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地質時代�

時代の境界は化⽯石で定義． 
è化⽯石群集シフト 
è何らかの環境変化？�

どのように 
過去の地球を 
読み解くか？�
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⽩白亜紀の年年代推定に天⽂文年年代を適⽤用!? 
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氷床形成と氷床崩壊,どちらが重要? 



天⽂文学者 　ミランコビッチの仮説 
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ミランコビッチの天体計算の正確さ 



形成⽔水温T = 16.5-4.3(δ18Oforam)+0.14(δ18Oforam)2 
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long-term secular trend (Fig. 1)23; and (iii) moderate tropical sea
surface temperatures (25–40 !C) as recorded by oxygen and
clumped isotope analysis of fossil marine carbonates24–27. Our
new compilation shows that this climate stability was the result of
a long-term decline in atmospheric CO2 that, in terms of radiative
forcing, approximately cancelled out the increase in solar output.
This long-term view of climate forcing provides a valuable
geological context for potential levels of CO2 in our warming
future.

Results
A new CO2 compilation. In order to better understand the role
of the greenhouse effect in Earth’s climate evolution, we have
compiled B1,500 discrete estimates of atmospheric CO2 from
five independent techniques drawn from 112 published studies
covering the last 420 Myrs (Supplementary Data 1). We uni-
formly apply a set of criteria and the latest understanding,
described in the supplement, to screen the available CO2 records.
By following these criteria, the ages and CO2 values associated
with some records are revised (see Methods), and B1/5 of the
published estimates have been excluded (leaving n¼ 1,241 in our
final compilation). This standardization process helps ensure the
highest-quality compilation whose individual records can be
more cleanly compared to one another.

Our new compilation is shown in Fig. 1 and, compared to older
compilations, there is better agreement between the different
methods of CO2 reconstruction28. In this case, this is largely due
to the refinement of the pedogenic carbonate proxy following
ref. 29 (see Methods). However, despite our efforts to improve the
compilation, there are still relatively large uncertainties at times
and disagreements remain between techniques for some time
intervals (Fig. 1). It is also apparent that the early parts of the
record rely on fewer observations and are characterized by a
reduced diversity in proxy type (Supplementary Fig. 1). In order
to gain a better appreciation of the multi-million-year evolution
of CO2, and in light of these uncertainties and limitations we have
followed a probabilistic approach where Monte Carlo resampling
is used to generate 1,000 artificial time series of CO2 with each
data point randomly perturbed within its age (X) and CO2 (Y)
uncertainty. Each realization was then interpolated to a regular
0.5 Myr spacing and a LOESS fit was performed with the degree
of smoothing optimized by generalized cross-validation30.
At each time step the distribution of LOESS fits was evaluated

and the maximum probability, hence the most likely value for
long-term CO2, and the associated 68 and 95 percentile ranges
were determined (Fig. 1 and Supplementary Data 2).

Our new compilation and probabilistic treatment reveals that
for the last B420 Myrs, CO2, on the whole, has been elevated
compared to pre-industrial values (278 p.p.m.). The highest CO2
values of B2,000 p.p.m. were reached during the Devonian
(B400 Myrs ago) and Triassic (220–200 Myrs ago), with
individual estimates ranging up to a maximum of B3,700±1,600
p.p.m. at 215 Myrs. In contrast, values close to pre-industrial are
found during much of the Carboniferous (B300 Myrs ago) and
late Cretaceous (B80 Myrs ago). A linear fit to either the entire
CO2 compilation, or a resampling of our LOESS fit to reflect the
original data density, reveals that long-term average CO2 has
declined over the last 420 Myrs by B3.4 p.p.m. per Myrs (Fig. 1).

Radiative forcing through the last 420 million years. Radiative
forcing from CO2 change can be calculated using equation (6).
This can then be combined with the radiative forcing from the
increase in solar output defined by equation (3) (Fig. 2a); the
temporal evolution of the simple sum of these terms (DFCO2,sol) is
shown in Fig. 2b. As has been noted elsewhere with prior Pha-
nerozoic CO2 compilations (for example, refs 31,32), there is a
good first-order agreement between CO2 levels and the
occurrence of greenhouse/icehouse states (Fig. 1): CO2 is high
during greenhouse climate states and low during icehouse cli-
mates. Our data support previous work suggesting that, when
DFCO2,sol is considered, icehouse states generally occur when
climate forcing drops below approximately þ 1–2 Wm# 2

(refs 31,32). This treatment also reveals that for the last 420 Myrs,
despite a gradual 4% increase in solar luminosity (equivalent to
þ 9 Wm# 2 of radiative forcing), there has been very little long-
term change in DFCO2,sol (despite shorter-term fluctuations of up
to 10 Wm# 2), with a linear fit to all the data suggesting only a
slight decrease of 0.004 Wm# 2 per Myrs (±0.001 1 s.e.m.;
P¼ 0.0003; red line on Fig. 2b); a linear fit to our LOESS fit
resampled with the original data density yields a slightly higher
negative slope (# 0.008±0.001 1 s.e.m.; Po0.0001; black line
Fig. 2b). This indicates that the long-term decrease in CO2 over
the last 420 Myrs has largely compensated for the increase in solar
output over the interval. In terms of shorter-term radiative
imbalances, 95% of the DFCO2,sol values are within ±7 Wm# 2

and 68% within þ 5/# 3 Wm# 2 (Fig. 3). Thus, even on multi-
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Figure 1 | Temporal evolution of climate and atmospheric CO2. Latitudinal extent of continental ice deposits23 (blue bars) and multi-proxy atmospheric
CO2 (in p.p.m.) compiled from the literature (data found in Supplementary Data 1; symbols). CO2 from leaf stomata shown in blue circles, pedogenic
carbonate d13C as pink crosses, boron isotopes in foraminifera as green triangles, liverwort d13C as dark blue filled circles and d13C of alkenones as dark blue
crosses. The most likely LOESS fit through the data, taking into account X- and Y- uncertainty is shown as the blue line (data found in Supplementary
Data 2). 68 and 95% confidence intervals are shown as dark and light grey bands. Red line is a linear best fit (curved due to log-scale for y axis) and 95%
confidence interval for least squares regression through the CO2 data (m¼ 3.4±0.17 1 s.e.m., R2¼0.26, Po0.0005). Black line is least squares fit through
the LOESS best fit (blue line) resampled to original data density (m¼ 3.5±0.12 1 s.e.m., R2¼0.44, Po0.0005). Dashed line is pre-industrial CO2

(278 p.p.m.). Icehouse time intervals are indicated by a black band and greenhouse intervals by a white band.
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ペルム紀末⼤大量量絶滅 
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⽕火⼭山活動は�
2億5190.7万±6.7万年年前までに溶岩の３分の２が噴出し，�
2億5190.1万±6.1万年年前頃から貫⼊入開始(Burgess+,  2015Science  Adv.)�
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巨⼤大⽕火⼭山噴⽕火� 現在�
温室効果ガスの放出メカニズム 

化⽯石燃料料の燃焼�⽯石炭層やCaCO3の燃焼�

⼤大気CO2濃度度の増加により温暖化�



ペルム紀末の⼤大量量絶滅メカニズムと回復復過程�

Algeo et al. (2011)�

⽣生態系 
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Isozaki(2009)改 
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赤石山脈	
浜名湖	
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付加⽅方向�

深海層のミランコビッチサイクル�

付加⽅方向�
中⽣生代� 新⽣生代�

Isozaki(2009)改 
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(Hori,  1993)�
SiO2  rich�SiO2  poor�

⾵風成塵� 放散⾍虫�

チャート ⾴頁岩 

チャート・頁岩 ≒ 歳差周期 

チャート層厚 ≒ 離心率周期      

( シリカ堆積速度)          (Ikeda+ 2010, 2013, 2014EPSL ) 



Si�

層状チャート 

モンスーン�

Si�

Si 滞留留時間：1.5万年年 
(Ritterbush+, 2015)�

ケイ酸塩⾵風化�

大陸風化を反映した層状チャートのリズム 深海層から推定される陸陸域環境変動 

4〜～12 ×1017g/ky �
⽣生物源シリカ（全球）�6.3±0.3×1017g/ky �

CaSiO3+CO2èCaCO3+SiO2 

    現在のシリカ循環  
（Treguer & De la Rocha, 2013)�

Ikeda et al. (2017Nature comm.)�



PT境界は超期的な海洋無酸素事変�
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酸化鉄Fe3＋�
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酸化鉄Fe3＋�

(Isozaki, 1997 Science)�



PT境界のチャート無堆積�
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洋
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(Algeo+  2010;  
Takahashi+, 2010;  
Sakuma+, 2012; 
Ikeda+, 2010, 2014 
Muto+, 2017)� (Svensen+ 2012)�
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洪⽔水⽞玄武岩の 
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2.45億年年前�

ミランコビッチ 
サイクル�

(Ikeda+ 2010, 2014EPSL)�
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360万年年�

⽇日射量量変動 
極⼩小期に回復復!?�

⿊黒⾊色泥泥岩�

灰⾊色泥泥岩�

⾚赤⾊色チャート�

灰⾊色チャート�

SiO2→多� 堆積速度度�

1-2mm/千年年�

チャート�

SiO2  少�

⾵風成塵�

放散⾍虫�

~10mm/千年年�

1-2mm/千年年�

放散虫が減ったのでなく	
  

風成塵が増加	


Sakuma+	
  (2012)	
  	




低緯度度で絶滅!? �

2億5000万年年前 
前期三畳紀�

Sun et al. (2012Science) �

脊椎動物の古⽣生物地理理�

海⽔水温40度度!? �

温暖化＋乾燥域の拡大	
  
è生態系崩壊	




http://www.geologypage.com/2014/04/triassic-period.html 改  �

地域性のない240Maと地域性の明瞭な
220Maの図を順に⽰示す。パンゲア北北上も説
明できる�

パンゲアは陸陸続き 
分裂裂 
北北⽅方移動 　   

https://paleonerdish.wordpress.com/2015/01/28/the-triassic-paleoclimate/  改�

・温暖で無氷床  （Frakes 
et al., 1992） 

https://en.wikipedia.org/wiki/Traversodontidae�http://www.wikiwand.com/en/Sclerosaurus�

中期三畳紀� 後期三畳紀�

Whiteside et al. (2011)�

尿尿酸排出?→乾燥域? �
キノドン類（単⼸弓類）�側爬⾍虫類（無⼸弓類) �
尿尿素排出→湿潤域�

四⾜足動物の古⽣生物地理理�
中緯度砂漠域の発達 
è生物地理区の再構築�



 
 
 
 
 
 
 
 
 
 
�

ITCZ�

三畳紀 　2億2000万年年
前�

パンゲア�
NY�

パンゲア�

パンゲア�

パンゲア�

2億3200万年年前�

三畳紀後期の古⽣生物地理理と古気候 

http://www.scotese.com/lastice.htm�クルロタルシ類�
⿃鳥脚類 　⻯竜脚形類 　獣脚類 　�

イラスト制作：恐竜くん ©2018	
  Masashi	
  Tanaka	
  
h=p://kyoryukun.com/	
  	




 
 
 
 
 
 
 
 
 
 
�

~∼232  Ma�

ITCZ�

三畳紀 　2億2000万年年
前�

パンゲア�

ジュラ紀〜～�

2億200万年年前〜～�

ジュラ紀の恐⻯竜繁栄 

http://www.scotese.com/lastice.htm�

化学⾵風化  CaSiO3 + CO2 → CaCO3 + SiO2 �

クルロタルシ類�
⿃鳥脚類 　⻯竜脚形類 　獣脚類 　�



三畳紀末絶滅�

シダ胞子（％）	


-­‐1万年	


+2万年	


+1万年	


Ｉｒ異異常�結果2�

三畳紀花粉、胞⼦子群集絶滅層準の上位1m（千年年
後）�
 　ジュラ紀花粉群集出現層準の下位5m（5千年年
前）�
 　 　花粉層序のT-‐‑‒J境界層準に⼀一致�

三畳紀末絶滅�

⽇日和⾒見見植物�
シダ群集�
イリジウム異異常�
最⼤大285ppt�

三畳紀型�
針葉葉樹�

ジュラ紀型�
針葉葉樹�

三
畳
紀
末
絶
滅
�

イリジウム	


(Olsen+ 2002Science) �



イリジウムの濃集要因�
Irは地殻には乏しいが、地球内部や隕⽯石には豊富�

隕⽯石衝突� ⽕火⼭山活動�

https://www.sciencedaily.com/releases/2014/02/140210161334.htm�https://www.nikkei.com/article/
DGXNZO68016130Z00C14A3CR8000/�



Luis and Walter Alvarez 

The K\T ash layer in Alberta 

衝撃石英 

Hell Creek Formation 

Vajda	
  &	
  Bercovici	
  (2014)	


シダスパイク	

イリジウム異常	


⽩白亜紀末の隕⽯石衝突�

h=ps://en.wikipedia.org/wiki/Walter_Alvarez	


直径	

100km	


衝撃石英	




仏に2億100万±200万年年前のクレーター(直径23 km）�

T/J 境界�

Simms (2007)�

衝撃⽯石英�
Onoue et al. (2012 PNAS) �

半径20km�

三畳紀末  隕⽯石衝突の可能性�

伊の三畳紀末層に衝撃⽯石英�

英の三畳紀末層に津波堆積物�

Bice et al. (1992 Science) �
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まとめ�
恐⻯竜時代の地球環境と⽣生態系は地質記録から解読�

・放射性同位体と天⽂文学的周期による年年代推定 
 　＋地層や化⽯石から環境や⽣生態系を復復元 
→⾼高時間分解能で地球環境と⽣生態系を解読 
 
・⼤大量量絶滅は⼤大規模⽕火⼭山活動や隕⽯石衝突と同期し， 
 　 　その後，⽣生き残った⽣生物が適応放散 
（例例：恐⻯竜は三畳紀，ジュラ紀に適応放散， 
 　 　 　⿃鳥類，哺乳類は新⽣生代に適応放散） 
→絶滅により空いたニッチェに進出！？�

è環境変動がどう⽣生態系に影響したか理理解を進めるには 
 　 　さらなる⾼高時間分解能での地質記録の解読が必要．	



