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Abstract
 

Thermal maturity of the Izumi Group in the Izumi Mountains, southwestern Japan, 

was studied by using vitrinite reflectance. The mean random reflectances, ranging from 

0.66 to 2.64%, indicate that thermal maturity of the whole region of the Izumi 

Mountains increases toward the northern margin. Following the result of vitrinite 

reflectance data, three-dimensional spatial patterns of the thermal structure were 

estimated by multiple regression analysis of the surface maturity data collected from 

the western and central parts of the Izumi Mountains, assuming the altitude of each 

sample reflects vertical maturity gradients. The analysis resulted in a thermal maturity 

isograd of N78°E, dipping 19° south, and a maximum temperature gradient of 

0.400%Rm/km. 

The thermal evolution of the Ryoke–Izumi belt in the Late Cretaceous to early 

Paleogene was examined based on apatite and zircon fission-track (FT) dating of the 

Sennan Rhyolites, the Takijiri Adamellite, and the Izumi Group in the Izumi Mountains, 

newly obtained in this study, along with pre-existing geochronological data and the 

geological structures. The analysis revealed that the geology of the area is subdivided 

into three blocks on the basis of different cooling histories and east-trending boundary 

faults: blocks A, B, and C from the south. Block A consists mostly of the Izumi Group, 

which accumulated on a part of the Sennan Rhyolites and the Takijiri Adamellite at 

70.9 ± 3.4 Ma (zircon FT age). Previous studies on K-feldspar K–Ar ages of the Takijiri 

Adamellite of Block A show that uplift of Block A occurred at ~66 Ma. The higher 

maturity of the eastern Izumi Mountains must be attributed to the influence of  

regional uplift in this area. Block B includes most of the Sennan Rhyolites. They were 

also partly baked by the Takijiri Adamellite and cooled before 73.9 ± 8.2 Ma (zircon FT 

age). Block C includes the Takijiri Adamellite that was exposed on the north side of the 

faults after 50.0 ± 6.6 Ma (apatite FT age). The Sennan Rhyolites in Block B were not 

thermally affected by subsidence of the Izumi sedimentary basin (ISB), indicating that 

the ISB was formed at 71 Ma by the subsidence of Block A under transtension. The 

subsequent rapid uplift of the Izumi Group and the Takijiri Adamellite of Block A at 66 

Ma was probably caused by reverse faulting under transpression. 



  

 To explain the thermal outline of the Izumi sedimentary basin, two hypothesized 

processes were tested by the computing simulations of thermal models:  tectonic block 

tilting of the Izumi Group around the Median Tectonic Line (MTL) and difference of 

sedimentation rates between the northern marginal and depocenter of the ISB. Our 

new model can evaluate influence of sedimentation, subsidence, and uplift rates for 

thermal stracture and organic maturation. The models show that differences of 

subsidence and uplift rates can affect thermal maturity and that history of rapid uplift 

subsequent to rapid subsidence makes thermally low maturation in local regions. Our 

computer simulations also show that tilting of block was not appropriate for the 

vitrinite reflectance gradient outline in N–S direction. We conclude that a unique 

thermal structure of ISB may be formed by rapid subsidence subsequent rapid uplift. 
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FMàz{
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ß�6
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o� ), 1993�6
��Óð
 100Y500 Z�ÇCÇ�ÁWXüb�£�wqñ�@jà
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M�çSÐ

MN�É7 IZM1Y8ÓO¡M�ëSÐMN�É7 IZU1Y3à�T
ßí½�6¤�Ó¦I
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������ �*&+,"�

HSQ7MTL�½��S���q�Üí	ýÓí~Mjõöß��¦IùSMTL'(

º£Ç~, 1981�6ïL��í~³´É7BF»R�jñ�àÓ��|IàÚÜâÓ�
:
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ß��¦IùSMTL'(º£Ç~, 1981�6 

 

���� � -.�"�

���������MN�7IJF;�TUFM»áÂg�ñ�6æß�7�MjÜí

�M�� t1Yt27�Fig. 4��S�R�à�T
ßí½��Miyata, 1980ô?�6ô	Ó�

M t1Yt7�5½í7o� )�1993�Ó�M t5Yt22�5½í7Miyata�1980�Ó�M t13

Yt26�5½í7Né )�2004�àvÜâ¦§ÜÓ�)*���É��Üí½�6���
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ßí	ý��ç, 1965å¦IùSMTL'(º£Ç~, 1981�Ó���7TU;�FM+

TU;BFMjõÀ��è�à�¤ßí½�6Ü)ÜÓç��FQù�)��Mjè,é

���MB�ãäñ�@jàçâ��ßí½��9�÷øöÓ�ç, 1965åMiyata, 1980�Ó

ç���7�ç�È%��UÉ��_�ô»±�.�è�à j¨?É+�j�¼ÜÓé

'(ÉèJ�?	ýTUF�Mj�¦Üí¼½�6 

������çS�OPSÉç�����É��TUF�M7GMÉÓ½ÞßèIJF
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10 m ¦â¤ÉMðà �â�IÜÓQ�BFSMçÉ7îk��Û"màh�É7ôâÓ

RSQ	./P�ïFSMjfô���»ôÜÓ�µ�s2�¤�½���É7��p~

�$à-Û
ß�6RSQçÉ7 1 m�ëjðâÛ"mà.½6�È��M�<�»Rñ6 

5�t8TUF�M 

�rm� L�¡:M%�ãäÜ�¢Ïª�TU;�FÉ+�6����Oæ�é)*

���Fig. 3�É7ð
à 1Y7 mÉ+�6�%àãäÜÓ a�i;4»�L@j)�Ó

 Sq7WX%��¾7ñWXÜí½�j�ø�ß�6R�we�FÉ+�àÓéMîë

SÉ7£eY¤£e�ë¥4àÛ9�ß�6e¦�_§¾70âÓ,;7+ô½6i±Ó

ói»R�jÜÓuª¨47~�¬®+·Bi	./n£Ëpà�¤ß�6éTUF�

M7RSQ�äMîÈS�MB�IZL1��g�ñ��Miyata, 1980�6�H£©�5ëI�

p÷�½s�H£o¤ëIô?Éz{É��6�H£�+��¤¥�ª£¨��«Hk�

p÷&¬��� �ï��
Ü�6 

:�t10TU�M 

UÏª)�ö·ª�TU;�FMÉ+�6����Oæ�é)*���Fig. 3�É7Mð

7 0.5Y10 mj�Iñ�6£eYçe�ÉÓi±Óói»R�jñ�6¡:�M%àÈS

�ãäñ�@jà+ýÓëS ?e¾à£âô�6éTUF�M7RSQ�äMçS�M

B�IZL5��g�ñ��Miyata, 1980�6�¢£2�¤	./æ�¬k��µ��	½í

7ÓQ�BFSMçÉz{É��6 

G�t11TUF�M 

U·ªÉ®�ôTUFMÉÓ����Oæ�é)*���Fig. 3�É7Mð7 1Y10 mj

�Iñ�6weTUF	./IJF;�¯�FM»R�jñ�àÓ¯�ï)�we¯�U

¤É»�Ùe¾��IàÚÜ½6éTUF�M7RSQ�äMçS�MB�IZL6��g�
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�²ÝÞß��j³k��¬�~�pnÜ�àùôô�×�$É+ýÓK ñ��$àH

W`¨´£�B� Ridge Basin�Crowell, 1982ô?��èÛ9�ß�6 

£¤�1960�7Ó���������MNÉÓ¬k�z^àÂIñ�@j»RUÜ�6

æ�%Ó@¥ùS)�¦I�kùS�)
íÓ��MN�z^àù)�¬�ÂâôýÓ¬

 ?.ýë���Mà,-FK»ã9@jàC�
ß��£¤+ é, 1965å�ç, 1965å

<¿, 1977ô?�6£È )�1986�7Ó��MN�Rq�� 300 km�	½íÓ��MN

�WX&{7 Ii����.�íû 12 m.y.�m.y.�µ¶��j¿g
ßí½��ÉÓ

��MN�WXYç!�»±·¾�¬·¾�7>¸��Éû 25 km¹m.y.àrXè�ß�

jÜí½�6½kÓÁº�1990�7Ó@¥ùS��)�ö÷ø���MN�2�»¼MH

���»èj�ÓC33r¹C33n-�)� C32n2n¹C32n1r-�¤É� 8.2 m.y.�»±Ü�

½ràû 170 kmÉ+��9Ó¬·¾»û 21 km¹m.y.jrXè�í½�6 

£¤ )�1981�7Ó�������MN�5½íÓ�È�¯°�¾KÜ�6 

�5��MjèWXüb�£�ÈS�7Ó¿�£eZÇ_Cb��FQ�q�à 10Y

15km�{ÀÉÁ Üí½��àÛ9�ß�6 

�:��×Â7¬�~�pnÜÓ�×S�+�£eZÇ_Cb��FQ��M7¬�Â

âô�6 

�G�ZÇ_Cb��UÃ�¨£Ç�Äd��sº£Ç«Äd���)�R
ß�2I�

7�[�ù¤�7ùHùk�É+�6 

Å�7Ó@ß��¯°»ÓMTL�ÝÞß�±�.ý��WXY�î Ø�Sà10Y15 km

�{ÀÉÆÇ��¬ñ�¡¢£É6%��Q(Ü��Fig. 6�6+�z��WXYç!àÓ

Qù�¤�7Èù��ë2ñ�j>z�Ó¬îàQù�¤�7Èù��Ø�ñ�@j�.
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Paleocurrent

Eastward migration of the
 Izumi sedimentary basin 

Stratigraphic younging

Plunge of syncline

A B

A B

Downwelling

Main supply of 
       sediments

DownwellingUpwelling

Main supply of 
       sediments

Upwelling

Fig. 6. Eastward migration model of the Izumi sedimantary basin by 
Ichikawa et al. (1981). The depocenter was migrated eastward from 
area A to B with relatively or absolutely lifting of area A. This model 
can explain the eastward plunge of syncline and the stratigraphic 
younging to the east. Modified after Ichikawa et al. (1981).
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jÓ�¥mÌÍ�.�~£BnÇ�WXYãä¡¢£�Miyata, 1990å�O+$ , 1999�

�^5�¡¢£àÖÚ
ß�6Ö�7ÓMTL���k��ùÜíû¸¾É×Sñ�ù�×

�Ù<M��_Z[�	9MN1WXY¡¢£É+��Fig. 7�6@ß»ÖÚÜ� Tanaka

�1989Ó1993�ÓTanaka and Maejima�1995�7RSQ�=UÛ:�WX4	./OP
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M»R�jñ�£eFQ�5½íÓWXQ�Ü»	@ô½ëS|dz£WX4�UCA�+È

S|dz£WX4�LCA�+qI|dz£WX4�DCA�+ªÇ�:ZÇ_Cb��STA�+

ªÇ�:ZÇ_Cb�ÝÑQ�DSA�+�ÇÞÇÞp�ZÇ_Cb�»�TÜ�6
��Ó

¬S�OPQ�5½íÓÛ:�WX4�AFA�+¢£Z�EÇ~WX4�DEA�+~E¢£

ZWX4�PDA�»�TÜ�6@ß����)�ÓÆÇ�ô=UÛ:��ãä»ç!jÜ

�WXYZ[34»�?ÜÓWXY�¬7ÆÇ�É+��jÜíÙ<M��_Z[�	

9MN1WXYÉ+��j½9¡¢£»RÜ��Fig. 7�6 

%��Miyata�1990�7MTL�ÌÍà�z�²ÝÞß�±�.ýÝ¥mÌÍjÜí�

¼ÜÓßó¢ÅÇ~Æ}����_Z[»è��ñàùô~£BnÇ�WXY¡¢£É+

��Fig. 8�6Miyata�1990�7Ó���������MNÉ72I�àù��çÓ1965

 )��è�ü�ÞÓ��p~àÍàRñ2×`k�7¬k�É+�@j»RÜ�6RS

Q�Û9�ß���p~àÍàRñ2×`k�7ÓWXY¬�jèô9�×Z[z��

M�±���É+�jÜÓßó¢ÅÇ~Æ}����_ãä�	9WXY�¬34»�

?Ü�6��ÓáâÌÍ�.ýMTL7��k�)�²�ÌÍÜí½�àÓæ�È7��

MNWXz�7ñÉ�k�Üí½�jFé+o�,�1994�Óo� )�2012�É7�øí

½�6½kÓ�Oã$ �1999�7~£BnÇ�WXY¡¢£�ÂÃ�Ü¡¢£�ä»RÜ

í½��Fig. 9�6@��äÉ7ÓÛ"ñ� �ïô�×�$àñ�
ßí½�àÓ���

��MNÉÛ9�ß�å#:�d�ñ�àÍÂj7fô�6Å�7ÓMiyata�1990�àã
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Basement

Channel deposits Distributary channel deposits
Sheet flow deposits

BASEMENT

EW

sheet flows

distriburary
    channels

main channel

overspilled
     deposits

ABANDONED

        S
YSTEMS

ACTIVE SYSTEMS

EASTWARD BASIN EXTENSION

A

B

Fig. 7. Eastward migration model of the Izumi sedimantary basin (ISB) 
after Tanaka (1993). A: Depositonal system sketch of the ISB. Active 
system stepwisly shifted to the east owing to the eastward extensions of 
the basin. B: Interpretative corss section of the stacking pattern of the 
Izumi Group. Modified from Tanaka (1993).
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Fig. 8. Eastward migration model of the Izumi sedimantary basin by Miaya 
(1990). Pull-apart basin with extensional duplex showing the stepwise 
migration of the depocenter, which is followed by stepwise normal faulting F1, 
F2, and F3. Modified from Miyata and Iwamoto (1994).

Unconformity
Fault
hidden one

Upper Cretaceous
 Izumi Group
Pyloclastic rocks
and granites

MTL

Extensional duplex

Gojo releasing bend
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Erosion level

a-1 b-1

a-2 b-2

Erosion level

Erosion level Erosion level

a-1 b-1

a-2 b-2

10km

10km

MTL

MTL

MTL

MTL MTL

MTL

Fig. 9. Eastward migration model of the Izumi sedimantary basin by 
Yamakita and Ito (1999). Pull-apart basin showing contenious migration of 
the depocenter, tilting strata, and eastward plunge of syncline. Modified 
from Yamakita and Ito (1999).
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Matsumoto and Morozumi�1980�7ÓRSQ�ÕM+�äMQ�MB�Q�BFS

M)�l
ñ�Bp¡ab�Ii»¼½íÓ�È�.9�O=p�æçMNjz^ù�

Üí½�62�¤6¦.ý�ù��Él
ñ�Bp¡ab�IiN7 Pachydiscus 

(Pachydiscus) kobayashii (Shimizu)ÓCanadoceras tanii Matsumoto and MorozumiÓ

Nostoceras sp. aff. hetonaiense MatsumotoÓBaculites regina Obata and Matsumoto

É¯°è
�ß�6Matsumoto and Morozumi�1980�7	æ�â��ab#ëSÇ

� K6b1�Fig. 10��ù�
ß�jÜí½�62�¤6¦.ý¬kÉl
ñ�Bp¡a

b�IiNt7ÓPachydiscus (Pachydiscus) sp. aff. flexuosus MatsumotoÓP. 

(Neodesmoceras) cf. gracilis MatsumotoÓGaudryceras izumiense Matsumoto and 

Morozumiô?É¯°è
�ß�6Matsumoto and Morozumi�1980�7@ß»��

ab#ëSÇ� K6b2�Fig. 10��ù�É��jÜÓ*Ç��`é|BpÇ�72.1Y66.0 

Ma�Ogg and Hinnov, 2012�É+�jÜ�6Morozumi�1985�7ÓMatsumoto and 

Morozumi�1980��ñ����)�Ó���������MN»ÓNostoceras hetonaiense 

�)� Pachydiscus (Pachydiscus) sp. aff. compressus ��ù�ÜÓ�������Í

�à*Ç��`é|BpÇÉ+�j�¼Ü��Fig. 10�6éé )�2001�7Ó¥êëIi

»¼½íz^ù�»#�í½�6Å�7Ó�ì�í�ì�£\���ÕMÓ VWk°
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M	./�ì�íéé£-È�O¡M�91�� 5 ,y)�
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¶î�É�¥êëIi��i�+éé, 1998�� At��ù�ÜÓæ�z^7Ö&*Ç

��`é|Bp&É+�jÜ�6¥d�^jÜí7RSQ�TUF�MÉn£Ëp FT�

^à 5MBÉfg
ßí½�à�Fig. 4åo� ), 1993�Ó@ß��7�^ABÕÊ�Ö�

�^ÃsvwàR
ßí½ô½fg��à�¤ß�6æ�91� 3hi�Fig. 11��tú

y»~E}���5½í7Ófg»Ò�ß
�ïð¨©}ª«p+��}��ñòtuÉÓ

óÇZ�Ùà#üßí½�6æß���^�5½í7È¦�ÓýÉ+�6t1 TUF�hi

í IZ1�7 77.1Ì7.2 MaÓt7TUF�hií IZ2�7 72.6Ì8.0 MaÓt15TUF�hií

IZ4�7 73.3Ì7.4 MaÉ+�6.�íÓ����ùPS��ÕMîÈS6¦ÉÙ�ß� 77.1 

Ma»ó
öMB��²ôâÍ�É<� 72Y73 Ma�Ì8.0 Ma�É+ýÓ�e��»�9

íé���IiMH��¼�Morozumi, 1985�j �ôôõ7ô½6
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Fig. 10. Bisotratigraphic correlations of the Izumi Group 
(Morozumi, 1985). 
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Sample name Formation & Rock type             Positon of locality (km)
       N-S direction*  Basin Width**  E-W direction***

Sample locality
 (Lat., Long.)

Altidude 
   (m)

KS01-1

KS03

AZ02

AZ04

IW03

AZ06

KD02

KK01

KS02

AZ01

AZ03

AZ05

KS01-2

TK01

TK03

TK07

TK05

TK02

TK04

TK06

IW02

KK02

Mutsuo

Mutsuo

Mutsuo

Mutsuo

Mutsuo

Iwade

Mutsuo

Kada

Kokawa

Mutsuo

Mutsuo

Mutsuo

Mutsuo

Mutsuo
Mutsuo
Mutsuo
Mutsuo

Mutsuo

Mutsuo

Iwade

Kokawa

pebbly mudstone

siltstone

siltstone

siltstone

very fine sandstone

siltstone

siltstone

very fine sandstone

siltstone

sandy siltstone

sandy siltstone

sandy siltstone

siltstone

siltstone

coalified wood

sandy siltstone

silty claystone

very fine sandstone

34°22.21′ N,  135°24.41′ E
34°22.21′ N,  135°24.41′ E
34°22.40′ N,  135°24.92′ E
34°22.61′ N,  135°24.04′ E

34°20.73′ N,  135°17.56′ E
34°21.05′ N,  135°18.45′ E
34°21.28′ N,  135°19.80′ E
34°21.28′ N,  135°21.67′ E
34°21.39′ N,  135°22.17′ E
34°21.93′ N,  135°23.62′ E

34°22.87′ N,  135°26.95′ E
34°22.87′ N,  135°26.97′ E

34°22.89′ N,  135°36.36′ E

34°15.66′ N,  135°05.11′ E

34°19.54′ N,  135°22.84′ E
34°22.04′ N,  135°25.97′ E

34°18.12′ N,  135°24.76′ E
34°19.50′ N,  135°25.93′ E

0.16
0.15
0.10
0.02

0.59
0.41
0.13
0.49
0.65
0.42

0.005
0.00

0.55

>5.0

4.48
1.16

8.01
5.86

246.7
246.7
247.5
249.1

236.6
237.6
239.7
242.5
243.3
245.5

250.5
250.6

264.9

Mutsuo sandy siltstone 34°22.99′ N,  135°27.38′ E 0.07 251.2
siltstone 34°23.24′ N,  135°27.78′ E 0.01 251.9

conglomerate 34°22.47′ N,  135°31.29′ E 0.27 257.1
clay and siltstone 34°22.99′ N,  135°36.12′ E 0.20 264.5

217.3
KD01 Kada silty claystone 34°15.93′ N,  135°03.69′ E >0.0 215.1

NT02 Nate siltstone 34°19.10′ N,  135°30.68′ E 7.32 256.2
NT01 Nate silty sandstone 34°17.47′ N,  135°23.69′ E 8.79 245.6

244.4
IW01 Iwade silty claystone 34°17.75′ N,  135°18.24′ E 6.39 237.3

249.0

IW06
IW05

Iwade
Iwade

silty claystone
siltstone 34°21.50′ N,  135°27.62′ E

34°21.31′ N,  135°27.71′ E
3.16
3.58

251.6
IW04 Iwade siltstone 34°21.25′ N,  135°26.24′ E 2.70 249.5

251.6

247.0
249.0

KK03
KK04

Kokawa
Kokawa

silty sandstone
very fine sandstone

34°20.37′ N,  135°26.53′ E
34°19.88′ N,  135°26.70′ E

4.29
5.34

249.9
250.2

SH01 Shindachi siltstone 34°17.63′ N,  135°12.57′ E >4.4 228.7

SH03 Shindachi sandy siltstone 34°16.63′ N,  135°13.97′ E >6.4 230.8
SH02 Shindachi siltstone 34°16.32′ N,  135°12.79′ E >6.9 229.0

SH04 Shindachi siltstone 34°20.95′ N,  135°22.52′ E 1.62 243.8

KK05
KK06

Kokawa
Kokawa

silty claystone
silty claystone

34°18.79′ N,  135°29.38′ E
34°21.84′ N,  135°30.83′ E

8.46
1.83

254.2
256.5

KK07 Kokawa siltstone 34°21.73′ N,  135°36.76′ E 3.01 265.5
KK08
KK09

Kokawa
Kokawa

sandy siltstone
siltstone

34°22.07′ N,  135°38.23′ E
34°21.80′ N,  135°38.57′ E

2.34
2.63

8.5
8.5
8.7
8.5

8.0
8.3
8.2
8.3
8.6
8.9

8.9
8.9

4.6

>6.8

8.8
8.6

8.6
8.5

8.9
9.3
6.2
4.4

>2.6

7.6
8.9

8.2

9.2
9.3

8.6

8.7
8.6

>7.3

>6.9
>7.3

8.7

8.8
7.3
4.9
3.8
3.1

267.7
268.2

180
180
235
245

80
85

120
105
105
165

255
245

370

230
260
290
300

5
0

190
125

255
150

320

505
775

545

180
270
630
625

135

60
40

130

165
375
195
290
260

Vitrinite 
 Reflectance

Rock-Eval 
 Analysis

Maturation

AZ07 Mutsuo sandy siltstone 34°20.77′ N,  135°17.20′ E 0.26 235.77.745

TK08

KS04 Mutsuo

Mutsuo siltstone 34°22.52′ N,  135°39.42′ E 1.11 269.5

pebbly mudstone 34°23.27′ N,  135°29.70′ E 0.00 257.7

2.4

8.5

360

380

SH06 Shindachi sandy siltstone 34°16.47′ N,  135°13.92′ E >6.6 230.7
SH05 Shindachi siltstone 34°16.70′ N,  135°13.99′ E >6.2 230.8

>6.9
>6.9

45
65

SH07 Shindachi siltstone 34°17.35′ N,  135°12.70′ E >4.9 228.9

SH09 Shindachi siltstone 34°16.77′ N,  135°12.94′ E >6.1 229.2
SH08 Shindachi siltstone 34°17.08′ N,  135°12.87′ E >5.5 229.1

SH10 Shindachi sandy siltstone 34°20.45′ N,  135°16.60′ E >0.4 234.8

>7.3

>7.3
>7.3

>7.4

75

55
100

70

IW08
IW07

Iwade
Iwade

siltstone
sandy siltstone 34°17.53′ N,  135°21.53′ E

34°20.49′ N,  135°22.67′ E
7.49
2.59

242.3
244.0

IW11
IW10

Iwade
Iwade

siltstone
sandy siltstone 34°21.12′ N,  135°26.52′ E

34°20.93′ N,  135°26.47′ E
2.89
3.19

249.9
IW09 Iwade siltstone 34°20.95′ N,  135°26.22′ E 3.23 249.4

249.8

8.2
8.7

8.7
8.6

8.6

120
175

635
805

760

NT02 Nate sandy siltstone 34°17.46′ N,  135°23.85′ E 8.82 245.88.8125

KK10
KK11

Kokawa
Kokawa

silty sandstone
very fine sandstone

34°18.18′ N,  135°23.45′ E
34°18.31′ N,  135°24.97′ E

7.27
7.85

8.8
8.7

245.2
247.5

180
225

Northern marginal facies

Main facies

Southern facies

Table 1. List of samples from the Izumi Group in the Izumi Mountains, Southwest Japan. 
* = Distance from the northern end of the Northern Marginal Facies; ** = Basin width 
distance, which is a distance from the northern end to southern end of the Izumi Group; 
*** = Distance from Matsuyama (132°42’ 00’’ E). 

- 25 -



  

É7áâ6à�
Üí	�Þ�Fig. 2�ÓOP)��HOk��,�àgòÉ�ô½�9�


��»,�Ü�ÈüÃ»RÜí+��Table 1�6���1996��hi�t���5½í

èÓéÍç��;]ëÉR
ßí½��t��	./¦§
ßí½��t�iú����

�»×��Üí>"��
Ü��Table 2�6Aû7Ó¥��%"�#� 1/25000 �Z]»

,]jÜ��é���] TOPO10M v.8.03�Germin����t��»~E}�ñ�@j�

.ý 5m]j��¾É�ÙÜ��Table 1�6��t���Aûe)�#��Ü»å¼Üí�

äk���[�I»¿gñ�K�ÉÓhi�ttuôAû500 m�ë�8��»�9��Fig. 

11CåTable 1�6 

 

������ Rock-Eval Tmax�

Rock-Eval Tmax7 Rock-Eval qÜ�.�íÙ�ß�uv4��[CAÉ+�6Ö�%

jÜíÓmEnop�
¼�hi)�û 20g »�aÜÓ���ÉOë%�D4���É.

âñý�ÜíOÝ�Ü�6æ@)�OÝhiû 100mg»��Ü Rock-EvalqÜ�¼½�6

��7i�./Ýã�Lò���'(yyu� VINCI� �q��� Rock-Eval 6»Ï

¼Ü�6ABhijÜí¨�p�i�'(y�IFP� � IFP160000�S2=12.43mgHC¹

gRock, S3=0.79mgCO2¹gRock, Tmax=416!�»Ï¼Ü�6Fiç�iI�"a S1�300

Y390!É#ã�	./mEnop��q��.ý38�iI�"a S2 »�"$b�pI

�
%�FID��.ýfgñ�6S2 à�Ç��äñ��¾à Tmax (!)É+�6¤� 300

&390!{�38�^êIi"�a S3 7���EW��»�ÜÜí'�
%�IRD��

.ýfgñ�62�·¾7 300Y800!���É 25!¹minÉ+�6 

 

������ K�LMNOPQRS�

� mEnop�qr�7ÓFi»I!��%�.ýBIÜístñ�kl»�¼Ü�6m

Enop�
¼hi» 200 g�aÜÓ(`)|Æp �*%�Æßí+b�p�É.â�,

Ü�6æ@� 6N-ê 300 ml»�øíþ�É 24z{¥�Ü�6+b�p��.��,»

Â�ýýþÜÓ-ê	./è�Ü�iê-¨4+�êI�»ó�Ü�6./� 6N-ê 100 

ml046%¨}ê 100 ml»�øÓû 5z{���)�1Rôà�þ�É 20z{�3%Ó24

z{2�ÜÓ�×lÉë3Ù4»ó�Üí)�BIq�Ù»T�*%�»Ü�6./hi

� 46%¨}ê 100 ml0+b�p� 20 ml»�øí)�Óû 2z{���)�1R��5»

5 �ýýþÜÓ24 z{2�%��×lÉë3Ù4»ó�Üí)�BIÜ�hi�Ù»T�

*%�»Ü�6@��5» 3��ëýýþÜ�6BIÜ�hi7Ó+b�p�»�ø 20z

- 26 -



Table 2. Sample localities of Suzuki (1996) and values of mean 
random vitrinite reflectance (Rm) converted from maximum 
vitrinite reflectance (Rmax) values of Suzuki (1996); * = Vitrinite 
Rm values; ** = Estimates based on Koch and Gunther (1995), 
using Rm = 0.7469 Rmax + 0.2241; *** = Distance from the 
northern end of the Northern Marginal Facies; **** = Basin 
width distance, which is a distance from the northern end to 
southern end of the Izumi Group; ***** = Distance from 
Matsuyama (132°42’ 00’’ E). 

Vitrinite 
 Rmax

Estimated 
Vitrinite Rm**

Sample name Formation

I-1

I-4

I-6

I-8

I-10

I-3

I-5

I-7

I-9

I-2
Kada

Iwade

Iwade

Kokawa

Mutsuo

Shindachi

Iwade

Kokawa

Kokawa

Kada
1.19
1.19
1.18
1.17
1.18
1.35
0.88*
1.03
1.55
3.03

1.11
1.11
1.11
1.10
1.11
1.23

0.99
1.38
2.49

>0.0
>4.1
>2.8
5.0
6.4
3.8
6.6
6.1
2.7
0.5

>6.7
>7.6
>7.4
8.2
8.3
8.6
9.4
7.2
4.5
4.5

217.3
218.4
235.2
237.4
238.2
243.3
252.3
256.5
261.0
264.8

                Positon of locality (km)
       N-S direction***  Basin Width****  E-W direction*****
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Barker and Pawlewicz, 1994�à+�6é'(É7�A�Barker�1988�Ó�B�Barker and 

Pawlewicz�1994�Ó	./�C�¹�&{» 50 m.y.jegÜ�ú6� Huang�1996��

.ýî 2��¤�72��»¿gÜ��Table 3�6Ro 	./ Rm ��²�5½í7 

Houseknecht and Weesner�1997�à>�üp~£Ë}��í�fL Rm = 0.976 Ro + 

0.033 »Ùí	ýÓRm<3.0%É7 Rm=Ro j��í.½j
ß�6.�í Rm)�¿g


ß�îû2��7 Barker �1988����LÉ7ÓTpeak�!�= 104 ln (Rm) + 148É+
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Vitrinite Rm (%)Sample name Standard 
deviation

1.75
1.70
1.63
1.71

1.63
1.73
1.74
1.71
1.73

1.65
1.79

1.82
1.67

1.63

0.88
1.21

0.69
0.92

0.10
0.13
0.16
0.15

0.13
0.13
0.16
0.16
0.16

0.11
0.16

0.21
0.20

0.14

0.10
0.18

0.17
0.12

38.8
28.4
10.5
18.5

82.1
37.3
61.3
90.3
29.2

79.3
67.8

92.9
40.2

72.2

36.6
85.3

25.7
27.8

206
203
199
204

199
205
206
204
205

200
209

210
201

199

135
172

109
139

53
105
57
159

58
57
97
55
75

100
76

54
81

66

100
53

62
64

508
n.d.
n.d.

n.d.
473
n.d.
n.d.

n.d.

n.d.
482

1.74

2.48

0.15

0.13

11.8

79.4

206

242

63

73

n.d.

n.d.

2.27
2.64

0.18
0.16

47.4
49.4

233
249

101
111

n.d.

499

440

548

n.d.

514

510

0.83 0.10 38.6 12964 446

458
n.d.

1.58 0.22 55.4 19683
1.02 0.10 29.6101

n.d.

166n.d.

434

435

n.d.
1.11 0.12 27.3 15950 n.d.
0.92 0.11 29.4 139111 n.d.

2.22 0.12 92.8 231100 n.d.

0.70 0.08 36.6 111102
1.99 0.12 69.7 22068 n.d.

n Rock-Eval
Tmax ( )

Pr (Kolmogorov-
 Smirnov test, %)

Paleotemperature ( )

0.79 0.11 62.0 12352 n.d.
0.96 0.10 54.6 14468 n.d.

0.82 0.10 57.4 127105
0.76 0.09 60.7 119102 n.d.

0.87 0.10 78.3 13487 437
0.74 0.08 66.2 117113 432

1.18 0.10 93.955
1.19 0.11 88.850

165n.d.
150n.d.

2.35 0.11 54.2 237100 n.d.
2.35 0.15 45.7 237

181
178
175
179

175
1.65 0.11 78.6 20050 n.d. 176

180
181
179
180

1.80 0.13 95.1 20957 482 183
176
182

184
177

175

125
151

106
129

180

209
2.64 0.18 25.3 249100 n.d. 214

202
214

120

172

150

144
129

200

107
191

116
132

119
113

1.55 0.14 99.3 194101 n.d.

n.d.

0.76 0.09 77.0 119111 n.d.
0.87 0.08 98.8 134100 n.d.
0.88 0.09 55.2 135100 n.d.

0.83 0.10 18.9 129100
0.75 0.07 83.0 118100 n.d.

171
113
124
125

120
112

124
111

0.71 0.07 5.1 112100 n.d. 108

149
137

0.74 0.05 76.3 117100 n.d.
1.34 0.12 64.5 17850
1.09 0.10 53.255

n.d.

166n.d.
1.20 0.09 81.850
1.19 0.12 87.350

167n.d.
157n.d.

111
159

150
150
142

204
204100 n.d.

0.77 0.09 80.1 121100 n.d.
0.66 0.07 10.8 105

114
102

173
171
167
171

167
168

172
173
171
172
176
168
175

177
169

167

118
142

99
121

173

205
211

197
211

113

164

141

136
121

195

100
185

109
124

112
106

163
106
117
118

113
105

117
104
101

140
129

104
151

141
142
134

200
200
107

96101 n.d.

Table 3. Mean random vitrinite reflectance and Rock-Eval Tmax values for the Izumi 
Group of the Izumi mountains. Maximum paleotemperatures were estimated using 
(A) Barker (1988): Tpeak = 104 ln(Rm) + 148, (B) Barker and Pawlewicz (1994): 
Tpeak = (ln(Rm) + 1.68)/0.0124, and (C) Huang et al. (1996) at heating time of 50 
myr. “n.d.” denotes not measured.
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Fig. 12. Organic maturity of the Izumi sedimentary basin within the Izumi 
Mountains; geology modified from Ichikawa et al. (1979). Black solid circles represent 
the magnitude of vitrinite mean random reflectance values obtained in this study and 
grey solid circles represent mean random vitrinite reflectance values converted from 
maximum vitrinite reflectance values in Suzuki (1996). 
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Fig. 13. Histograms of vitrinite reflectance (%Rr) for 57 samples from the Izumi Group 
in the Izumi Mountains. Class width of each population is 0.05% reflectance and 
triangles indicate the mean random reflectance value for each sample.
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Fig. 14. Photomicrographs showing typical examples of organic matter from the Izumi 
Group in the Izumi Mountains; (A) Kerogen from KS03, (B)–(D) Kerogen from KK01, (E) 
Collotellinite from KS03, (F) Semifusinite from AZ03, (G) Fusinite from KS02. (H) 
Collotellinite with minute pyrites from KD02. (A)–(D) were taken under transmitted light, 
and (E)–(H) were taken under reflected light and oil immersion. Abbreviations; A.: 
Aquilapollenites of an angiosperm pollen, P.: Peridinium type cyst of a dinoflagellate.
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Fig. 15. Maturation trends of organic matter in the Izumi Group within the Izumi 
Mountains. (a) Variations in N–S-oriented mean random vitrinite reflectance values 
(%Rm) compared to the distance from the northern marginal unconformity. Mean 
random reflectance values were converted from maximum reflectance data as 
previously reported by Suzuki (1996). Error bars indicate one standard deviation (1σ), 
and arrows represent lower distance values from the northern marginal unconformity 
since the northern margin of the basin is not exposed in these areas. (b) E–W-oriented 
mean random vitrinite reflectance values obtained during this study, along with 
values converted from Suzuki (1996); error bars indicate one standard deviation 
values. (c) N–S-oriented variations in maximum paleotemperature values determined 
from vitrinite reflectance data; solid symbols = samples from western and central 
areas, open symbols = samples from the eastern area. Maximum paleotemperatures 
were estimated using the conversion equation of Barker and Pawlewicz (1994). (d) 
Variation in N–S-oriented mean random vitrinite reflectance values compared to the 
location of the MTL.
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distance from N.M. (km) 
constant (%)

altitude (km)

distance from MTL (km)
constant (%)

altitude (km)

0.000

0.000

0.000

0.000

0.000

0.000

0.126

1.811

0.379

0.129

0.702

0.388

0.004

0.024

0.058

0.004

0.022

0.056

0.964
0.231

0.963
0.015

0.983
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0.983
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(B)

(C)

distance from N.M. (km) 
constant ( )

altitude (km)

distance from MTL (km)
constant ( )

altitude (km)

0.000

0.000

0.001

0.000

0.000

0.000

8.728

184.4

15.33

8.774

109.5

17.96

0.303

1.803

4.392

0.260

1.576

3.981

0.974
0.150

0.972
0.078

0.980
0.513

0.981
0.558

(D)

(E)

distance from N.M. (km)
constant (%)

basin width (km)
0.000
0.000

0.788
0.707

0.942
0.922

0.000
0.000

0.874
0.584

0.957
0.876

0.000

0.129

3.357

0.190
0.007

0.096

0.012

(F)

n=48

n=37

n=48

n=48

n=37

n=46

distance from N.M. (km)
constant ( )

basin width (km)

0.000

8.734

251.9

8.278
0.402

5.508

0.695

(G) n=46

distance from B.C.L. (km)
constant (%)

distance from E.E.I. (km)
0.000
0.000

0.403
0.786

0.886
0.950

0.000
0.000

0.515
0.708

0.918
0.945

0.000

0.136

2.727

0.091
0.024

0.116

0.010

(H) n=12

distance from B.C.L. (km)
constant ( )

distance from E.E.I. (km)

0.000

8.980

220.9

4.718
1.293

6.289

0.544

( I ) n=12

p valuecoefficient standard error
of mean partial correlationsingle correlation

models correlation coefficient

distance from MTL (km) 
constant (%)

distance from Matsuyama (km) 
0.000

0.010

0.233
0.126

1.161

0.002
0.005

0.434

0.002
0.963
0.293

0.961
0.178

(A)

Multiple Linear Regression Analysis

Abbreviations; MTL: Median Tectonic Line, N.M.: northern margin of the Izumi sedimentary basin, B.C.L.: 
line of basin center, E.E.I.: eastern end of the Izumi sedimentary basin.

Table 4. Summary of multiple regression models for the analysis of vitrinite reflectance data for 
the Izumi Mountains. (A) Multiple linear regressions to determine mean random reflectance in 
relation to N–S distance (distance from Median Tectonic Line: MTL) and E–W distance 
(distance from Matsuyama). (B) Multiple linear regressions to determine mean random 
reflectance in relation to N–S distance (distance from northern margin of the Izumi 
sedimentary basin: N.M.) and altitude. (C) Multiple linear regressions to determine mean 
random reflectance in relation to N–S distance (distance from MTL) and and altitude. (D) 
Multiple linear regressions to determine maximum paleotemperature in relation to N–S 
distance (distance from N.M.) and altitude. (E) Multiple linear regressions to determine 
maximum paleotemperature in relation to N–S distance (distance from MTL) and altitude. (F) 
Multiple linear regressions to determine mean random reflectance in relation to N–S distance 
(distance from N.M.) and basin width. (G) Multiple linear regressions to determine maximum 
paleotemperature in relation to N–S distance (distance from N.M.) and basin width. (H) 
Multiple linear regressions to determine mean random reflectance in relation to distance from 
line of basin center (B.C.L.) and distance from eastern end of the Izumi sedimentary basin 
(E.E.I.). (I) Multiple linear regressions to determine maximum paleotemperature in relation to 
distance from B.C.L. and distance from E.E.I. Maximum paleotemperatures from vitrinite 
reflectance were estimated using the conversion equation of Barker and Pawlewicz (1994).
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Fig. 16. Schematic map shows tilting of Izumi sedimentary basin (ISB) in 
eastern Izumi Mountains. (A): Tectonic block tilting of ISB toward the west 
after sedimentation and main diagenetic stages. (B): General outline and 
simplified boundaries of the ISB.
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Fig. 17. Proposed model for tilting of the Izumi Group in the Izumi 
Mountains. The relationship between tilting of the eastern Izumi 
Mountains and the dip of units on either side of the Izumi Group 
(north side = unconformity and faults; south side = Median Tectonic 
Line: MTL) is also shown. Construction of the model involved three 
main steps: (1) the dip of the tilting was scaled to the maximum 
vertical thickness of the Izumi Group, (2) the vertical maturation 
gradient of vitrinite reflectance was estimated from maximum vertical 
thickness, and (3) the maximum vertical paleotemperature gradient 
was estimated using the conversion equation of Barker and Pawlewicz 
(1994) and the maximum vertical thickness. Black rectangles show 1σ 
(standard deviation) of each scales.
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Fig. 18.Three hypothesized mechanisms and schematic thermal histories that 
could have produced N–S-oriented thermal gradients. Solid thick arrows represent 
thermal gradient directions during the main maturation process. (A) Tectonic 
block tilting of the Izumi Group around the MTL. (B) Post-depositional intrusion 
of igneous rocks in the northern area of the Izumi sedimentary basin. (C) 
Differential sedimentation rates between the northern margin and the depocenter 
of the Izumi sedimentary basin, caused by rapid burial along the MTL.

- 53 -



  

F#�¯[°±��ÛÜ�¯[F7������¦£� j¨?q�Üí½ô½6é��

�{�� �ï¯[F�àk�ñ�tum»�9���7Óé��)�Ù�ß�¥d�^

»¼½�GL«�	
���^!�ô�\����	½í��ñ�6  

G�WXY�õ·ÀÁ 

� GG�¡¢£7��WXY�Ø���ÛÜ��È��¾�$�.�è�É+��Fig. 

18C�6@�¡¢£7WXY�	
����²»c0ÜíÓWXYP´SjWXYç!S�

Ø�·¾+Ø�a�b½à38Ó�¾�$à1¿�ô�j½9�øk�,èâ�Hutchison, 

1985åChiaramonte et al., 1988åGrall et al., 2012�6Chiaramonte et al.�1988�7WX

Y�	
�õ·ôÀÁà¯fô�¾:;»Ò��@ñ@j»C�Üí½� )ÓInan et al.

�1997�7Bó£Þbndp�the Lower Kura Depression�	½í]â·½WX·¾»è

5WXYç!S�³��à³�.ýØ�Üí½�@j»RÜí½�6Grall et al.�2012�

7ÓOBa�`B<M�½�ãäÜ�~£BnÇ�WXY�	
��Ia�q��¾KÜÓ

R<M�·äôHO�WXY<`�	½íWXYç! ?=U`��Iaà �ât+ñ

�@j�5½íÓÂÃªÄÅÆÇª«p»¼½íÀÁz�WX·¾�b½�.ýQ(É�

�@j»RÜí½�65¤ý@ß���¼É7ÓØ�·¾à �½�� ?ÓQù���

�cdàÁ
âô�@j»RÜí½�6 

��WXY�Ø�"L»¡¢£�.ý}���RÜ�o�+Fé�1994�	./�O+

$  )�1999�É7Ójè�MTL¦£�WXYç!àZ[
ßWXYP´SjMTL¦£

�Ø�a7 �âfô�6����ÉÙ�ß���MN��±´<`)�7ÓOPQ)�

RSQ�)
íHî� �â�×Ü�áâ6-�`àRU
ßí½��9�$  ), 

1996�ÓWXYç!jP´S�ÀÁ·¾� �ôeàÐg
ß�6OBa�`B<M�.�

��p�¨´Ç�WXY�	½íR<Mîà¤Ñ�Ø�ñ�àùô�<`àR
ßí½�

�Seeber et al., 2010�6@�.9ô~EË��	½íÓ�È�³��7MTL�½�WXY

ç!��)�í �â�×Ü�ZjôýÓ>�ÀÁ\¾�	½íè�¾eà38�@j�

ôýÓ@�z&�¹�pq�.ý����[cdàZ[
ß��É7ô½)j½9�øk

É+�6
��Ó��MNÉ7 �ôWXa�è))ü�ÞÀÁ&{à���¨&{É+

��@jàWX!��RU
ßí½��éÀ ), 1993�6@�.9ôÀÁ~EË��	½

íÓ>�ÀÁ\¾�	½íè�[eà38í½�tumà�ø�ß�6¬ùk���[�

�IàOP)�¤�7HP)��½rÉ,BIñ�j j¨?�IÜô½@j��Üí7Ó

�È�.9��¼É��6@�¡¢£�.�¹��I���7R�WX34jWX·¾É

+�6WXYç!�¬�.ý�_WXà#Ü�ú6ÓWX34��Á�	½í>8.

- 54 -



  

9ô~EË�»�í½�j�üß�WXY�¬ùk�É�uv4�[�¯°7�IÜô)

��6  

L�¡¢£�³�m��� 

G5�¡¢£jGG�¡¢£�³�m�5½í
����»	@ô96G5�HO�«

E}��±	./GG�WXYÀÁ�¡¢£�	
�äµ�ôb½��5jÜíÓòóô

��WXY�áâ6î�������²É�OPS�jMTLî�������²É�HP

S�ÉÀÁ\¾� �ôb½à+�)ª)à¥X�ß�6G5�¡¢£�ú6�Ðg
ß

�HP	./OP�	
�ÀÁ\¾e7û3Y4 kmÉ+ýÓGG�¡¢£�ú67eà38

ô½6ùú�1984�7Ó��¤³´Ó����ùSÓ����¬SÓ	./ö÷ø¬S�

L���5½íÓOPQjRSQ)�Ù�ß�BFhi�uÊ��e»áÂfgÜÓæ�

î ÀÁ\¾»¿gÜ�6��MN�����e71.4Y2.9�Óî ��e73.2Y9.7�É

+ýÓî ��e)�î ÀÁ\¾»<�4Y6 kmjrXè�í½�6
��ùú�1984�

)�7Ó����:��jö÷ø�	
�î ��e���àMTL¦£�îHPSÉ7ô

½@jÓ	./����Ã�ö�5�à���Á
½@jàÙ�ß��9Ó��¤<M

»-jÜíHOÉÀÁ\¾àfô�j
ß���¤³´��»ó½�G�����MN�

HOk�� �ôÀÁ\¾e7ô½j�ø�ß�6ñôü1Ó �ôWXQ�Á»à38

�OPQ)�RSQ�)
íÓÀÁ\¾jÜí7eà j¨?ô½@jàRU
ß�6@

ßà������»�9���MNÍ�É��[�ô¯°ô�öÓG5�¡¢£�ôõñ

�6�ÔÜÓWX4���e7ÓÀÁ\¾Ô
Éôâhi�e¾�FQ�ô?"gô��

�jkÜÓ5��È�Á
½��eÉ7ÀÁ\¾�b½�ùÜí��e��IàÁ
½

�Dzevanshir et al., 1986�6.�íÓ��eÉ���É7Óæß�����pqà��É

��4¾É+�j½9��à;�É+�6 

���������MNÉ7ÓMTL�½�HPS�uv4�[àîèÁ
âÓæ��[

7@¥�MTL�½�q�ñ�Â¶MN�91çF#�[� ), 1999�j
ß�MB�

Ro=0.70����, 1996�j>³É+�6j@8àÓGrall et al.�2012�É7Ó<MÉG


ß�WXY��P´S��Ia7WXYç!.ýèû½�Ia»RÜí½�6�����

MN�<`�	½í��MN�WX4�ð
àîèð½�7ÓMTL.ýOk�2Y3km��

�É+��$  ), 1996�6èÜGG�¡¢£�.9�WX·¾�b½àè��ñ�¾~

ÈÉ+ßöÓMTLOkÂkmàîè~âÓHk��)�í�[àë2ñ�j�ø�ß�à@

�.9ô��7Û9�ßô½6G5�¡¢£��±É+ßö~EË��èjkñ�àMTL

î��[àîè~½@j7ÒÓ��@ý9�Ô896 

- 55 -



  

é'(É7GG�¡¢£É@��^»�¼É��^5�tum»�È�Rñ6^��ô

ÝÞß<MjÜíMTLj.â��
ß�OV�üpBpNÆB�<M�	½íÓ<M6¦

��Ã�IaàÐg
ß�Ã.ýÁ
½@jà(�)�
ßí½��Lachenbruch and 

Sass, 1988�6@�È�jÜíWilliams and Narasimhan�1989�7<M	ë��	
��

È���7»±à��jô���»±à �âpqÜí½�tum»RÜí½�6é��

�MTL¦£�	½íè>"��»±à+��ô�öÓMTL�¦èâ ?�[à~½@j»

Q(ñ�@jàtuÉ7ô½Ô89)6è9�5�tum7ÓWX�z���WXY7�

�.ýè�jú�ç½WXYÉ+ýÓ������²ÉMTLjµñ�HP�.ýHk�

MTLàk�ÜÓ)5í�MTLj���HPS�{����k�Ü���MN�WX4àÂ

km�ÇCÇ�ü�ýÄüßí½�j½9�økàtuÉ+�6���j@8��»RUñ

�äµ���7Ù�ßí½ô½6 

.�íÓé«É���É7G5	./GG�¡¢£jètuÉ��6
�ßô½6
�

������ñ��9�7Ó:5�¹�����¾�$»ga���Ü�.���s16

���¼Ü�ú6»Ðgñ�;�à+�Ô896.ý}��ôÀÁ~EË���?j�¾

�$���7GL«	./GV«É��ñ�6 

�

�� � �H


5��������ëSÏÐì��MN�	½íuv4�uv4�[»��Ü���ÓW

XY�OPS ?�[àL ��ô��àÛ9�ß�6@�¯°7é����i"[�

���)�RU
ßí½�¹���j��ñ�è�É+�6 

:�#�!�~l»¼½����.ßöÓ������ùS	./çS���MN�	


�³�[`7ÓOP�,-áâ6��#ô¬O¬―ùHù�<� N78°E k������û

19¾H�×É+ýÓæ��[cd7û 0.400%¹kmjrXè�ß�6 

G�������¬S�	
�¬ ?Qù��û½uv4�[»Rñ��7Ó¯�)��

pqà�1Üí�ü�@j�.�í�[àûâô��tumjÓù���±�.ý¬S 

?��WXY�.ýUSà�
Üí½��9�[¾àQù��û½j½9tumà�ø�

ß�6%��5½í7Ó¬SÉz{
ß��[�I)�¿g
ß��äk��cde+2

��cdÉ��ñ�jÓæß���²m� �ôôõ7ô½6 

L���MN�¯°�ô�¾�$���jÜíÓWX%��M�HO�±Ó��MNq�

��Ok� �ï�/àk�Ü�tumÓ	./WXYÀÁ34��ÛÜ�HO�WX·

¾�b½�.��¾�$�1¿Ià38�tum�G5à�ø�ß�6

- 56 -



 

 ��B:;DE

�

 ��� FGHIJ

 ����� FG���

¨©}ª«p+��}��^fg��9�Ó�HIJFKÓ@ABCDEFÓ��MN

)�� 7 hi»��Ü��Fig. 3åTable 5�6�HIJFK)�7î¤ïFM�FTsb1�Ó

W2è�TUF�FTt1�ÓÈ �TUFM�FTa1�	./ W9è�TUF�FTa8�.ý�

1hiÓ@ABCDEF�FTa10�� 1hiÓ��MNKMMP�ïFSMç�g�ñ�¯

ëFM)� 2hi�FTs1ÓFTs3�É+��Table 5�6���)�æß?ßû 5 kg�Fih

i»��Ü�6ô	ñ�í���É6¦�ÅÆF7-Û
ßô½6 

hi FTsb17Óî¤ïFM�ïL��	½í��
ß�ïFhiÉÓ� 3Y10 mm�©

Ïª�Ð_YÐ¸ï»R�jñ�6Rôï�¨4=[7Óxwôi±»R�jÜÓóiK

	./Å�;¨4�ÆÜâÓÇ¨4jÜín£ËpÓB�|4¶iÓ»�¨»+a�L6

æ��9Rôïc7È£p¨o£�¤�7DZ|dÇ�É+�j�ø�ßÓ��äå )

�1979�ÉC�
ß�ð�Fï�k�7wxyÈÉ-Û
ßô)��6,;7ÆÜâÓi

±�Ók�i��ãäàÚÜ½6^_�ô�;¨4jÜíË`üb�àÛ9�ß�6hi

FTt17ÓÉ�¤(I��
ñ�W2è�TUFÉ+ýÓ��MNj�áâ6)�O�û 15 

m ���É��Ü�6éè�TUF7��MN�.ýáâ6Éãüß�@jà¦£���

É-Û
ß�6ÊËª)�¢ª»«ñ�IJF;�è�TUFÉ+ýÓI%7Û9�ßÞ

0.5Y3 mm�i±+×ói»áâ�L6Ç¨4�ÆÜâÓ^_�ô�;¨4jÜíË`ü

b�àÛ9�ß�6hi FTa17Ó2�¤��
ñ�È �TUFMÉ+ýÓàè��TU

;�F»R�jñ�6��MN�.ýáâ6Éãüß�@jà���	½íÓáâ6)�

¬�û 10 m���É��Ü�6i,�ÆÜâÓ_§¾����û½ 0.5Y4 mm�i±+

×ói+IJF;FM»R�jñ�6FM7�HIJFK�è�TUFjK ñ�àÓe

¾+�[¨4àá"É+��9Ó`ÌÇ�	./WX�¼»ß
�ë¥4j�ø�ß�6

hi FTa87Ó�� )�1987�	./Ð�+�=�1992��	
�W9è�TUF� KW59

��)���Ü�6i,7Y½I%»	½Íx�;É¢U)�¢Ïª»«ÜÓ��jÜí

� 0.5Y3 mm�A�Z¤�7Î�Ü�i±Ó� 0.3Y2 mm�×óijW`óià�¤ß

�6¤�Ó~�Ïó;�i;FMàÛ9�ß�6Ç¨4jÜín£ËpÓBnZb�	.

/»�¨à�¤ß�6�;àÚÜ½àÓZ)�Å�;¨4jÜí¬®j¸¶ià�¤

ßí½�j�ø�ß�6 

- 57 -



Rock typeSample
 name

Geological
    unit

 Zircon/Apatite yield
(grains/weight of sample)

NoteSample locality
 (Lat., Long.)

Izumi Group Mutsuo F.

Takijiri Adamellite

Sennan Rhyolites

FTs1

FTs3

FTa10

FTa8W9 Welded Tuff welded tuff

Kasayama Congl. Mem. pyroclastic rock Zrn: 800 / 0.4kg

Zrn: 700 / 0.4kg

Zrn: 1000 / 0.3kg
Ap: 1000 / 0.3kg

Zrn: 10000 / 0.3kg
Ap: 3000 / 0.3kg

  34°22′ 13″N
135°24′ 25″E
  34°22′ 32″N
135°25′ 13″E

  34°23′ 02″N
135°24′ 24″E

  34°20′ 56″N
135°17′ 03″E

pyroclastic rock

granite

Same locality as KW59 of
Yamada et al. (1987)

Type locality of the
 “Kogi-gawa Granite”

FTa1Shimo-ohgi Tuff tuffaceous sands. Zrn: 1500/ 0.3kg  34°21′ 41″N
135°21′ 57″E

FTt1W2 Welded Tuff welded tuff Zrn: 2000 / 0.4kg  34°22′ 38″N
135°26′ 02″E

Type locality of the
Soba-gawa ConglomerateFTsb1Soba-gawa Congl. conglomerate Zrn: 50 / 0.3kg  34°23′ 54″N

135°28′ 15″E

These two samples were
taken from the same horizon 
corresponding to
t10/ t11 tuff marker beds in
Miyata (1980), but are 1.5 km 
apart along strike.

Abbreviations; Ap: apatite, Congl.: conglomerate, F.: Formation, Mem.: Member, sands: sandstone, Zrn: zircon.

Outcrop directly overlain
by the Izumi Group

Table 5. Fission-track dating samples taken from the Izumi Mountains, Kinki district. 
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Abbreviations; 
Age: Ma ± Error (2σ), Ap FT: Apatite fission-track date, Bt K–Ar: Biotite K–Ar date, Hbl K–Ar: Hornblende 
K–Ar date, Kfs K–Ar: K-feldspar K–Ar date, Rb–Sr whole-rock: Rb–Sr whole-rock isochron date, Sa K–Ar: 
Sanidine K–Ar date, Zrn FT: Zircon fission-track date, *(single astrisk): detrital zircon FT date.
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Fig. 20. Simplified diagram showing geochronological data from the three blocks used 
to discuss the cooling history of the Ryoke–Izumi belt. The data in bold indicate the 
fission-track ages obtained in this study, whereas those in italic indicate the 
radiometric ages analyzed in previous studies.
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Fig. 21. (A) Cooling curves of the Takijiri Adamellite and the Sennan Rhyolites based 
on zircon and apatite fission-track dating obtained in this study and radiometric 
dating from previous studies. (B) Cooling curves of the Ryoke granitoids of northern 
Awaji Island after Ito et al. (2010) and of the San’ yo granitoids of the Rokko 
Mountains after Sueoka et al. (2010). Single asterisks denote the closure 
temperature from Shibata et al. (1994); Double asterisks denote the range of apatite 
and zircon FT peak ages.
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MNOPQ	./RSQ»>zfQjñ�J��RU�¦IùS MTL '(º£Ç~, 

1981å£È ), 1986åTanaka and Maejima, 1995�»(¹ñ�6 

��MN�äµáâ6Éãüß����hi FTa1�àè���HIJFK�)�Ón£

Ëp FT�^ 80.6Ì5.4 MaàÙ�ß�àÓWb^Ú�g�ÄÛÜ�6�[�WXF)�Ù

�ß�ë¥n£Ëpe¦� FT�^7WX�^.ý2½�^»RÜÓWX%� FTà`Ë}

�ñ�4¾¤Éñ��
ßô½üýWb^Ú�g�6ÛÜô½�ÖÈ, 1997�6Ö8�ÓýÓ

��MNOPQ�ÀÁz�¹��¾7 ZPAZ �äÜí½ô)��tumàûâÓéhi�

WX%� ZPAZ É�¹�»(¹ñ���7ô½6æ��9Ó@��^7éhi�ë¥n£

Ëpe¦��^»c0Ü�è�j�¼É��6 

����¬S���MN�¦µñ�Ó«E}�A�@ABCDEFhiNg08jNg7�Fig. 

3�)�ÓW`ói� K–Ar�^ 65.8Ì2.8 Ma�Ng08�Shibata et al., 1994�j 65.2Ì4.0 

Ma�Ng7�Ð� ), 2003�àÙ�ßí½�6@� Ng08 �5½í7ØÙ�¾àR
ßí

	ýÓ����¬S���MNOPS�¹��¾7ÓNg08�W`ói K–Ar�^�ØÙ�

¾ 173!�Shibata et al., 1994�à`Ë}�
ß� 202Y214!j¿g
ß��Table 3�6

����¬S7ÓG 3 «Éè��Ü�ÓýÓ�����	½íQù��û½¹�pqàÛ

9�ß���É+�6¬S³´�µ¶FK�¥d�^»�È�¤j9�6¬S���MN

Ok�çâq�ñ�àái±¶·F�¾¿, 1982�7Ó����¬S)�9â���q�ñ

��µ¶FK�çÉî%&�ÅÆÜ�F�j
ß�à�¾¿, 1982; 1987�Óæ�¬®

K–Ar� �̂ØÙ�¾ 300Ì50!�Wagner et al., 1977�7 68.8Ì2.2 Ma�Ð� ), 2003�Ó

75.9Ì1.6 Ma�ré ), 2007�àÙ�ßí½�6@����á���5½í7Ó�ÆÇÉ

(-ô%Ü7á(É+�àÓÖ���^�5½í7Ó¬®à�S·BiIÜí½�@jÓ

9â��¬î»ÅâÓ9â<M�Ð� ), 2003��.�¯�)�pq�.��)èÜßô

½6>���¬® K–Ar�^�Ð� ), 2003åré ), 2007�7ÓÖ8� 1hi»ó
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��e��»�9í��MNWX�Ö��^»Rñ6½kÓn£Ëp U–Pb �^ÓRb–Sr

ÍFBbÎ�Ep�^Ó	./¸¶i K–Ar �^7ÓØÙ�¾àû½�9�[�ÅÆ�^

jÜí�üß�àÓ����¬S³´�q�ñ�µ¶FKÉÙ�ß�@ß��� �̂Herzig 

et al. 1998åMorioka et al., 2000åÐ� ), 2003�7Ó�e��»�9íñ�í��MN

WX�Ö»Rñ6ñôü1Ó¾¿�1987�ô?ÉRU
ßí½�.9�Ó����³´�

7��MNWX%�ÅÆÜ�µ¶F�7k�Üô½j½9r�à³�É+896*º*j

ÜíÅÆÜ�F�7Ó��ÉÊà¯�)�ZÉ¹"Üô½üýÓÂ Ma ���·¸
ß�

�÷øöÓÝ¿ ), 2010�6��Ó=[MàçâWXÜ���ÉÓæ�=[M�WX�Ö

�ÅÆÜ�¦£F�)��¹"�ô¹�àRU
ß�÷7Ú�à��üý��ßí½ô½6

@ß���{�J9jÓ������çS.ýQù��û½¬S�¹�7ÀÁ�.�è�

j�¼ñ��à6%�ÉÓNg08��^7ÀÁ�.�¹�%�·¸�^»Rñtumà(¹


ß�6¤�ÓW`ói�ØÙ�¾7ÓnÇüb�=Ñ��6ô?�hiJK�.ý�I

ñ�@jàRU
ßí½�à�÷øöÓShibata et al., 1994�ÓHarrison and McDougall

�1980�É7<� 150Ì30!jrXè�ßí	ýÓNg7 �5½íèÓNg08 j>4¾�Ø

Ù�¾à�ø�ß��9ÓÀÁ�.�¹�%�·¸�^»Rñj¿g
ß�6�����

�¬S���MN7Óhi FTs1 s FTs3 .ýWX�^àÂÃÂ½j�¼
ß��Miyata, 

1980å¦IùSMTL'(º£Ô~, 1981��9Ó«E}� A�¬SÉ7Ó71 Ma���

��WXY�Ø��	½��MNj,-FàÀÁÜÓ66 Ma ]8�7ë2��8í½�j

¿g
ß��Fig. 22�6¬SOP���MN�RôÀÁ¹�&{7ÓWX%� 5 m.y.4¾�

��¨&{É+��Ô89�Fig. 21A�6 

������¬S���MN�Rô¹���àÀÁ\¾��ÛÜ��¾ë2j�¼
ß

�ú6Ó��É7¬S ?��WXY�USà�
Üí½�@j�ô�6ñôü1Ó¬S

É7Ó¬ ?��MN�\Sà����
ñ��9�ÓáâÌÍ»�í��MN�Rôq

�àãØß�6Fé+o��1994�ô?É7ÓáâÌÍ�	½í��WXYà�_Z[


ß�j�ø�àÓë¦�RU7Ó��MNWX%�Ñ$AøçS�Qù�ôë2àÈ�É

áâÌÍàZ[
ßÓ��WXY»Z[Ü�MTL�ÌÍS7@ß.ý¬k���Üí½�

tum»Rñ6äg��1992�7çF#:¢MN�ë¥4ÉÊ�5½í���ÉÓÑ$A

øçþS)�9â���)
íÒIÜ���)��ÉÊ»ÐgÜí	ýÓáâÌÍ�¬

���MN7çF��Ö�ë2	./çF�]8�7å�
ßí½�@j»Rñtumà

+�6 

����¬S�ë2�5½í7ÓÀÁ\¾àQù�� �)��@j»Rñäµ���

- 67 -



N S

?

?

N S

N S

?

N S

N S N S

N S

N S

?

68 Ma

65 Ma

71 Ma

(A)

(B) A–B cross section C–D cross section

Present

Block ABlock BBlock C Block ABlock BBlock C

Fig. 22. Schematic diagrams showing the tectonic development of the northern margin of the 
Izumi Group in the Izumi Mountains. The Ryoke–Izumi belt of the Izumi Mountains is 
divided into three blocks (Blocks A, B, and C) by faults or fault zones on the basis of different 
burial histories during the Late Cretaceous. (A) Distribution of Blocks A, B, and C on the 
general geological map compiled by Kurimoto et al. (1998). The trapezoid area shows the 
location of Figure 2. (B) Schematic diagrams (cross-sections: A–B and C–D of Figure 22A), 
showing the tectonic development of this area from the Late Cretaceous to the present. At 
~71 Ma, the Izumi sedimentary basin to the south of the basin-bounding faults was buried by 
the relative displacement of the basement rocks of Block A towards the west of the 
depocenter. At ~68 Ma, the Izumi sedimentary basin was uplifted by reverse faulting along 
the basin margin, but the Sennan Rhyolites and Takijiri Adamellite of Block B remained 
stable, and the Takijiri Adamellite of Block C was uplifted by reverse faulting. Since 65 Ma, 
the uplift has been greater towards the east in the eastern Izumi Mountains.

MTL

N

Block B

?

?
?

?A

B

C

D

Block C

Block B

 Block A Fig. 3

?

Block C

Legend

Izumi Group

 and Porphyries
Sennan Rhyolites Takijiri Adamellite fault 5 km

boudary of Blocks inferred
valid

?

1 km

1 
km

1 km

1 
km

- 68 -



  

àÙ�ßí½ô½@j)�Ó½�Ðgtuô�/àk�ñ��)�SÜ55Ó��:�)

��ñ��sÔ7CA�fg��»#��9øÉÓ %
����ñ�;�à+�Ô896 

G�«E}� B�¹�+·¸\ 

«E}� B���ñ��HIJFKW9�è�TUF�n£Ëp FT�^�FTa8�85.0

Ì5.2 Ma�7Óe¦�^àWb^Ú�g�6ÛÜí	ýÓØÙ�¾ 250Ì40!

�Ramos-Velázquez et al., 2008��ü�¢©p K–Ar�^ 88.0Ì5.6 Ma�KW59�Ð�+

�=, 1992�j�e��É��ñ��9Ó��^»	
�^j�¼Üíôõàô½@jàR


ß�6�HIJFKW10�ü�¢©pK–Ar�^90.4Ì5.6 Ma�KW58�Ð�+�=, 1992�

»æ7í�Sñ�jÓùPS�q�ñ��HIJFK�	
�^7<� 90Y85 Maj�ø

�ß��Fig. 21A�6�HIJFKW2�è�TUF�n£Ëp FT�^�FTt1�83.3Ì7.0 

Ma�7Óe¦�^7jè�Wb^Ú�g�6ÛÜ�6éhi�Ëp¨RbpN+��}�

ó�uiô¨Õ7Û9�ßô½6æ��9Óé�^è	
�^j�¼É��6�HIJF

KW2�5½í7W9.ýÈ�MBj�ø�ßí½�à�£È ), 1986�Óé'(ÉÙ�

ß��^É7Ó.ýÈ��W2� 9à�^�çþÃàÂ½6MH�²	./ 2���e�

�»�Sñ�jÓ�HIJFK�	
�^7Í��»ÓÜí<� 90Y85 MaÔ��tum

àRU
ß�6 

«E}� Aj«E}� BÉ7��WXYØ�z�ÀÁ:��b½à+�6FTa8���«

E}� B��BnZb� FT�^�80.0Ì11.2 Ma�7Wb^Ú�g�6ÛÜí	ýÓ80.0

Ì11.2 Ma��� APAZ¤É¹�Üí½ô½j�ø�ß�6@� FT�^7Ó1���e�

�Éé�����MN¯ëFM�n£Ëp FT�����^�70.9Ì3.4 Ma�jhT
ßÓ

2���e��»�SÜíèÓ IiMH�	½í*Ç��`é|Bp&j
ß�é��

���MN�WXÝÞ�Ö¤�7WXzÉ+�6½kÓ_�`ab�cde.ý¿g
ß

� FTa8��¦£���MN�«E}� A��¹��¾7ÓÀÁì�îû2�����Barker 

and Pawlewicz, 1994�É 175Y180!�Table 3�É+�6hi FTa8àÓ��MNj��

ÀÁÜ��ô�öÓATAZ �Èü�¾» 45!�ë�ø�¹�àÐg
ß�6uÊ¹�z{

»�SÜ�ú6Éè�Fig. 23�Ó0.1Y100 m.y.����	½íOPQ�_�`ab�cde

1.6Y1.8�Rm7ÓBnZb� FT�^�ØÙ�¾.ý¿� 80!�ëû½6BnZb��¨

©}ª«p+��}�7-"s¾àû½ ?�ðgmàûâÓB�Ç`pº»ß
�â½

@jà��ßí	ý�Green et al., 1989�Ó2.2wt�»�ø�jØÙ�¾à 124!»�øÓ

�[�ôØÙ�¾�rXèý�Wagner and Van den haute, 1992ô?�j �ôb½à3

8�j
ß��Green, 1995�6BnZb��I!=[7 Ca5 (PO4)3 (F, Cl, OH)ÉR
ßÓ
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modified after Reiners (2009)
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Fig. 24. Apatite and zircon grains of FTa8 and FTa10. Black number 
with under line indicates apaitite grain and grey number indicates 
zircon grain. A histograms of chlorine concentration (wt%) with 
WDS-EPMA (JXA-8900) from apatite grains show these photos. 
Individual apatite grains were measured two points on polished 
grains and averages of two values were regarded as grain values.
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´�JKÉ7�[�-"�Cl�» 0.0Y2.0 wt���anÇËp�� ?�¨É½�6æ@

ÉÓé'(ÉBnZb� FT�^»fgÜ� 2hi�5½íÓ-"s¾àØÙ�¾�pqÜ

í½�tum»��Ü�6�hi��¤ßí½��7Ó¯[FÜ��BnZb�É+��

9Ó�^»fgÜ�e¦���-"s¾»çg�fgñ�;�7ô½jS<
ß�� �

 ), 2005�6æ��9Ó�^fg»#���j>��¨4qrhi�ç)�ÓBnZb�

»èi�UTÜÓæ�-"s¾»fgÜ�6fg�7´óqê EPMA�JXA-8900���

� !�*)!éþ�»Ï¼Ü�6BnZb�e¦»)(ÄªHI�·{ÉÀ9Ú¨Éy

`'§Ü�%�ÓfgJK7 15 kVÓ20 nAÓ~EÇ«� 0 OmÓABhi NaClÉ-"s

¾»gaÜ�6�HIJFKhi�FTa8�É7 19 e¦�Fig. 24�Ó@ABCDEFhi

�FTa10�É7 8e¦�Fig. 24��5½íÓæß?ß 1e¦]j� 2(bp��s¾fg

»#½Ó��Ã»�e¦�-"s¾jÜ�6��Ó-"s¾7�HIJFKhi�FTa8�

É7�� 0.114 wt%Ó@ABCDEFhi�FTa10�É7�� 0.011 wt%É+���Fig. 24�6

é'(É����hi�BnZb��-"s¾7~âÓKetchamet �1999��.ý-"s

¾à 0.0 wt%É 92!Ó0.4 wt��hiÉ 95Y100!�ØÙ�¾àR
ßí½�@j)�Ó

BnZb��ØÙ�¾jÜíé'(à�¼Ü� 100Ì20!�Wagner and Van den haute, 

1992�à³�ôÃÉ+�@jà(¹
ß�6�ë�JK)�Ó��MNj��ÀÁÜ��

ô�öÓFTa8hi�BnZb� FT�^7Ó«E}� AùS���MN�ë2z&+¤�

7æß���¹�%�·¸»Rñj�ø�ß�6æ�z&7Ó«E}� A ¬S���MN

ë2z&�û 66 Ma�j�e��É��ñ�z&jô�7ÞÉ+�àÓ��7ùSÓNg08

���W`ói K–Ar�^�65.8Ì2.8 Ma�j 2���e��ÉhT
ß�6J�íÓ«E

}� AjfôýÓ«E}� B7��WXYØ�z���pq»ß
í½ô½j�¼É��

�Fig. 21A�6¤�Ó����¬S��Ó«E}� B�@ABCDEF)�ÉÊ
ß�W`

ói� K–Ar�^ 72.9Ì4.6 Ma�76122802�Ð� ), 1979�jÓ«E}� A�Ng08Ó

Ng7 ����W`ói�� K–Ar �^7Ó2���e��»�SÜíèæß?ß 0.3 m.y.Ó

1.1 m.y.Ü)�1Üô½@j)�èÓ«E}� Aj«E}� BÉ·¸\àfô�@jà(¹


ß�6«E}� Aj«E}� B�-�<M7Óû¸�H�×j¿g
ßí	ý�¦Iù

SMTL'(º£Ç~, 1981�Ó«E}� A7Ù<M�±É«E}� B�ùÜÓQù��Ø

�Ü�j�ø�ß�6 

«E}� B ���ñ�Ó�HIJFKîÈS�àTU;WXF�î¤ïF��n£Ëp

FT�^�FTsb1�73.9Ì8.2 Ma�7ÓîëS� FTa8�n£Ëp FT�^.ýçþÃàû

11 m.y.ÂâÓe¦�^7Wb^Ú�g�6ÛÜ�6Ö8�ÓýÓë¥n£Ëpe¦)��
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[
ß�¤�7æß»áâ�Lú6ÓFTà`Ë}�ñ�4¾¤Éñ��
ßô½üýWb

^Ú�g�6ÛÜô½�ÖÈ, 1997�6.�íî¤ïFMà¯�)��pqÉ ZTAZ�äñ

�.9ô¹����Ó�¾ FTàFÍ�ê7 ²FÍ�`Ë}�Ü�j�¼
ß�6î¤ï

FM»�L�HIJFK�¬PSàÓ«E}� B �É@ABCDEFjµÜí½�@j)

�ÓFTsb1�n£Ëp FT�^7Ó@ABCDEF�ÅÆ�.�¹��¾¿, 1982��pq

»ß
�tumàRU
ß�6ñôü1Ó«E}� B�	½íÓ90Y85 Ma]8�	
Ü

��HIJFK7Ó74Y72 Ma¤É�¬SÉ@ABCDEF�ÅÆ�.�µë�[»ß


�àÓæß��7�HIJFKj@ABCDEF�BnZb� FT �^	./W`ói�

K–Ar�^�c0
ß�4¾�¹�bPp�à��ô)��65¤ýÓ«E}� A���W

XY�Ø�+ë2à��� 71Y65 Ma�z&�Ó«E}� B7 j¨?ÀÁèë2èÜô

)��j�ø�ß��Figs. 21A, 22�6¬k ?WXY�USà�
ñ�j�ø�ß���

��¬S���5½í7ÓWXYÁ z�Z[
ß�¬ùm�ÇÆ:<MNàÓ«E}� A

j«E}� B�º»�-�jô�í½�tumà+�6Ng10�W`ói� K–Ar�^�5

½í7Ó«E}� A 	./%8�«E}� B É¿g
ß�·¸Í��	½íÓ2���e

��É«E}� AÓB �k�Í�j�1Üí½�6æ��9Ó«E}� AÓ«E}� B �

?1��f�ñ�tumè�ø�ß�àÓ�^�çþÃà�«E}��·¸Í�� ²ç

{���ñ��9Óº»-����Üí½�j�ø�@jètuÉ+�6½Þß�ÜíèÓ

�^��e���É?�tumè�S
ß��9Óé'(É7·¸Í��Fig. 21A��RÜ

í½ô½6¤�Ó����¬S�«E}�-��ßg�èuÊÉ7ô½6 

L�«E}� C�¹�+·¸\ 

«E}� C ���ñ�Ó¦�¤���@ABCDEF�FTa10��n£Ëp	./Bn

Zb� FT�^7Óæß?ß 67.8Ì5.4 Maj 50.0Ì6.6 MaÉ+�6@ABCDEF�Å

Æz&7��MNWXÝÞ�Öj
ß����äå ), 1979�6Ù-ôÅÆz&7n£Ë

pU–Pb�^³É��ñ�;�à+�Ô89àÓ���û½ØÙ�¾�530Ì40!�Harrison 

and McDougall, 1980��ÒÓ¸¶i� K–Ar�^ 86.8Ì8.6 Ma�Ng08�Shibata et al., 

1994�	./ 78.0Ì4.8 Ma�Ng10�Ð� ), 2003�àÉÊ
ßí½��9Ó.ýØÙ�

¾�~½¬®� K–Ar�^ 80.5Ì5.0 Ma�Ng08�Shibata et al., 1994�è�Sñ�jÓ

@ABCDEF�ÅÆz&7ÓÒÓ¸¶i� K–Ar ��^à 2���e��É�ô�û 80 

Ma.ý2½j�ø�ß�6.�íÓî¤ïFM�n£Ëp FT�^�73.9Ì8.2 Ma�7Ó

¬S���@ABCDEF�ØÙ�¾�È��·¸z&»Rñ�Ô896 

n£Ëp FT�^ 67.8Ì5.4 Ma7Ó�e��»�Sñ�jé�����MN�WXÝÞ
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äÖ)�WXìí���Q�ñ�6�kÓBnZb� FT�^ 50.0Ì6.6 Ma7Ó«E}�

A���MNWX�^.ýçþÃà 21 m.y. 4Â½6¤�Ó«E}� Aàë2��8��

^»Rñj�¼
ß�@ABCDEF�W`ói K–Ar�^�hi Ng08� 65.8Ì2.8 Ma

	./ Ng7� 65.2Ì4.0 Ma�j 2���e��ÉhT
ß�6��Ó@�BnZb� FT

�^7Ó«E}� B��HIJFK�BnZb� FT�^�80.0Ì11.2 Ma�.ýçþÃà

30 m.y. 4ÂâÓ2���e��ÉhT
ß�6�ë�.9�Ó«E}� C j«E}� AÓ

B�5½íèÓxyÉfô�ë2\»��j�¼
ß��Figs. 21A, 22�6FTa10��³´

���MNOPS�¹��¾à 175Y183!�Table 3�jrXè�ßí½��9Ó«E}�

C �@ABCDEF�FTa10�à«E}� A ���MNj>z&�>4¾Ø�Ü�jÜí

è ZPAZ ��ä7ÞÓn£Ëp FT �^�Âþý738ô½6ñôü1ÓFTa10 �n£Ë

p FT �^�67.8Ì5.4 Ma�7Ó«E}� C �@ABCDEFà·¸34Én£Ëp FT

�^�ØÙ�¾ 240!»C9íÈ���z&»Rñj�¼
ß�6æ��9Ó«E}� C

�@ABCDEF7Ó«E}� A���MNj>z&�67.8Ì5.4 Ma��õ·ôë2�	
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Fig. 25. Transtensional pull-apart basins of natural conditions and 
analogue modeling for sand box after Wu et al. (2009). (A) Transtensional 
and pure pull-apart systems in the southern end of the Dead Sea fault 
system. (B) Evolition of fault zone in a transtensional pull-apat basin 
system. In the early stage, a narrow basin is formed between planar sub- 
vertical en-echelon faults. In the late stage, soft- and hard-linked concave- 
upward en-echelon faults and initiation of new planar faults are developed. 
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Fig. 26. Relationship between length of several pull-apart 
basin deposits and total thickness (modified after Hempton 
and Dunne, 1984). Total thckiness of Izumi sedimentary basin 
(ISB) in the Izumi Mountains referred to Miyata et al. (1994).
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Fig. 27. Whisker plots showing Rb–Sr isochron ages of granitoids, fission-track ages, 
and biostratigraphic ages of sedimentary rocks distributed along the MTL, 
southwestern Japan. Rb–Sr whole-rock isochron ages of the Ryoke and San’yo 
granitoids (gray squares and open squares, respectively) are from Yuhara et al. 
(2000). Zircon fission-track ages of the Sennan Rhyolites (black solid rhombus) are 
from this study. Zircon fission-track ages of the Izumi Group are from Miyata et al. 
(1994), Sato et al. (2005), Noda et al. (2010) (grey solid circles), and this study (black 
solid circles). Error bars indicate two standard errors (2σ). The biostratigraphic age 
of the Onogawa Group (Noda, 1994) was revised following Hayakawa and Hirano 
(2013). The thin dashed line represents the younger limit of whole-rock ages 
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the formation of the basin in which the Izumi Group was deposited.
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Fig. 28. Time-temperature path models of the Izumi Group with vitrinite 
reflectance and thermal chlonological data in the Izumi Montains. 
Vitrinite reflectance was calculated using scheme (B) of Suzuki et al. 
(1993). For this study, two assumption were made for modelling: (A) 
Depositional time=70.4 Ma, time of cooling at 173 =65.8 Ma; (B) 
Depositional time=72.1 Ma, time of cooling at 173 =63.0 Ma.
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Fig. 29. Thermal histories of the East Asia continental margin (Cretaceous 
Gyeongsang, Jinan, and Izumi basins, Yanji granitoids, Ryoke, Sambagawa, and 
Shimanto belts) in the Late Cretaceous to present. Thermal history of the Izumi 
basin was estimated in this study. Others are after Choi and Lee (2009).

modified from Choi and Lee (2009) 
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Fig. 30. Comparison between analytical solutions and numerical solutions of 
these models. A: thermal discrepancy caused by discontinuous a boundary of 
physical properties in the sediment– basement column. B: Computational errors 
of the heat flow for discretization of time and depth.
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Fig. 31.Numerical models of thermal condition for subsidence, sedimentation 
and uplift. Time series variation of temperature distribution in the sediment– 
basement column and heat flows among surface, 5 km, and 10 km depths. A: 
subsidence and steady state. B: subsidence, steady state, and uplift in a 
restricted sedimentation rate. Gradation of colors from blue to orange-red 
represents difference of temperature ranging from 300 K to 600 K.
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