
concentration of data used in the LR04 stack is at least twice
as high as in any previous stack or individual d18O record
spanning that interval. The stack’s resolution is comparable
to previous stacks but is less than half that of the highest-
resolution records.
[17] The LR04 stack is simply the average of the aligned

benthic d18O records. We do not adjust the mean or variance
of the records, except to make species offset corrections. We
choose not to adjust the isotope curves based on their
modern bottom water temperatures because the temperature
differences between sites may have changed dramatically
over the last 5.3 Myr. We also do not weight the records
based on their spatial distribution. The majority of records
are from the Atlantic Ocean, and the number of sites in the
stack varies with time, changing the relative weighting of
different regions. However, we observe that regional differ-
ences in benthic d18O are typically less than 0.3% (less than

0.15% after 0.6 Ma), and we are currently developing a
detailed description of regional d18O variability.

5. Age Model

[18] Because the LR04 stack is constructed by graphic
correlation, its stratigraphic features are essentially inde-
pendent of any timescale. Below we describe the con-
struction of an age model which takes advantage of the
high signal-to-noise ratio of the stack and analysis of the
sedimentation rates at 57 sites. However, almost any age
model could be applied to the LR04 stack. This flexibility
allows the stack to be adapted to alternate models of d18O
response or to improvements in age estimates.
[19] We construct the LR04 age model by aligning our

benthic d18O stack to a simple model of ice volume while
considering the average (stacked) sedimentation rate of

Figure 4. The LR04 benthic d18O stack constructed by the graphic correlation of 57 globally distributed
benthic d18O records. The stack is plotted using the LR04 age model described in section 5 and with new
MIS labels for the early Pliocene (section 6.2). Note that the scale of the vertical axis changes across
panels.
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地磁気極性 
(magnetic chron) 
黒：正磁極期 
白：逆磁極期 
[Ogg (2012） 
とは異なる] 

増加傾向（寒冷化） 振幅の増大 

北半球に氷床の出現 (2.75Ma) 第四紀 

周期の変化 

過去530万年間の酸素同位体比の変動（57地点のデータの集約） (Lisiecki & Raymo, 2005) 

底生有孔虫の 
酸素同位体比 
（番号：MIS） 

酸素同位体比 小 
温暖・氷床量少 
 
 
 
寒冷・氷床量大 
酸素同位体比 大 

（千年前） 

（浮遊性有孔虫ー５つの深海底コア） 

◆卓越する周期： 
41万年，10万年，4.1万年，2.3万年，1.9万年 

酸素同位体比の変化：過去80万年間 

氷期-間氷期変動 
周期的変動  41万年，10万年，4.1万年，2.3万年，1.9万年 
＝　ミランコビッチ・サイクル（日射量の周期的変動） 
ミルティン・ミランコビッチ（M. Milankovitch，セルビア） 
　　氷期の原因に関する天文学説（1926） 
　　気候変動の天文学理論と氷河時代（1941） 
★地球の軌道要素の変化に伴う 
　日射量の周期的な変動 
　- 北半球高緯度地域・夏期 ‒ 
　 →　氷床の盛衰 

地球の軌道要素の変化 
(1) 公転軌道の離心率の変化 
(2) 歳差運動： 
　　自転軸のゆらぎ・黄道面の回転 
(3) 自転軸の傾きの変化 

［歳差運動］ ［自転軸傾斜］ 

公転面 

自転軸 
自転軸 

［離心率］ 公転軌道 
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2.3万年， 
1.9万年 4.1万年 

地球の軌道要素 

［現在］ 

最長：1.521×108km 
最短：1.471×108km 



日射量 北緯65° 6月中旬　  

-3-2-10123
0

100
200

300
400

500
600

700
800

SPECM
AP

d18-O (SPEC)

age (ka)

Insolation380

400

420

440

460

480

500

Extraterrestirial Insolation
at 65N for mid- July (W/m

2
)

δ18O (SPECMAP)　  

離心率 自転軸の傾き 近日点の黄経 
（歳差運動） 

ミランコヴィッチ・サイクル 

日射量変動への 
各周期帯の寄与 
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日射量変動とδ18O の変動との相関 
◆4万年・２万年周期帯の応答 
　‥高緯度の日射量変動→ δ18O の変動（氷床の盛衰） 
◆δ18O の変動で卓越する10万年周期（離心率） 
　‥この周期性を強調する相互作用（フィードバック・ループ）の存在を示唆 
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Camp Century 
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氷床掘削‥南極大陸 

ドームふじ(F) 
　1995-96年（越冬） 
　　2503m：34万年前 
　2003-07年（夏期のみ） 
　　3035.22m：72万年前 

米国・バード基地 
 1968年 
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 1990年 
 2546m 20万年前 
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コーネン基地 
（ドイツ） 
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ドームC（フランス） 

[http://cdiac.ornl.gov/trends/co2/ice_core_isotopes.html]�
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（国立極地研究所「南極・北極の百科事典, 2004） 
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　　　氷床拡大，海水準低下→裸地拡大 
　　　生物生産量ー大‥ CO2吸収 

氷床からの環境変動データ：ドームふじ（南極）  
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丸太町通りの下の地下構造 
（反射法地震探査の結果） 

海成粘土層 
[Ma] 

Ma9: MIS11
Ma6: MIS15
Ma5: MIS17
Ma4: MIS19
Ma3: MIS21�

京都盆地コア：KD-0 
海成粘土層の再点検 
（木谷・加茂, 2010） 

海成粘土層：１４枚 
Ma0, 0.5, 1, 1.3, 2, 3, 4, 5, 
 6, 7, 8, 9, 10, 12 
 
海成層の証拠 
有孔虫, 渦鞭毛層，石膏, 硫化物臭 

The Association for the Geological Collaboration in Japan (AGCJ)

NII-Electronic Library Service

10 �

 
9 
�

 
8 
�

Ma 12�

7�

6�

5�

4�

2�

1.3�
1�

0.5 �

 0 �

3 �

KD-2 �

KD-1 �

KD-0 �

京都駅 

京大 

巨椋池 
干拓地 

粘土混濁水の電気伝導度，pH 
横山・佐藤（1987） 千里山丘陵東端部ボーリングコア（SEC) 
　　　　　　　　　　琵琶湖1400m ボーリングコア（BIW） 

電
気
伝
導
度
（
m
S/
cm
）
 

海成 

汽水成 

淡水成 

海成層 
・高電気伝導度 
・低pH 

pH 0 50 100 150 200 250 300

180

185

190

140

145

150

155

160

Conductivity

[mS/m]

de
pt

h 
(m

)

KD1

KD2

Ma5

Ma5

de
pt

h 
(m

)

(marine)(fresh) (brackish)

3 4 5 6 7 8

pH

pH

KD1

KD2

Ma5

Ma5

(marine) (fresh)(brackish)

0 100 200 300

KD1
26.23-26.25

42.70-42.72

47.49-47.51

54.66-54.68

57.20-57.22

64.85-64.87

74.60-74.62

75.60-75.62

79.06-79.08
83.00-83.03

97.75-97.77

103.30-103.32

120.63-120.65

125.56-125.58

175.85-175.87

211.16-211.18

KD2
35.27-35.30

36.38-36.40

49.63-49.66

60.80-60.83

87.37-87.39

87.70-87.72

105.00-105.03

116.25-116.28

138.95-138.97

141.19-141.21

142.88-142.90

143.19-143.21

157.80-157.83

Conductivity

[mS/m]

depth (m)
(marine)(fresh) (brackish)

Ma6

Ma6

Ma9

Ma4

Ma3

Ma9

3 4 5 6 7 8

pH

pH

(marine) (fresh)(brackish)

粘土混濁水の電気伝導度，pH 電気伝導度　　　　　pH 
電気伝導度　　　　pH 

海成層 
・高電気伝導度 
・低pH 

K
D

-1
�

K
D

-2
�



珪藻分析 

=AB1����������

56C:A� ��	���
�����

13A782A#<9@<4�
	���	��
����

;>6A�##����	����

5D?A����
�
����

?>25.a*��	b

��/�0 ��/�0 �D 
� "& @A

6:367 6:369 6:3684 P[S' 
 !� B

863;4 863;6 863;54  
 +�

8;38= 8;395 8;3944  
 �!� C UYZI MN\RY TVNY

983:: 983:< 983:;4  
 !�

9;364 9;366 9;3654 P[S' 
 !� C UYZI ,)

:83<9 :83<; :83<:4  
 -� = C UYZI

;83:4 ;83:6 ;83:54 �2 
��_ 
` -%��!� ,) FH

;93:4 ;93:6 ;93:54 P[S' 
 -%c�LZ^W�

;=34: ;=34< ;=34;4  
 �!�

<7344 <7347 <73459  
 �!� C UYZI ,)

=;3;9 =;3;; =;3;:4 ���EG 
 �!� B

547374 547376 5473754  
 !�

5643:7 5643:9 5643:84  
 �!� C IKYOQJY ,)

56939: 56939< 56939;4  
 �� : C UYZI ,)

5;93<9 5;93<; 5;93<:4  
 �� 8 B ,)

65535: 65535< 65535;4  
 �� 7 C TVNY M]XY ,)

_�(�1.6444`

�� �� ��

?>26.a���b

��/�0 ��/�0 �D 
� "& @A

7936; 79374 7936<9  
 �

7:37< 7:384 7:37=4  
 !� B

8=3:7 8=3:: 8=3:89  
 � B

:43<4 :43<7 :43<59  
 #� C UYZI ,)

<;37; <;37= <;37<4  
 �!

<;3;4 <;3;6 <;3;54  
 �� = B

549344 549347 5493459  
 !� B

55:369 55:36< 55:36:9  
 !� B

57<3=9 57<3=; 57<3=:4  
 �

58535= 585365 5853644  
 !� B

5863<< 5863=4 5863<=4  
 !� B

58735= 587365 5873644 �' 
 !� B

59;3<4 59;3<7 59;3<59  
�EG� �� : B ,)

_�(�1.6445`

�$ ���

�$ ���

I*H" ����J�

*�

*�

*�

*�

*�

*�

海棲 

淡水棲 
KD-1�

KD-2�

KD-0�

A�

B�

J��:=���2(�@��$1?4>C."�!�
�G�2�87;99<HAB�,F�+K�

�2(�@�)6����

�2(�@!
	��5�!
GA#BH�

��	�

I�'@ED-�@�/�%�

2km�

KD-1!
G3*�
H�

KD-2!
G� �H�

KD-0!
G�#&���H�

京都駅 

�2(��0@�/��

図1. KD-0/KD-1/KD-2コアの掘削地点と対比（京都市 2003） 

海成粘土層 

京都市（2000, 2001, 2003） Ma5�

Ma5� 木谷・加茂（2010） 

本研究（電気伝導度による） 

本研究での分析層準 

火山灰層準・重鉱物多産層準 
（京都市 2000, 2001, 2003; 木谷・加茂 2010） 

［KD-0, KD-1, KD-2の地質柱状図：京都市（2000, 2001, 2003）］ 

［京都市, 2003］ 

○：京都市（2003） 
●：KD0 
　　木谷・加茂（2010） 
●：KD1, 2 
　　石川ほか（2015） 
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Critical insolation–CO2 relation for diagnosing past 
and future glacial inception
A. Ganopolski1, R. Winkelmann1,2 & H. J. Schellnhuber1,3

The past rapid growth of Northern Hemisphere continental 
ice sheets, which terminated warm and stable climate periods, 
is generally attributed to reduced summer insolation in boreal 
latitudes1–3. Yet such summer insolation is near to its minimum at 
present4, and there are no signs of a new ice age5. This challenges 
our understanding of the mechanisms driving glacial cycles 
and our ability to predict the next glacial inception6. Here we 
propose a critical functional relationship between boreal summer 
insolation and global carbon dioxide (CO2) concentration, which 
explains the beginning of the past eight glacial cycles and might 
anticipate future periods of glacial inception. Using an ensemble 
of simulations generated by an Earth system model of intermediate 
complexity constrained by palaeoclimatic data, we suggest that 
glacial inception was narrowly missed before the beginning of the 
Industrial Revolution. The missed inception can be accounted 
for by the combined effect of relatively high late-Holocene CO2 
concentrations and the low orbital eccentricity of the Earth7. 
Additionally, our analysis suggests that even in the absence of 
human perturbations no substantial build-up of ice sheets would 
occur within the next several thousand years and that the current 
interglacial would probably last for another 50,000 years. However, 
moderate anthropogenic cumulative CO2 emissions of 1,000 to 1,500 
gigatonnes of carbon will postpone the next glacial inception by 
at least 100,000 years8,9. Our simulations demonstrate that under 
natural conditions alone the Earth system would be expected to 
remain in the present delicately balanced interglacial climate 
state, steering clear of both large-scale glaciation of the Northern 
Hemisphere and its complete deglaciation, for an unusually  
long time.

In accordance with classical Milankovitch theory1, interglacials—
warm intervals with the lowest global ice volume—occur during peri-
ods of high summer insolation in the boreal latitudes of the Northern 
Hemisphere. In the past, a decrease in Northern Hemisphere insolation 
to below its present-day level always led to the end of interglacials and 
rapid growth of continental ice sheets2,3, accompanied by a reduction 
in CO2 concentration10,11. However, at present, although summer inso-
lation at 65° N is close to its minimum4, there is no evidence for the 
beginning of a new ice age. On the contrary, sea level, which reflects 
changes in global ice volume, remained essentially constant over the 
past several millennia5,12.

The most straightforward explanation for the lack of glacial inception 
at present is that the current insolation minimum is not deep enough 
because of the low orbital eccentricity of the Earth. However, glacial 
inceptions have occurred in the past under similar orbital configu-
rations. Marine Isotope Stage (MIS) 11 (about 400,000 years before 
present, 400 kyr bp) is often considered a close palaeo-analogue for the 
current interglacial (the Holocene, or MIS1) owing to the similarly low 
values of the eccentricity of Earth’s orbit and similar CO2 level at that 
time7 (Fig. 1). The only difference between the insolation minimum at 
about 400 kyr bp and the present one is a lower obliquity during MIS11.

With respect to the orbital parameters, MIS19 (about 800 kyr bp) 
is an even closer analogue for the Holocene (see Fig. 1). Following 
this analogy, it has been suggested that the current interglacial would 
end naturally within the next 1,500 years if the CO2 concentration had 
stayed at a level of about 240 parts per million (p.p.m.), as was the case 
at the end of MIS19 (ref. 13). However, during the late Holocene before 
the beginning of the industrial era, the CO2 concentration was about 
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Figure 1 | Orbital parameters. Comparison of Earth’s orbital parameters 
and CO2 concentrations for MIS1 (green), MIS11 (blue) and MIS19 
(black). The vertical dashed line corresponds to the present day for MIS1 
and the minima of the precessional component of insolation for MIS11 
and MIS19.
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concentration depends solely on the total cumulative carbon emissions 
within the next centuries.

Under three scenarios with cumulative emissions of 500 gigatonnes 
of carbon (Gt C), 1,000 Gt C and 1,500 Gt C, we simulate the ice volume 
on the Northern Hemisphere for the next 100,000 years. Even for a 
total of 500 Gt C cumulative emissions, which is only slightly above the 
present-day value, the evolution of the Northern Hemisphere ice sheets 
is affected over tens of thousands of years (Fig. 4). In the 1,000 Gt C 
scenario, the probability of glacial inception during the next 100,000 
years is notably reduced, and under cumulative emissions of 1,500 Gt C,  
glacial inception is very unlikely within the entire 100,000 years. This 
confirms our conclusions from the critical insolation threshold for gla-
cial inception. Because all 2013 Intergovernmental Panel on Climate 
Change scenarios—except Representative Concentration Pathway 
2.6 (RCP2.6), which leads to the total radiative forcing of greenhouse 
gases of 2.6 W m−2 in 2100—imply that cumulative carbon emission 
will exceed 1,000 Gt in the twenty-first century, our results suggest that 
anthropogenic interference will make the initiation of the next ice age 
impossible over a time period comparable to the duration of previous 
glacial cycles.
Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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Figure 4 | The next glacial inception. The top panel shows the temporal 
evolution of the maximum summer insolation at 65° N. The middle panel 
shows the simulated CO2 concentration during the next 100,000 years 
for different cumulative CO2 emission scenarios: 0 Gt C anthropogenic 
emissions (blue), 500 Gt C (orange), 1,000 Gt C (red) and 1,500 Gt C (dark 
red line). The bottom panel shows simulated ice volume corresponding to 
the different CO2 emission scenarios. Individual simulations are shown 
for the 1,500 Gt C scenario; for the other scenarios, the range is given as 
shading.
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