Sr/86Sr and 187Os/188Os
compositions45–47, indicating that Os extracted by our method from the chert
samples is dominated by hydrogenous Os.

Chert and claystone samples were crushed in an agate mortar and ball mill.
Chert samples of B2.5 g and claystone samples of B0.5 to B2.0 g were dissolved
and equilibrated with 185Re and 190Os spikes in 4 ml of inverse aqua regia, and
were heated at 220 !C for 24 h in sealed Carius tubes. Re and Os concentrations and
isotope ratios were determined with a Thermo Fisher Scientific Neptune MC–ICP–
MS. Total procedural Re and Os blanks were 7.35±0.28 pg (n¼ 6; average±1 s.d.)
and 0.64±0.04 pg (n¼ 9), respectively, with a 187Os/188Os ratio of 0.126±0.018
(n¼ 9)43. Initial 187Os/188Os ratios of the chert and claystone samples were
calculated using an age estimated from biostratigraphy and the astronomically
tuned geomagnetic polarity time scale (215 Ma; Fig. 1), and a 187Re decay constant
of 1.666" 10–11 yr# 1 (ref. 37). Full details of our sample preparation and analytical
methods are described in Nozaki et al.43

Major element analysis. Major element (Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K and P)
concentrations were determined by X-ray fluorescence spectrometry (XRF). Fused
glass beads for XRF analysis were made from a mixture of B0.4 g of powdered
sample and B4 g of lithium tetraborate flux. All analyses were conducted with a
Rigaku Simultix 12 simultaneous wavelength dispersive XRF spectrometer48. The
accuracy and precision of the XRF analysis were monitored using reference
materials of high-Mg basalt (SDSYB) reported by Shimoda et al.49, stream
sediment (JSd-3) and chert (JCh-1) issued by the Geological Survey of Japan50.

Estimation of impactor size. The diameter of the impacting object d can be
calculated by the following equation, with the assumption that 0.22–1.0 to the

fraction F of the impact-derived Os dissolved into seawater6,14,34:

d ¼ 2" 3"½mass OsimpactorðngÞ'" 1
F
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where rimpactor (g cm# 3) and [Os]impactor (ng g# 1) denote the density and Os
concentration of the impactor, respectively. The mass of Os derived from the
impactor (mass Osimpactor (ng)) is given by following equations14:

½mass Osimpactor ngð Þ' ¼ f
1# f

! "
"mass Ossw ð2Þ

f ¼
187Os=188Ospostimpact#187Os=188Ospreimpact
187Os=188Osimpactor#187Os=188Ospreimpact

! "
ð3Þ

where the seawater Os mass (mass Ossw) is 1.4" 1019 ng (ref. 51). 187Os/
188Ospostimpact is the 187Os/188Osi ratio of the upper sublayer claystone (average
187Os/188Osi ratios of four claystone samples of NH52-R4 to R7; B0.222), 187Os/
188Ospre-impact is an average 187Os/188Osi ratio of ten chert samples below claystone
layer (NHR30 to NHR40; B0.582), and 187Os/188Osimpactor is the 187Os/188Os ratio
of the impactor.
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Table S5) provides no evidence for a mass extinction event across
the claystone layer. In contrast, significant faunal turnover
occurred B1 Myr after the impact event and 18 radiolarian
species became extinct at this level in the bedded chert3. It is
possible that the impact triggered the extinction of these 18
radiolarian species, although the direct cause of their extinction
remains unclear.

A recent review of the application of Os isotopes to
paleoceanographic studies40 highlights that our work provides
previously undiscovered evidence of a meteoritic Os isotope
signature in Triassic deep-sea sediments, which now crop out in
an accretionary complex (Fig. 1). It is likely that this impact ejecta
layer must also be present in other bedded cherts within other
accretionary complexes around the Circum-Pacific. Bedded chert
successions, which deposited in the pelagic Pacific Ocean occur
in accretionary complexes throughout eastern Russia, Japan,
Philippines, New Zealand and western North America. These
successions have a wide range of sedimentary ages with a
duration of 250 Myr from the Lower Carboniferous to Lower
Cretaceous periods. Given that an impact event produced by a
chondritic meteorite of 2 km in diameter is detectable using
marine Os isotope records14, systematic Os isotope studies of
these global bedded chert successions should enable the
identification of impact events throughout this time. For
example, analysis of Os isotope ratios in bedded cherts across
the Permian–Triassic boundary41 would enable testing of the
hypothesis that an extraterrestrial impact produced this major
biotic extinction event, as has been inferred from the possible
discovery of shocked quartz grains and high abundances of Ir in
sediments of this age42.

Methods
Re–Os isotope analysis. Re and Os concentrations and isotope ratios were
determined by isotope dilution–multi-collector–inductively coupled plasma–mass
spectrometry (ID–MC–ICP–MS), after Carius tube digestion of samples and
sparging introduction of Os into the MC–ICP–MS43. PGEs in deep-sea sediments
represent subequal inputs by several components, such as aeolian dust,
hydrogenetic material and extraterrestrial dust, and the hydrogenetic component
can be extracted from bulk samples using this method44. We also compared the
Re–Os isotope compositions obtained by inverse aqua regia and CrO3–H2SO4
digestion for the Sakahogi lower claystone samples and a Triassic chert reference
material (JCh-1) issued by the Geological Survey of Japan (Supplementary Table
S6). Re–Os data obtained by the two digestion methods are almost identical
within analytical uncertainty. Moreover, the variation in the Os isotope records
obtained by our Os analytical method for the Upper Triassic bedded cherts of the
Inuyama area44 is positively correlated with marine 87Sr/86Sr and 187Os/188Os
compositions45–47, indicating that Os extracted by our method from the chert
samples is dominated by hydrogenous Os.

Chert and claystone samples were crushed in an agate mortar and ball mill.
Chert samples of B2.5 g and claystone samples of B0.5 to B2.0 g were dissolved
and equilibrated with 185Re and 190Os spikes in 4 ml of inverse aqua regia, and
were heated at 220 !C for 24 h in sealed Carius tubes. Re and Os concentrations and
isotope ratios were determined with a Thermo Fisher Scientific Neptune MC–ICP–
MS. Total procedural Re and Os blanks were 7.35±0.28 pg (n¼ 6; average±1 s.d.)
and 0.64±0.04 pg (n¼ 9), respectively, with a 187Os/188Os ratio of 0.126±0.018
(n¼ 9)43. Initial 187Os/188Os ratios of the chert and claystone samples were
calculated using an age estimated from biostratigraphy and the astronomically
tuned geomagnetic polarity time scale (215 Ma; Fig. 1), and a 187Re decay constant
of 1.666" 10–11 yr# 1 (ref. 37). Full details of our sample preparation and analytical
methods are described in Nozaki et al.43

Major element analysis. Major element (Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K and P)
concentrations were determined by X-ray fluorescence spectrometry (XRF). Fused
glass beads for XRF analysis were made from a mixture of B0.4 g of powdered
sample and B4 g of lithium tetraborate flux. All analyses were conducted with a
Rigaku Simultix 12 simultaneous wavelength dispersive XRF spectrometer48. The
accuracy and precision of the XRF analysis were monitored using reference
materials of high-Mg basalt (SDSYB) reported by Shimoda et al.49, stream
sediment (JSd-3) and chert (JCh-1) issued by the Geological Survey of Japan50.

Estimation of impactor size. The diameter of the impacting object d can be
calculated by the following equation, with the assumption that 0.22–1.0 to the

fraction F of the impact-derived Os dissolved into seawater6,14,34:

d ¼ 2" 3"½mass OsimpactorðngÞ'" 1
F
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where rimpactor (g cm# 3) and [Os]impactor (ng g# 1) denote the density and Os
concentration of the impactor, respectively. The mass of Os derived from the
impactor (mass Osimpactor (ng)) is given by following equations14:

½mass Osimpactor ngð Þ' ¼ f
1# f

! "
"mass Ossw ð2Þ

f ¼
187Os=188Ospostimpact#187Os=188Ospreimpact
187Os=188Osimpactor#187Os=188Ospreimpact

! "
ð3Þ

where the seawater Os mass (mass Ossw) is 1.4" 1019 ng (ref. 51). 187Os/
188Ospostimpact is the 187Os/188Osi ratio of the upper sublayer claystone (average
187Os/188Osi ratios of four claystone samples of NH52-R4 to R7; B0.222), 187Os/
188Ospre-impact is an average 187Os/188Osi ratio of ten chert samples below claystone
layer (NHR30 to NHR40; B0.582), and 187Os/188Osimpactor is the 187Os/188Os ratio
of the impactor.
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Table S5) provides no evidence for a mass extinction event across
the claystone layer. In contrast, significant faunal turnover
occurred B1 Myr after the impact event and 18 radiolarian
species became extinct at this level in the bedded chert3. It is
possible that the impact triggered the extinction of these 18
radiolarian species, although the direct cause of their extinction
remains unclear.

A recent review of the application of Os isotopes to
paleoceanographic studies40 highlights that our work provides
previously undiscovered evidence of a meteoritic Os isotope
signature in Triassic deep-sea sediments, which now crop out in
an accretionary complex (Fig. 1). It is likely that this impact ejecta
layer must also be present in other bedded cherts within other
accretionary complexes around the Circum-Pacific. Bedded chert
successions, which deposited in the pelagic Pacific Ocean occur
in accretionary complexes throughout eastern Russia, Japan,
Philippines, New Zealand and western North America. These
successions have a wide range of sedimentary ages with a
duration of 250 Myr from the Lower Carboniferous to Lower
Cretaceous periods. Given that an impact event produced by a
chondritic meteorite of 2 km in diameter is detectable using
marine Os isotope records14, systematic Os isotope studies of
these global bedded chert successions should enable the
identification of impact events throughout this time. For
example, analysis of Os isotope ratios in bedded cherts across
the Permian–Triassic boundary41 would enable testing of the
hypothesis that an extraterrestrial impact produced this major
biotic extinction event, as has been inferred from the possible
discovery of shocked quartz grains and high abundances of Ir in
sediments of this age42.

Methods
Re–Os isotope analysis. Re and Os concentrations and isotope ratios were
determined by isotope dilution–multi-collector–inductively coupled plasma–mass
spectrometry (ID–MC–ICP–MS), after Carius tube digestion of samples and
sparging introduction of Os into the MC–ICP–MS43. PGEs in deep-sea sediments
represent subequal inputs by several components, such as aeolian dust,
hydrogenetic material and extraterrestrial dust, and the hydrogenetic component
can be extracted from bulk samples using this method44. We also compared the
Re–Os isotope compositions obtained by inverse aqua regia and CrO3–H2SO4
digestion for the Sakahogi lower claystone samples and a Triassic chert reference
material (JCh-1) issued by the Geological Survey of Japan (Supplementary Table
S6). Re–Os data obtained by the two digestion methods are almost identical
within analytical uncertainty. Moreover, the variation in the Os isotope records
obtained by our Os analytical method for the Upper Triassic bedded cherts of the
Inuyama area44 is positively correlated with marine 87Sr/86Sr and 187Os/188Os
compositions45–47, indicating that Os extracted by our method from the chert
samples is dominated by hydrogenous Os.

Chert and claystone samples were crushed in an agate mortar and ball mill.
Chert samples of B2.5 g and claystone samples of B0.5 to B2.0 g were dissolved
and equilibrated with 185Re and 190Os spikes in 4 ml of inverse aqua regia, and
were heated at 220 !C for 24 h in sealed Carius tubes. Re and Os concentrations and
isotope ratios were determined with a Thermo Fisher Scientific Neptune MC–ICP–
MS. Total procedural Re and Os blanks were 7.35±0.28 pg (n¼ 6; average±1 s.d.)
and 0.64±0.04 pg (n¼ 9), respectively, with a 187Os/188Os ratio of 0.126±0.018
(n¼ 9)43. Initial 187Os/188Os ratios of the chert and claystone samples were
calculated using an age estimated from biostratigraphy and the astronomically
tuned geomagnetic polarity time scale (215 Ma; Fig. 1), and a 187Re decay constant
of 1.666" 10–11 yr# 1 (ref. 37). Full details of our sample preparation and analytical
methods are described in Nozaki et al.43

Major element analysis. Major element (Si, Ti, Al, Fe, Mn, Mg, Ca, Na, K and P)
concentrations were determined by X-ray fluorescence spectrometry (XRF). Fused
glass beads for XRF analysis were made from a mixture of B0.4 g of powdered
sample and B4 g of lithium tetraborate flux. All analyses were conducted with a
Rigaku Simultix 12 simultaneous wavelength dispersive XRF spectrometer48. The
accuracy and precision of the XRF analysis were monitored using reference
materials of high-Mg basalt (SDSYB) reported by Shimoda et al.49, stream
sediment (JSd-3) and chert (JCh-1) issued by the Geological Survey of Japan50.

Estimation of impactor size. The diameter of the impacting object d can be
calculated by the following equation, with the assumption that 0.22–1.0 to the

fraction F of the impact-derived Os dissolved into seawater6,14,34:
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where rimpactor (g cm# 3) and [Os]impactor (ng g# 1) denote the density and Os
concentration of the impactor, respectively. The mass of Os derived from the
impactor (mass Osimpactor (ng)) is given by following equations14:

½mass Osimpactor ngð Þ' ¼ f
1# f

! "
"mass Ossw ð2Þ

f ¼
187Os=188Ospostimpact#187Os=188Ospreimpact
187Os=188Osimpactor#187Os=188Ospreimpact
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where the seawater Os mass (mass Ossw) is 1.4" 1019 ng (ref. 51). 187Os/
188Ospostimpact is the 187Os/188Osi ratio of the upper sublayer claystone (average
187Os/188Osi ratios of four claystone samples of NH52-R4 to R7; B0.222), 187Os/
188Ospre-impact is an average 187Os/188Osi ratio of ten chert samples below claystone
layer (NHR30 to NHR40; B0.582), and 187Os/188Osimpactor is the 187Os/188Os ratio
of the impactor.
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1.4(×(107(kg�

約 52,000～54,000(トン 

約 640～1,170(億トン 

衝突した隕石中のオスミウムの質量 

隕石の質量 

3.727�3.863�

隕石中のオスミウム含有率-
! 炭素質コンドライト (CI,-CM,-CV,-CO,-CR)--4.49～7.80-×-10K7-g/g--
! 普通コンドライト (H,-L,-LL)--3.66～8.43-×-10K7-g/g-
! エンスタタイトコンドライト (EH,-EL)--6.05～7.20-×-10K7-g/g-
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隕石の種類ごとの情報 

CI 2.11 449 0.1265 0.7903 3.7696
CM 2.12 614 0.1256 0.7888 3.7344
CV 2.95 740 0.1263 0.7900 3.7618
CO 2.95 780 0.1266 0.7905 3.7736
CR 3.10 623 0.1260 0.7895 3.7500
H 3.40 843 0.1288 0.7944 3.8627
L 3.35 611 0.1254 0.7884 3.7267
LL 3.21 366 0.1280 0.7930 3.8298
EH 3.72 605 0.1282 0.7933 3.8380
EL 3.55 720 0.1281 0.7931 3.8339

�
�

��

�������

������
��	� ��(t/m3)
Os ���

(ppb)
187Os/188Os f f/(1-f)

直径：3.3～4.7(km(
体積：19～56(km3(

質量：640～1,170億 トン(
 

2億1500万年前の隕石衝突は… 

r 
直径1(mの隕石の(
体積と質量(

! = 0.788– 0.794!
!

1− ! = 3.717– 3.854!

!

! = 4!
3

1
2

!
= !!!6!

! = !
6!

! = 4!!!
3 !

! = 0.788~0.794!
!

1− ! = 3.717~3.854!

!

! = 4!
3

1
2

!
= !!!6!

! = !
6!

!
6 !×!3 = 1.57!

! = 4!!!
3 !

! = 4!
3

1
2

!
×!

2.11�3.72-t/m3�

直径- 体積- 質量（密度3の場合）-

1-m- 約-0.523-m3- 約-1.57-トン-
10-m- 約-523-m3- 約-1,570-トン-
1-km- 約-0.523-km3- 約15億7千万-トン-
10-km- 約-523-km3- 約1兆5,700億-トン-

隕石の比重（密度） 

質量最大の隕石は(
“普通コンドライト(LL型”(

直径：4.4-km-
体積：46-km3-

質量：1,460億 トン-
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https://www.pharmgkb.org/pathway/PA162356267 

上皮成長因子受容体 

•
•
•

EGFR阻害薬 ゲフィチニブ 
•
•
•

MIPS 

Pair 1 Pair 2 Pair 3 Pair 4 Pair 5 Pair 6 Pair 7 
KD 値 70.5nM 22.4nM NA 610nM 233pM 1.35nM 83.0nM 
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エラトステネス（Eratosthenes,	
  紀元前275年 -­‐	
  紀元前
194年）　ヘレニズム時代のエジプトで活躍したギリ
シャ人の学者であり、アレクサンドリア図書館を併設
する研究機関ムセイオンの館長を務めた。業績は文
献学、地理学を始めヘレニズム時代の学問の多岐
に渡るが、特に数学と天文学の分野で後世に残る大
きな業績を残した。	


子午線の長さを測る	


　　　地球は「丸い」ことを推測し、その半径を計ろうと
したエラトステネスの考え方は，次のような観測に基
づいている．	


　「ナイル河畔のシエネ(アスワン)において，夏至の正
午になると太陽の光が井戸の底まで 届くという．同
じ時刻にアレキサンドリアでは地面に立てた棒に影
ができて，棒と太陽光線のなす角が7.2度であること
が計測された．一方，シエネとアレキサンドリアの距
離は，ラクダの隊商がその間を旅するのにかかる日
数と旅行速度から925	
  kmと見積もった。もしシエネが
北回帰線上にあり，しかもアレキサンドリアとシエネ
が同一子午線にあるとすれば，子午線の全長はいく
らか」	
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前提：太陽からの光りは直線で伝わり、地球に平行に
差し込む。そして、地球は完全な球体である。	


答え：925	
  km	
  ×	
  50=46250km	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  これは、現在知られている値と16%しか違わない．	


	
  

アリスタルコス(紀元前310-­‐230)


16


	handout-head
	part1
	part2
	part3
	part4

	part2
	part3
	part4



