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Abstract: Three classical examples of marginal basins are explored to show the respective 
contributions of body forces and far-field stresses to the extension mechanism. Extensional 
stresses can be provided by: (1) the slab-pull force, which induces a retreat of the slab and 
which originates in the density contrast between the subducting slab (oceanic or continental) 
and the asthenosphere; (2) by lateral density contrasts within the crust (due to crustal 
thickening), which induce crustal spreading; and (3) by far-field stresses due to intra- 
continental deformation (continent continent collision, for example). Slab pull is probably 
the most efficient extensional force to provide but its effects are modulated by the con- 
tributions of the two other forces. The Japan Sea opened along the eastern margin 
of the Eurasian continent because extensional boundary conditions were provided by the 
retreating Pacific subduction zone. The opening stopped as soon as the central Japan triple 
junction was established in its present position which resulted in a more efficient coupling 
between the Pacific and Eurasian Plates through the Philippine Sea Plate. The geometry of 
opening was further controlled by large-scale dextral strike-slip faults that run oblique to the 
subduction zone along >2500 km, and which are far-field effects of the India Asia collision. 
The Northern Tyrrhenian Sea opened because of the retreat of the Adriatic continental 
slab. The strong slab-pull force is probably due to phase changes within the subducting 
lower crust. Crustal delamination leads to a warm lower crust which localizes the exten- 
sional strain. This extending domain migrated with time from west to east as the 
delamination and slab retreat proceeded. Upper crustal units incorporated in the Apennines 
accretionary wedge were later exhumed in the collapsing back-arc domain where their 
deformation and P-T history can now be observed. A similar history with an outward 
migration can be proposed for the Aegean Sea with, however, a stronger influence of crustal 
collapse over a larger domain. Here too continental collision (the Arabia-Eurasia collision) 
controlled the geometry of opening through the westward propogation of the North 
Anatolian Fault. 

When  back-arc  basins form within the active 
margin  of  an intra-oceanic subduct ion they often 
present a clear pat tern of  magnet ic  anomalies.  
This is the case for some of  the western Pacific 
back-arc basins which developed along the east- 
ern border  of  the Philippine Sea Plate or the 
Autra l ian  Plate, such as the Lau  Basin (Parson & 
Hawkins  1994) or the Sh ikoku-Parece  Vela 
Basin (Mrozowski  & Hayes 1979; Chamot -  
Rooke  et al. 1987) (Fig. 1). In these cases, the 
kinematics of  opening can be derived f rom the 

geometry of  magnet ic  anomalies.  The average 
velocity of  opening is c. 2-3 cm yr -1, a l though it 
can be much  faster in some extreme cases, e.g. the 
nor thern  Lau  Basin (Bevis et al. 1995). Back-arc 
basins located on cont inental  margins  have much 
more  complicated geometries and the pat tern  of  
magnet ic  anomalies  is usually not  helpful. With  
the notable exception of  the South China Sea 
(Taylor & Hayes 1983; Briais et al. 1993), mag- 
netic anomalies  are usually very poor ,  e.g. in the 
Japan  (Tamaki  et al. 1992) or the Tyrrhenian  
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Seas where they have not been identified (Sartori 
1990). In some cases, oceanic crust is either too 
recent to produce significant anomalies (the Oki- 
nawa Basin) or non-existent (the Aegean Sea). 

To reconstruct the kinematics of such basins it 
is necessary to work out the regional geological 
history, particularly the history of deformation 
of the margins during the opening. Although the 
geometrical constraints are likely to be more 
uncertain than in the case of a clear magnetic 
anomaly pattern, the tectonic history of the mar- 
gin usually allows the proposal of a reasonable 
tectonic evolution and a discussion of the tec- 
tonic evolution in terms of the forces involved. 

The formation of back-arc basins represents 
one of the major problems in plate tectonics 
and several mechanisms have been proposed to 
explain their evolution (Taylor & Karner 1983). 
The geometry and the rate of extension is 
thought to be controlled by the roll-back of 
the hinge of the subducting slab (Dewey 1980). 
From a dynamical point of view, this process is 
possibly connected with the density contrast of 
the oceanic lithosphere sinking down into the 
asthenosphere (Forsyth & Uyeda 1975; Uyeda & 
Kanamori 1979). In this case, the length of the 
slab should be directly related to the velocity of 
retreat in the mantle (Zhong & Gurnis 1995; 
Faccenna et  al. 1996). The presence of lateral 
(Dvorkin et  al. 1993; Russo & Silver 1994) or 
global (Ricard et  al. 1991) mantle flow can also 
accelerate this process. The way the overriding 
plate reacts to the retreat of the slab hinge is still 
enigmatic [for a review see Taylor & Karner 
(1983)]. Nevertheless, it has been suggested that 
extensional stress could be more easily trans- 
mitted from the sinking to the upper plate when 
the coupling between the two plates is low (Bott 
et  al. 1989; Shemenda 1994; Scholz & Campos 
1995; Hassani et al. 1997). 

Besides the slab roll-back force, which is 
always present, continental margins are sub- 
jected to a stress regime which is controlled by 
local body forces and far-field boundary forces. 
Described here are three examples of back-arc 
basins where other external forces contribute 
with the slab-pull force producing large-scale 
lithospheric extension in the upper plate. Chosen 
for examination are the Japan, the Aegean and 
the Tyrrhenian Seas, examples of back-arc 
basins where gravitational collapse and conti- 
nental collision have contributed with the slab- 
pull forces to the extensional process. 

The Japan Sea is an example where the con- 
tinental crust was not thickened before the 
opening and where far-field stresses, due to 
intracontinental deformation (India-Asia colli- 
sion), control the geometry of opening (Jolivet 

et al. 1990a, 1994c; Kimura & Tamaki 1986; 
Tamaki 1988). 

The Mediterranean back-arc basins (Tyrrhe- 
nian and Aegean Seas) (Fig. 2) opened during the 
Neogene in an overall context of collision 
between the African and European Plates (Der- 
court et al. 1986; Dewey et al. 1989b). Back-arc 
extension is active together with collapse of thick 
crustal domains (Reutter et  al. 1980; Le Pichon 
1981; Dewey 1988; Serri et  al. 1993; Gautier & 
Brun 1994a). Extension initiated after the for- 
mation of a thick Alpine-Hellenic crustal wedge. 
While in the Aegean and Southern Tyrrhenian 
Seas, subduction involved Mesozoic oceanic 
lithosphere (Lallemant et al. 1994), in the North- 
ern Tyrrhenian Sea a thinned continental litho- 
sphere underthrusts the Northern Apennines 
(Dewey et al. 1989a). Moreover, in the Tyrrhe- 
nian area, subduction developed perpendicular 
to the African motion suggesting that sinking of 
the Adria-Ionian lithosphere is simply 'passive' 
(Patacca & Scandone 1989). Despite the con- 
tinental nature of the subducting lithosphere in 
the north, slab roll-back and back-arc extension 
were active during the Neogene and are still 
active today (Malinverno & Ryan 1986). The 
Mediterranean area is therefore a favourable site 
to investigate the contributions of near- and far- 
field stresses to the back-arc opening process. 

The Japan Sea 

Tertiary extension along the eastern margin of 
Asia has been attributed to two possible causes: 
(1) classical back-arc extension, thus a direct 
effect of the Pacific subduction (Uyeda & Kana- 
mori 1979; Taylor & Hayes 1983); or (2) India- 
Asia collision (Tapponnier et  al. 1982; Kimura 
& Tamaki 1986; Jolivet et al. 1990a). How 
subduction induces back-arc opening is not 
completely understood but a low mechanical 
coupling between the two plates is required. This 
low coupling can be due to retreat of an old, 
thermally mature, slab (Uyeda & Kanamori 
1979) or to a decrease of the convergence veloc- 
ity (Northrup et al. 1995). The Eocene-Miocene 
period was probably a period of slow conver- 
gence between the Pacific and Eurasia Plates 
(Northrup et  al. 1995). The period of maximum 
extension (formation of back-arc basins between 
30 and 15 Ma) is, however, not coincident with 
the period of slowest convergence (Eocene). 
Thus, this problem is not yet totally understood. 
The Japan Sea is probably the best studied back- 
arc basin, and it can therefore be used as a case 
example of the interaction between subduction 
and collision in shaping such basins. 
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THE KINEMATICS OF BACK-ARC BASINS 25 

G e o l o g i c a l  S t r u c t u r e  

The Japan Sea is situated immediately to the 
north of the Eurasia-Philippine Sea-Pacific 
Plates triple junction (Figs 1, 3 and 4). Extension 
and formation of oceanic crust occurred during 
the Early and Middle Miocene, after which time 
the whole region entered a stage of east-west 
compression 10ma ago, ultimately leading to 
the incipient closure of the basin which started 
2 Ma ago (Tamaki et al. 1992). The Pacific Plate 
underthrusts both the Eurasian and Philippine 
Sea Plates at a velocity of c. 10cmyr -1 in the 
Japan and Bonin Trenches, while the Philippine 
Sea Plate subducts below the Eurasian Plate at a 
much slower velocity, between 2 and 4 cmyr -~ 
in the Nankai Trench (De Mets et al. 1990; 
De Mets 1992). Owing to the nearby position of 
the Philippine Sea Plate/Eurasia (PHSP-EU) 
rotation pole, the convergence rate of those two 
plates significantly increases from east to west 
along the Nankai Trench (Ranken et al. 1984; 
Huchon 1985; Seno et al. 1993). Vectors of the 
Pacific-Eurasia (PAC-EU) relative motion are 
almost perpendicular to the Japan Trench, while 
a significant obliquity is observed in the Nankai 
Trench for the PHSP-EU motion. This obliquity 
is partitioned between the nearly perpendicular 
convergence in the Nankai Trench and the dex- 
tral motion along the major tectonic boundary 
of southwest Japan, the Median Tectonic Line 
(MTL) (Fig. 4). 

Deep waters are distributed within three deep 
basins (Fig. 4). The Japan Basin is floored by 
oceanic crust (Tamaki 1988). Its triangular shape 
is the consequence of a propagation of oceanic 
rifting from east to west (Tamaki et al. 1992). 
The Yamato and Tsushima Basins are instead 
floored with attenuated continental crust injected 
by basic magmas (Tokuyama et al. 1987). 

A large rifted continental block, the Yamato 
Bank, remains isolated between the Yamato and 
Japan Basins. It shows a large aborted north- 
east-southwest trending rift in its middle part, 
and is bounded by large normal faults on its 
northwest and southeast sides. Normal faults 
with similar trends are found along the northern 
margin of the Japan Arc. They form dextral en 
echelon grabens along the western margin of 
Tohoku (Northeast Honshu) and Hokkaido. 
North-northwest-south-southeast trending dex- 
tral strike-slip faults transfer the motion from 
one graben to the next (Jolivet et al. 1991b). 

The same trend of normal faults is found in 
the Tartary Strait between Siberia and Sakhalin, 
where they interfere with large north-south 
trending dextral strike-slip faults (Jolivet et al. 
1992; Fournier et al. 1994; Worrall et al. 1996). 

A large dextral pull-apart basin has been imaged 
on seismic reflection data in the middle of the 
strait [South Tartar Basin (STB); Fig. 4]. 

Extensional basins are also found along the 
MTL. They are filled with Middle Miocene 
sediments. Their geometry and the analysis of 
brittle deformation within them suggest that the 
MTL was a left-lateral, strike-slip fault with a 
large extensional component during the Middle 
Miocene (Fournier et al. 1995). 

Major dextral shear zones bound the Japan 
Sea to the east and west. The Yangsan and 
Tsushima Faults were dextral during most of 
the Cenozoic (Sillitoe 1977). The Pohang and 
Tsushima (Ulleung) Basins formed during the 
Early and Middle Miocene as dextral pull-aparts 
(Lee & Pouclet 1988; Yoon et al. 1997), and are 
still active (Jun 1990). The Sakhalin-Hokkaido 
Shear Zone runs from central Japan to northern 
Sakhalin and further north to the mainland 
of Siberia for >2500km (Jolivet et al. 1994c; 
Worrall et al. 1996). It is transtensional in the 
south with en echelon grabens described above. 
It is transpressional in the north along the 
Hidaka Ductile Shear Zone in Hokkaido 
(Kimura et al. 1983; Jolivet & Miyashita 1985), 
and several large faults and en echelon folds and 
thrusts in Sakhalin, such as the Tym-Poronaysk 
Fault which is known along >600kin (Rozh- 
destvenskiy 1982, 1986; Fournier et al. 1994). 

T e c t o n i c  t i m i n g  

Palaeomagnetic data were first used to obtain the 
timing of opening of the Japan Sea (Otofuji & 
Matsuda 1983; Otofuji et al. 1985, 1991). Large- 
scale clockwise rotation of southwest Japan indi- 
cated fast opening during a very short time span, 
<1 Ma, some 15 Ma ago. More recent analysis 
seem to indicate a longer time span and some 
diffential rotation between several blocks in 
southwest Japan (Jolivet et al. 1995; Ishikawa 
1997). Analysis of the tectonic history of the 
margins, the sedimentation in the basin and 
the depth-age relations, has suggested an open- 
ing from the Late Oligocene to the Middle Mio- 
cene (Tamaki 1986; Ingle et al. 1990; Tamaki 
et al. 1992). Drilling of the basement during two 
ODP cruises (127 and 128) confirmed those con- 
clusions. The end of opening occurred c. 10 Ma 
ago, when extensional deformation was replaced 
by east-west compression. Some 2Ma ago, 
thrusting started along the eastern margin of 
the Japan Sea. 

It is difficult to reconcile what is known about 
the relative kinematics of the Pacific and Eurasia 
Plates with the dextral shear. In any case, it 
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cannot simply be a matter of shear partitioning 
behind an oblique subduction zone as the dex- 
tral strike-slip system extends far inside the 
Asian continent obliquely to the Japan-Kuril 
Trenches. This leads to examination of the influ- 
ence of the India-Asia collision. 

The  inf luence o f  the I n d i a - A s i a  collision 

The distance that collision-related deformation 
has propagated within the Asian continent is still 
an open question. A class of models emphasizes 
the crustal thickening responsible for rising of 
the Tibetan Plateau (England & Molnar 1990), 
whereas others put forward strike-slip faults 
which have propagated progressively to the 
north as far as the Stanovoy Ranges (Tappon- 
nier et al. 1982; Davy & Cobbold 1988). A quan- 
titative study of the amount of sediments 
deposited within and around Asia during the 
collision process suggests that between 30 and 
60% of the collision process was not accom- 
modated by crustal thickening and formation of 
significant relief. Lateral migration of continen- 
tal blocks and extension might thus have 
accommodated a significant part of the conver- 
gence (M6tivier 1996). The opening of the Japan 
Sea has been envisaged as a consequence of the 
India-Asia collision, also partly controlled by 
subduction roll-back extensional forces (Jolivet 
et al. 1994c). A recently published tectonic map 
of the Sea of Okhotsk (Worrall et al. 1996) 
extends further to the north collision-related tec- 
tonic features, and confirms the relation between 
back-arc opening in the Japan-Okhotsk Sea 
region and continental collision, and the impor- 
tance of the extensional boundary condition to 
the east. Most studies of the deformation of the 
Asian continent were focused on its southern 
part near the collision zone. Since Tapponnier & 
Molnar's (1976, 1977) pioneer work little atten- 
tion has been payed to far-field effects of the 
collision. Studies of active deformation and 
quantification of instantaneous motion in Asia 
recently enriched the debate for or against 
extrusion tectonics in the immediate vicinity of 
the indenter (Avouac & Tapponnier 1993; Mol- 
nar & Gipson 1996). Several papers, however, 

proposed relating the opening of the Japan Sea 
to the India-Asia collision (Kimura & Tamaki 
1986; Jolivet et al. 1990a, 1994c). Analogue 
models, scaled for gravity (Davy & Cobbold 
1988; Fournier 1994), have shown that indenta- 
tion tectonics can be produced far from the col- 
lision and dextral shear zones parallel to the 
eastern 'free boundary'. An additional compo- 
nent of extension (introduced in the experiments 
by gravitational spreading) induces the forma- 
tion of basins controlled by those dextral shear 
zones (Fournier 1994). Those experiments show 
that the opening of the Japan Sea, partly 
controlled by strike-slip faults produced by 
indentation tectonics, is a physically feasable 
mechanism. Numerical models have so far been 
unable to reproduce the fault pattern observed 
in Asia. Any model describing the deforma- 
tion of the Asian continent should include the 
formation of the major back-arc basins and 
major strike-slip faults which are first order 
facts, besides the spectacular crustal thickening 
in Tibet. 

The Pamir -Baika l -Okhotsk  Shear Zone. A sim- 
plified version of a new tectonic map of the Sea 
of Okhotsk (Worrall et al. 1996), together with 
the Japan Sea region (after Jolivet et al. (1994)), 
shows the entire dextral strike-slip system from 
southwest Japan to the northern Sea of Okhotsk 
where it meets a large-scale left-lateral system 
(Fig. 4). A striking feature is the 500 km long 
Shantar-Liziansky Basin along the northwes- 
tern margin of the Sea of Okhotsk, where basin- 
forming extension was active from the Eocene 
to the early Miocene. Extension is transferred 
at the southern and northern ends of the graben 
to strike-slip displacement along the left-lateral 
Stanovoy Fault (Tapponnier et al. 1982), which 
connects the Shantar-Liziansky Basin to the 
Baikal Rift. A steeply dipping shear zone of 
inferred left-lateral strike-slip origin, parallel to 
the northern margin of the Sea of Okhotsk, 
connects the Shantar-Liziansky Basin to Ter- 
tiary faults in the Pustarets and Penzhina Basins. 
Seismic data show that normal faults in the 
Shantar-Liziansky Basin accommodated a mini- 
mum of 15-20% extension (Worrall et al. 1996). 
The apparent offset of the Late Cretaceous 

Fig. 3. Tectonic map of Asia from the India-Asia collision zone to the Bering Strait [modified after Worrall et al. 
(1996)] and the directions of Pacific-Eurasia relative motion (Engebretson et al. 1985). AS, Andaman Sea; 
BB, Bohai Basin; BG, Bohai Gulf; AB, Aleutian Basin; BSH, Bering Shelf; CJCZ, central Japan collision zone; 
CS, Celebes Sea; DD, Derugin Deep; IP, Izu Peninsula; ISTL, Itoigawa-Shizuoka Tectonic Line; JS, Japan Sea; 
KYB, Komandorsky Basin; KB, Kuril Basin; LB, Liziansky Basin; LBK, Lake Baikal; MTL, Median Tectonic 
Line; NCB, north China; OK, Sea of Okhotsk; OP, Ordos Plateau; PS, Pustartets Basin; RRF, Red River Fault; 
SAF, Sikhote Alin Fault; SB, Shantar Basin; SCB, South China Block; SCS, South China Sea; SK, Sakhalin; 
SLB, Shantar Liziansky Basin; SS, Sulu Sea; STB, South Tartar Basin; TB, Tarim Basin; TB, Tsushima Basin; 
TTL, Tanakura Tectonic Line; YB, Yamato Basin; YBK, Yamato Bank; YF, Yangsan Fault. 
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Okhotsk-Chukotka and Sikhote Alin volcanic 
belts (Fujita & Newberry 1982; Parfenov et al. 
1993) likewise suggests left-lateral shear along 
the northern edge of the Sea of Okhotsk. This 
succession of extensional basins and strike-slip 
faults is kinematically compatible with the left- 
lateral shear zone that runs from the Pamir 
Range to Lake Baikal (Davy & Cobbold 1988). 

Right-lateral Shear Zones along the Pacific 
Margin. North trending dextral shear zones 
controlled the opening of intracontinental or 
back-arc basins as dextral pull-aparts (the Bohai 
Basin, the Japan Sea) during the Tertiary (Kim- 
ura et al. 1983; Lallemand & Jolivet 1985; Jolivet 
et al. 1994c). This situation prevailed in Japan 
until the active east-west compression took over 
in the late Miocene at 10Ma. The Sakhalin- 
Hokkaido Shear Zone extends into the northern 
Sea of Okhotsk, where it cuts through the 
Shantar-Liziansky Basin and dies out further 
north. Transtensional dextral motion until the 
middle Miocene changed to transpressional 
motion from the late Miocene to the Present in 
the north (Worrall et al. 1996). The dextral shear 
zone is thus traceable for a distance of 
>2500 km. Parallel to the Pacific margin in the 
south, it cuts right through the continent further 
north. On the basis of a comparison with 
analogue experiments (Davy & Cobbold 1988), 
it has been proposed that the left- and right- 
lateral shear zones both accommodated the 
internal deformation of Asia due to collision 
(Jolivet et al. 1990a). The new data in the 
Okhotsk Sea reinforce the comparison with 
those experiments, and some other more recent 
studies (Fournier 1994; Jolivet et al. 1994c) 
which show the contemporaneous formation of 
north-south dextral shear zones with an exten- 
sional component along the eastern border of 
Asia, and northeast-southeast sinistral ones link- 
ing the northwest corner of the indenter (western 
Himalayan syntaxis) to the northeast corner of 
the indented lithosphere (Okhotsk Sea region). 

Timing o f  Dejormation in Northeast Asia. The 
extrusion model for the Indi~Asia collision was 
originally based upon plasticine experiments 
(Tapponnier et al. 1982) which suggested the 
progressive extrusion of continental blocks along 
left-lateral shear zones, with a northward propa- 
gation of deformation from the Red River Fault 
to the Stanovoy Ranges. Three lines of evidence 
now seem to show that the Pamir-Baikal- 
Stanovoy Shear Zone might instead be an early 
product of the India collision. Firstly, the age of 
the inception of the Baikal Rift is clearly pre- 
Neogene (Kashik & Mazilov 1994; Logatchev & 

Zorin 1987), and arguably Eocene; see reviews in 
Logatchev (1993) and Houdry-L6mont (1994) 
(Table 1). Two stages of Baikal Rift development 
are generally recognized. An early stage of slow 
extension, starting between Late Cretaceous and 
Late Oligocene is followed by a second stage of 
more rapid subsidence and extension in the 
Pliocene-Quaternary. Secondly, dextral shear 
in Sakhalin and in the Tatar Basin may have 
started as early as the Eocene, and exposed and 
subsurface rift grabens in northern Sakhalin 
contain Eocene non-marine infill above a sharp 
basal unconformity (Kosygin & Sergeyev 1992; 
Worrall et al. 1996). Finally, subsurface correla- 
tions suggest that the early fill in Shantar- 
Liziansky is also Eocene in age (Worrall et al. 
1996). While not absolutely conclusive, available 
evidence now suggests that the Pamir-Baikal- 
Okhotsk Shear Zone had its inception in Eocene 
times, approximately coincident with the India 
collision, and is thus coincident with the earliest, 
not the latest, development of collision-related 
shear in northeastern Asia. 

Evolving Kinematic Boundary Conditions. The 
evolution of boundary conditions can be viewed 
by using stress-field variations in Asia (Fig. 5). 
The present-day stress field can be roughly 
deduced from focal mechanisms of earthquakes 
(Zoback 1992). Figure 1 shows the directions of 
O'Hmax and OHmax and OHmin deduced from focal 
mechanisms. The strike of O 1 is generally 
northeastward in northeast Asia, except near 
Japan where it changes to become perpendicular 
to the subduction zone. In most of northeast 
Asia, a strike-slip regime is dominant, whereas 
in Japan, a compressional regime is recorded. 
The 25Ma map (Fig. 5) was constructed by 
using the orientation of large-scale structures, 
such as rifts of this age as well as more detailed 
studies of palaeostresses (Fournier et al. 1995). 
The geometry of the stress field is similar to the 
present one except near Japan. Interpretation of 
the 45 Ma stage was obtained from the strike 
of large-scale structures only. The result is 
consequently less reliable and can be used only 
for comparison. An older stage (pre-45Ma) 
could also be proposed that would show a 
totally different scheme in northeast Asia, where 
most of the faults parallel to the eastern border 
were left-lateral. Thus, major changes appear 
at 45-43 Ma if the hypothesis for the formation 
of the large-scale left-lateral Pamir-Baikal- 
Okhotsk Shear Zone c. 10Ma, when east-west 
compression began in Japan, is followed: 

• From 45 to lOMa.  The geometry of defor- 
mation in the early stages of collision (45- 
10 Ma) is very similar to that predicted by 
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analogue models scaled for gravity (Davy & 
Cobbold 1988; Jolivet et  al. 1990a). As in 
other types of models (Tapponnier et al. 
1982; Dewey et  al. 1989a, England & Mol- 
nar 1990; Huchon et al. 1994; Rangin et al. 
1995), the eastern boundary is free of  stress 
other than lithostatic. 

Such conditions require a frontal subduc- 
tion of old lithosphere east of Asia (Uyeda 
& Kanamori  1979). This situation was in fact 
established only after the abrupt change in 
the absolute motion of the Pacific Plate at 
43 Ma. This major kinematic change in plate 
motion was recently challenged (Norton 
1995), based on a Farallon-Pacific Antarc- 
t ica-Africa-North America-Asia Plate cir- 
cuit. Norton's  original observations are that 
the 43 Ma elbow exists only along the Hawai-  
Emperor Chain and that no major tectonic 
event ever occurred on the margins of the 
continental plates surrounding the Pacific 
Ocean. Those two assertions can, however, 
be disputed: (1) the Louiville Ridge in the 
southwest Pacific shows the same elbow, as 
well as most other hotspot lines (Fleitout & 
Moriceau 1992); (2) a number of events 
along the Pacific margins could be associated 
with the 43Ma event, such as the possible 
capture of the Philippine Sea Plate (Hilde 
et al. 1977), the inversion of strike-slip sense 
along the Bering Shelf (Worrall 1991) or the 
absence of Eocene sedimentation in north- 
east Japan, as well as the cessation of activity 
of major left-lateral faults along the margin 
of northeast Asia (Otsuki & Ehiro 1978). 
Palaeomagnetic data obtained on the Em- 
peror seamounts suggest that the hotspot 
might have moved at several cmyr  -1 dur- 
ing the early Tertiary (Tarduno & Cottrell 
1997). The data still allow a significant 
northward motion of the Pacific Plate 
before the Hawaiian-Emperor bend. This 
discussion is placed under the hypothesis 
that the 43 Ma event actually happened• 

The Pacific-Eurasia relative motion was 
oblique on the plate boundary before 43 Ma 

Fig. 5. Possible tectonic evolution of Asia from 
the first collision to the Present with emphasis on the 
deformation in Far East and the stress-field variations 
[principal stress directions in the Present-day 
configuration were inferred from focal mechanisms 
taken from Dziewonski et al. (1987), Parfenoy et al. 
(1987), Fournier et al. (1994) Huchon et al. (1994)]. 
Thick lines represent CrHmax. See Fig. 3 for 
abbreviations; SPVB, Shikoku-Parece Vela Basin; 
PHSP, Philippine Sea Plate; MB, Mariana 
Basin; PSSC, Proto South China Sea; BR, Bonin Rift; 
OB, Okinawa Basin. 

(Engebretson et  al. 1985). This motion was 
recorded on land by numerous left-lateral 
faults (Otsuki & Ehiro 1978). Effects of 
the oblique subduction were felt far in- 
side the Asian continent, suggesting a strong 
mechanical coupling between the two plates. 
It is only when frontal subduction was 
established that the stress-free boundary 
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conditions were met. It can be speculated 
that at this stage, as soon as these conditions 
were established, a left-lateral shear zone 
propagated inside Asia at least as far as the 
Sea of Okhotsk and perhaps to the margin of 
the Arctic Ocean. 

• From l O M a  to the Present .  Compression has 
been recorded in the marginal basins since 
the middle Miocene (in the south) or late 
Miocene (in the north) (Tamaki et al. 1992). 
In Japan, it can be due to the progres- 
sive collision of the Bonin Arc, since the 
late middle or early late Miocene (Taira 
et al. 1989), and to a faster extrusion of 
the Okhotsk block in the Quaternary (Riegel 
et al. 1993), which might have produced a 
more efficient compressional component 
along the dextral Sakhalin-Hokkaido Shear 
Zone. The most reasonable explanation is 
that the arrival of the Philippine Sea Plate 
between the Pacific and Eurasia Plates below 
central Japan has simply coupled the two 
larger plates, inducing east-west compres- 
sion parallel to the Pacific Plate motion in the 
eastern margin of Asia. Although a large 
part of the Philippine Sea Plate is thermally 
mature (in its southwestern part), its north- 
ern part is young (<12Ma for the youngest) 
and was still younger and buoyant 10Ma 
ago. The Pacific Plate is much older all 
along the western Pacific subduction zone. 
The arrival of the buoyant Philippine 
Sea Plate between the Eurasian and Pacific 
Plates might have considerably changed the 
mechanical coupling. 

C o n c l u s i o n s  

Before the present-day tectonic setting, charac- 
terized by crustal thickening in Tibet, strike-slip 
and extensional tectonics dominated in Asia. 
The left-lateral shear zone that links the western 
Himalayan syntaxis to the Baikal and Stanovoy 
Ranges can now be extended through the Sea of 
Okhotsk and perhaps as far as the margins of 
the Arctic Ocean. The western margin of the Sea 
of Okhotsk is characterized by the 2500 km long 
dextral Sakhalin-Hokkaido Shear Zone, run- 
ning from central Japan to the northern margin 
of the Sea of Okhotsk. The deformation related 
to collision reached the Baikal Graben and the 
Sea of Okhotsk, and perhaps the Bering Shelf, 
by Eocene times. The early propagation of a left- 
lateral shear zone across far eastern Russia 
might have been favoured by the creation of a 
stress-free, or extensional boundary, condition 
east of Asia after the change in the absolute 

motion of the Pacific Plate at 43Ma. The 
distribution of sinistral and dextral shear zones 
in northeast Asia is similar to that predicted by 
analogue models of collision scaled for gravity. 

When compared to more simple back-arc 
basins, such as the Shikoku-Parece Vela Basin, 
the Japan Sea shows similarities in terms of 
timing. Both basins opened at the same time, a 
period when extension prevailed along the entire 
western Pacific margin. Basin geometries are 
instead very different and the deformation 
history of the Japan Basin cannot be explained 
solely by extension due to slab roll-back. Models 
involving asthenospheric injection (Tatsumi et al. 
1989) are alternative explanations for back- 
arc opening which cannot take into account 
the asymmetry of the basin and the existence 
of large-scale strike-slip faults. Intracontinental 
deformation only can explain the observed 
strike-slip component. The simplest model, des- 
cribed here, involves the India-Asia collision 
which modifies the stress regime in the back-arc 
region and leads to the observed strike-slip his- 
tory. Extension is fundamentally a consequence 
of subduction, slab roll-back and/or astheno- 
spheric injection, and strike-slip a consequence 
of collision. 

Northern Tyrrhenian Sea 

G e o l o g i c a l  s e t t i n g  

The Tyrrhenian Sea formed during the last 
15Ma in the back-arc region of the Apen- 
nines-Calabrian subduction system (Kastens et 
al. 1988; Kastens & Mascle 1990; Sartori 1990) 
(Figs 2, 6 and 7). Extension affected a con- 
tinental crust partly thickened during the Alpine 
Orogeny, as opposed to the nearby Liguro- 
Provengal Basin where no such thickening has 
occurred (Burrus 1984; Faccenna et al. 1997). 
A continuum of extension is recorded from the 
Gulf of Lion and Provence margin in the early 
Oligocene or even late Eocene, to the present 
extension in the Apennines (Chamot-Rooke 
et al. 1999; Jolivet et al. 1998). Oceanic crust was 
formed in the Liguro-Proven~al Basin during 
the Early Miocene when Corsica and Sardinia 
rotated counter-clockwise about a pole located 
in the Ligurian Sea (Montigny et al. 1981; 
Vigliotti & Kent 1990; Mauffret et al. 1995). 

Extension migrated eastward and reached 
Corsica by the Early Miocene, the Corsica 
Basin in the Middle Miocene, Elba Island in 
the Late Miocene, and Tuscany and the Apen- 
nines in the Quaternary (Jolivet et al. 1990b, 
1998) (Fig. 8). This continuous evolution is 
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Fig. 6. Tectonic map of the Tyrrhenian Sea and the Apennines. Numbers in square boxes are the ages of 
extension in Ma (Kastens & Mascle 1990; Jolivet et al. 1999). 

recorded in the ages of synrift deposits, radio- 
metric ages of exhumed metamorphic rocks and 
of magmatic events (Elter et  al. 1975; Serri et  al. 
1993; Bartole 1995; Brunet et  al. 1997; Chamot- 
Rooke et  al. 1997; Jolivet et al. 1998). A con- 
temporaneous migration of the magmatic arc is 
recorded along the same direction from the 
western margin of Corsica to the western 
Apennines (Serri et al. 1993). During the same 
period, the Apennines belt was formed as a large 
accretionary complex at the expense of the 
sedimentary cover of the Adriatic Plate (Lavec- 
chia & Stoppa 1989; Patacca et al. 1990; D'Offizi 
et al. 1994). 

Despite this simple kinematic history, the 
geometry and the mode of extension is different 
between the two basins: a 'narrow' and 'single- 
rift' style of extension of the Liguro-Provenqal 
basin contrasts with the 'wide' and 'multi-rift' 
style of the Tyrrhenian Basin. It has been pro- 
posed (Faccenna et al. 1997) that these two 
styles of extension depend upon the pre-rift 
rheology linked with its geological heritage: the 
Tyrrhenian extension, in fact, occurred on thick- 
ened and weakened Alpine crust whereas the 
Liguro-Provenqal Basin developed on a cold and 
resistant Hercynian crust. Oceanic crust formed 
only in the southern Tyrrhenian Sea, north of 
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Sicily, within the Marsili and Vavilov Basins 
from 5 Ma to the Present (Kastens et al. 1988). 
This fast opening in the southern regions is 
coeval with fast rotations about vertical axes in 
the southern Apennines and Calabrian Arcs 
(Scheepers et  al. 1993). 

Extension in the Northern Tyrrhenian Sea 
has been active for most of the Neogene (Fig. 8). 
As opposed to its southern counterpart, no 
large-scale rotation of crustal blocks is recorded 
in the palaeomagnetic record (Mattei et  al. 
1996). Only an east-west extension is observed 



THE KINEMATICS OF BACK-ARC BASINS 35 

F-] 
50 --I I [ HP-LT Corsica 

I I 40 - -  Syn-Rift 

- C O M P R E S S I O N 
.... 

] ~ ! g r ~ e n s c n l s l  ~ + I I Int . . . .  I Apennines  

...... + % + , + . i :  ++ I I 
: I ~#o 

20 : :: Top- to-east  ', .... ~Oe 
• Corsica : t /~  ° 

.... " . . . .  ".~ . . . . . .  " l :o~ t  o-east ~'t t, 
........ ++~ + .... I . . . J ~ . . .  : e°,+t 

~+++++++++++++++++ ..... ', : Top- to-east  +:++: /~i+r+.. 
10 - - [  ..... +::+~ . . . . . . . . . . .  ........ r/o/~ ...... ..... • Glgllo I[ E X T E N S I O N  , ' " ]  T o p t  Lardere,lo . . . .  + ' I ro~  i ~ + .  . . . . . .  

• ' ' ~ . : : : + : : : : ~  ............ v+++ 

N O R T H E R N  T Y R R H E N I A N  SEA 

40 

30 

g 
~ 2 0  

k + 

10 

1-° 
350 250 150 50 

Distance from trench (kin) 

EXTENSION ~==:~MPR ESSION 

lower crustal ~ eastward migration Corsica Elba G iglio low velocity anomaly 

2O 
Moho 

40 

0 50 km o . - ° ' "  

. . + ° ° o * ° ° + °  

Fig. 8. Cross-section through the Apennines and Tyrrhenian Sea, and the migration of extension and 
magmatism. (a) Diagram showing the migration of magmatism (black boxes), synrift deposits (grey area), HP-LT 
metamorphism (white boxes) and activity of extensional shear zones (dotted boxes). (b) Lithospheric-scale cross- 
section (Wigger 1984; Della Vedova et al. 1991; Ponziani et al. 1995), seismicity (Selvaggi & Amato 1992), 
geological structure (Zitellini et al. 1986; Lavecchia et al. 1987), age of syn-rift deposits (Bossio et al. 1993; 
Martini & Sagri 1993; Bartole 1995), radiometric ages of magmatism (Serri et al. 1993) and radiometric ages of 
metamorphic rocks (Brunet et al. 1997). 

from Corsica to the Apennines (Jolivet e t  al.  

1994b, 1998). The direction of extension is 
attested by the overall geometry of grabens, 
and by the shear direction recorded in exhumed 
metamorphic core complexes of Corsica and the 
Tuscan Archipelago (Jolivet e t  al .  1998). A clear 
migration of the locus of extension is evidenced 
from the Early Miocene in Corsica to the 
Present in the Apennines. Migration of exten- 

sion is coeval with a similar migration of the 
compressional front to the east and a concom- 
mittant migration of the volcanic arc always 
along an east-west direction. The large-scale 
geometry is quite simple and can be considered 
as 2D. 

It has been suggested that the difference in 
style and amount of extension in these two 
regions corresponds to a difference in style of 
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subduction (Faccenna et al. 1997). From the 
Oligocene to the Present, only continental litho- 
sphere has been subducting below the Northern 
Apennines (Coli et al. 1991), whereas Ionian 
oceanic lithosphere is still subducting below the 
Calabrian Arc (Selvaggi & Chiarabba 1995). 

Slab roll-back (Malinverno & Ryan 1986; 
Royden 1993; Keller et al. 1994) is considered 
the most plausible mechanism for extension in 
this region. Modelling of the shape of the slab 
shows that topographic load cannot be respon- 
sible for the observed geometry and gravimetric 
signal, and that subsurface loads at mantle depth 
(slab) are the acting driving forces for the recent 
period (Royden 1993). On the other hand, it has 
been shown that exhumation of high-pressure 
(HP) and low-temperature (LT) metamorphic 
rocks was active in the frontal domain until the 
middle Miocene and that HP-LT metamorph- 
ism had also migrated eastward with time 
(Jolivet et al. 1998). Extension was thus set on 
a thick crust until at least the Middle Miocene. 
Topographic loads and body forces leading to 
crustal collapse were thus active in the early 
history of the Tyrrhenian Sea. It can be shown 
that both compression in the south (African 
collision) and crustal collapse are necessary to 
initiate the subduction process (Faccenna et al. 
1996). As subduction and extension proceed, the 
slab-pull component increases as the length of 
the subducted slab increases. 

However, from the Oligocene to the present 
only continental lithosphere has subducted 
below the Northern Apennines (Coli et al. 
1991). The geodynamic situation is thus very 
different from a classical Mariana-type subduc- 
tion. Furthermore, although subduction and 
compression are still active along the trench in 
the Adriatic Sea, and a drastic shortening 
observed in the sediments offscrapped from the 
Adriatic crust, no significant crustal thickening 
is recorded at present (Chiarraba & Amato 
1996). Thus, the continental crust has to be 
partly subducted (D'Offizi et al. 1994; Pialli et al. 
1995). Eclogitization of the subducted crust 
could have reduced its buoyancy and permitted 
its subduction (Pialli et al. 1995). The recent 
discovery of intermediate earthquakes (down 
to 90km) below the Apennines, as well as 
tomographic images, confirm this conclusion 
(Selvaggi & Amato 1992) (Fig. 9). This deep 
seismic activity somehow apparently contra- 
dicts the presence of a low-velocity anomaly in 
the lower crust below the Northern Apennines 

(Chiarraba & Amato 1996) (Fig. 9) and a severe 
attenuation of Pn and Sn waves in the upper 
mantle (Mele et al. 1997). 

C o m p r e s s i o n  v. e x t e n s i o n  a n d  s u b d u c t i o n  o f  

c o n t i n e n t a l  l i t hosphere  

Summarized here are some of the most impor- 
tant aspects of the geodynamics of this region. 

Before the Early Oligocene, extension was 
active only on the future northern margin of 
the Gulf of Lion (Burrus 1984), more east- 
erly regions were subjected to compression. 
The nappe stack and the associated HP-LT 
metamorphism of Alpine Corsica is evidence 
of this essentially compressional stage (Mat- 
tauer et al. 1981; Caron 1994). From the 
Late Oligocene onward the Apennines thrust 
front started to move eastward and basins 
formed behind by extension. The most 
spectacular result of this extension is the 
rifting and spreading of the Liguro-Proven- 
gai Basin and concommittant counter-clock- 
wise rotation of Corsica and Sardinia in the 
Late Oiigocene and Early Miocene (Burrus 
1984). Extension started in Alpine Corsica 
some 30Ma ago (Jolivet et al. 1991a, 1998; 
Daniel et al. 1996). It was accommodated 
by shallow east dipping extensional shear 
zones at the brittle-ductile transition and 
normal faults above. Evidence for extension 
is found further east with a similar geometry 
and a progressive younging toward the 
Apennines: Middle Miocene in the Corsica 
Basin, Late Miocene in Elba and Monte 
Cristo, Pliocene in Giglio (Rossetti et al. 
1999), Late Pliocene and Early Pleistocene 
in Tuscany. At present, extension is active 
in the Apennines (Frepoli & Amato 1997). 
During the whole Neogene the direction of 
extension observed in exhumed metamor- 
phic cores remained unchanged, trending 
approximately east-west. Recent data on 
the seismic anisotropy along a transect 
from Corsica to the Apennines shows that 
the whole Tyrrhenian lithosphere has been 
stretched along the same direction (Mar- 
gheriti et al. 1996) (Fig. 7). These results also 
show a progressive change of the fast 
direction from approximately east-west in 
the extended domain to northwest-southeast 
in the Apennines. This evolution shows the 

Fig. 9. Topography and seismicity in the Northern Apennines and Tuscany. (a) Deep earthquakes (Selvaggi 
& Amato 1992) (black squares) and a low-velocity anomaly in the lower crust (Chiarraba & Amato 1996). 
The dotted line represents the drainage divide in the Apennines. (b) All earthquake epicentres. 
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progressive deformation of the mantle and 
lower crust from the front of the belt to the 
back-arc domain. 

• The thrust front has migrated eastward with 
a somewhat lower velocity (Patacca & Scan- 
done 1989). It can be followed on a map by 
the migration of the HP-LT metamorphic 
rocks and by the migration of preserved 
thrusts in the Apennines. Along the entire 
transect from Corsica to the Apennines there 
is little evidence that the continental base- 
ment has been involved in the crustal 
thickening process. Crustal thrust sheets are 
included in the Schistes Lustr6s Nappe of 
Alpine Corsica (Mattauer et al. 1981) but 
further east the Palaeozoic basement crops 
out only in the Apuan Alps, with no indica- 
tion of deep crustal lithologies (Carmignani 
& Kligfield 1990). In all metamorphic com- 
plexes observed in the Tuscan archipelago 
and in Tuscany, HP-LT metamorphics rocks 
are metasediments of Permo-Triassic age 
(Verrucano facies) without any trace of a 
continental basement. The frontal Apennines 
are made of imbricated thrust sheets of 
sedimentary origin scrapped off the subduct- 
ing Adriatic crust (D'Offizi et  al. 1994). 
Nowhere is the Adriatic continental crust 
involved in the shortening process as seen at 
the surface. The upper crust might still be 
involved at depth below the Apennines but 
at least a part of the crust, and certainly 
the lower crust, has to be subducted in the 
asthenosphere. 

• The transition between compression and 
extension coincides today with the highest 
elevation all along the Apennines belt 
(D'Agostino et  al. 1998). The example of 
the Gran Sasso Range is very characteristic 
of this behaviour. The Gran Sasso basal 
thrust is reworked at shallow depths by a 
shallow west dipping normal fault which 
crops out on the internal flank of the moun- 
tain range. Steeper west dipping normal 
faults, which affect the entire brittle crust, 
are then found at close proximity further 
west. Major short-wavelength (30 km) topo- 
graphic gradients are related to active nor- 
mal faults. This geometry is different to that 
observed in the Himalayan-Tibetan belt or 
the Andes, where the transition between 
compression and extension coincides with a 
given topographic contour (Molnar & Lyon- 
Caen 1988). Regions situated above 3000m 
show active extension, while compression is 
recorded below. This might suggest a general 
sudden collapse of the entire belt (Platt & 
England 1994). The geometry observed in the 

Apennines instead suggests that a wave of 
extension progressively lowers the altitude 
of the belt being formed further east. This is 
compatible with the eastward migration 
described above for the Neogene period. 
The present day Apennines form a 100 km 
wide topographic bulge which culminates at 
Gran Sasso where most of the shallow 
seismic energy is released. This domain is 
supported by a crust not thicker than 40 kin. 
It also corresponds to a low-velocity anom- 
aly in the lower crust with P-wave velocities 
<6.0 km s -1 (Chiarraba & Amato 1996). The 
lateral extent of this anomaly is very close to 
that of the topographic bulge. To obtain 
these low velocities, high temperatures must 
exist in the lower crust below the Apennines 
at present. This anomaly is also located east 
of the most intensely extended domain in the 
Northern Apennines. 

The location of this anomaly is some- 
how in contradiction with the location of 
the recent volcanic arc further to the west. 
Volcanic rocks recently erupted have a clear 
mantle signature with almost no crustal 
contamination (Serri et  al. 1993). During 
the Late Miocene and the Pliocene a larger 
crustal component was present in mag- 
matic rocks. The granitoids of Elba, Monte 
Cristo and Giglio contain cordierite, and are 
thought to derive from crustal anatexis. This 
suggests that the position of the volcanic arc 
is controlled by the geometry of the slab at 
depth and the partial melting domain in the 
lower crust is due to some other mechanism 
(see below). The absence of a high heat 
flow at the surface, above the low-velocity 
anomaly, also suggests that the anomaly is 
quite recent. It can be speculated that it 
was previously further west and that it has 
migrated eastward to the present posi- 
tion only recently. The Quaternary age of 
the main phase of uplift, where extension 
was already established, and the geographi- 
cal distribution of thermal anomalies in 
the lower crust and upper mantle, suggest 
a thermal origin for the main topographic 
buldge of the Apennines. 

Despite a hot lower crust, deep earth- 
quakes are found at mantle depths down 
to 90 km below the belt (Selvaggi & Amato 
1992). Four of those earthquakes pro- 
vided first-motion focal mechanisms: three 
are extensional and one is compressional. 
A question then arises: in which material are 
those deep earthquakes produced? Tomo- 
graphic data suggest that the slab is contin- 
uous below the Apennines, down at least to 
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250 km (Amato et al. 1993). Why then would 
the earthquakes be recorded only down to 
90 km if the subducted continental mantle is 
continuous down to deeper depths? 
As shown on Fig. 8, the eastward migration 
of extension and compression proceeds at 
two different rates, extension migrating faster 
than compression. The distance between the 
volcanic domain and the trench thus de- 
creases with time. This decrease can suggest a 
progressive verticalization of the slab. This is 
evidence for a major role played by slab pull 
in the trench retreat process. 

Eclogitization of the lower crust 

The recent discovery of pseudotachylites asso- 
ciated to eclogitization of granulites in west- 
ern Norway north of Bergen (Austrheim 1987; 
Austrheim & Boundy 1994; Austrheim et al. 
1997), suggest that brittle deformation might 
occur at great depths during metamorphic phase 
transformation. This brittle deformation is seen 
only during the first stages of eclogitization of 
intermediate to basic granulites. While the 
transformation proceeds, lower crustal material 
becomes less resistant and more ductile. Only 
ductile deformation is seen when the transfor- 
mation is complete. It is uncertain whether these 
deformations are the result of sudden volume 
change or whether they correspond to a more 
regional strain field imposed by the geometry of 
plate convergence. The existence of eclogites 
below the Moho, below the Tibetan Plateau, has 
also been postulated (Le Pichon et  al. 1997; 
Sapin &Hirn  1997), in spite of the presence of a 
hot and weak lower crust. 

Lower crustal material brought to eclogite con- 
ditions above 13-14 kbar pressure (P) [at 550°C 
temperature (T)], can attain high densities, 
similar to what is expected for mantle rocks 
(Bousquet et al. 1997). The density increase is 
controlled by the appearance of garnets >500°C 
and by the transformation of plagioclase into 
pyroxene. It has been proposed for the Caledo- 
nides of western Norway (Dewey et  al. 1993; 
Andersen 1999), the Himalayas (Henry et  al. 
1997; Le Pichon et  al. 1997) and the Alps 
(Bousquet et  al. 1997), that a part of the conti- 
nental crust might be hidden below the Moho 
which would then mark the phase transition 
between amphibolite facies and eclogites. 

One can postulate that the deep earthquakes 
seen below the Apennines are within the 
subducted continental crust and that they show 
the progressive equilibration of lower crustal 
material to the P - T  conditions of the eclogite 

facies. This hypothesis can be paralleled to that 
proposed by Pialli et al. (1995). 

Lower crustal delamination 

This hypothesis has several important implica- 
tions (Fig. 10). 

• It offers the possibility of a delamination of 
the lower crust together with the subconti- 
nental Adriatic mantle (D'Offizi et al. 1994; 
Pialli et  al. 1995). The delaminated lid has a 
higher density than the surrounding astheno- 
sphere and it sinks under its own weight 
leading to roll-back of the slab. 

• The delaminated crust is replaced by asthe- 
nosphere flowing upward. The remaining 
crust is thus put in direct contact with the 
hot astenosphere and partial melting ensues. 
The low-velocity anomaly would then be a 
consequence of this delamination controlling 
the position of the topographic buldge. 

• Partially molten lower crust leads to the 
diapiric ascent of anatectic granitoids. It also 
acts as a velocity discontinuity which will 
localize extensional strain in the lower crust 
and control shear senses along the brittle- 
ductile transition (Jolivet et  al. 1998). During 
slab roll-back the molten lower crust also 
migrates eastwards, while the crust molten in 
previous stages cools back and becomes 
more resistant. Extension then follows the 
migration. 

• Upper crustal rocks underthrust below the 
Apennines tend to rise up again once 
the lower crust has delaminated between the 
frontal thrust and the first extensional fault 
(Chemenda et al. 1995). 

The acceleration of the eastward migration 
with time is evidence that the slab-pull compo- 
nent is more and more efficient with time, and 
overcomes the extensional forces due to collapse 
of the thickened crust. This is also compatible 
with the progressive steepening of the slab, 
suggested by the faster migration of extension 
rather than compression. This smaller contribu- 
tion of body forces can also be seen in the delay 
between the inception of extension at a given 
point along the transect and the extrusion of 
magmatic rocks at the surface: it suggests that 
crustal thickness has decreased with time. The 
maximum pressure recorded in HP-LT meta- 
morphic cores also decreases eastward, which 
also suggests a thinner crust (Jolivet et  al. 1998). 
This is further compatible with the observation 
that the anatectic component in magmas 
decreases both with time and eastwards (Serri 
et al. 1993). Last but not least, the exhumation 
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of well-preserved HP-LT parageneses in the 
Tuscan archipelago during the Miocene suggests 
that the crust was thick enough to prevent 
reheating before the rocks were exhumed. 

C o n c l u s i o n  

Several mechanisms have been proposed to 
explain the evolution of the Northern Tyrrhe- 
nian-Apennine system. It has been suggested 
that the roll-back of the hinge of the slab, 
driven by subsurface loads or a slab-pull force, 
is able to explain the gravimetric signal of 
the area and the formation of deep foredeep 
basins (Malinverno & Ryan 1986; Royden 
1993). An alternative model proposed by other 
Carmignani et al. (1994) suggests that the col- 
lapse of a thickened, post-orogenic crust can 
contribute to produce extension in the hinter- 
land and compression in the foreland. Topo- 
graphic loads and body forces leading to crustal 
collapse were indeed active in the early history 
of the Tyrrhenian Sea, and can contribute 
together to the fast retreat of the hinge of the 
slab (Faccenna et  al. 1996). However, they 
cannot alone explain the progressive evolution 
and migration of the extension-compressional 
system, especially in most recent times when 
crustal thickening did not occurr. 

Some authors (Reutter et al. 1980; Lavecchia 
& Stoppa 1989; D'Offizi et  al. 1994; Keller et  al. 
1994; Pialli et al. 1995) proposed that the 
delamination of the lower crust-upper mantle 
from the upper crust can better explain the 
architecture of the Apenninic wedge, allowing 
a passive subduction of the continental litho- 
sphere. In agreement with this model (D'Offizi 
et  al. 1994; Pialli et  al. 1995), it is suggested here 
that phase transformation and eclogitization of 
the lower crust is a fundamental requisite for the 
evolution of the Northern Tyrrhenian-Northern 
Apennine area, leading to the delamination of 
the continental crust and stable subduction of 
the lower crust-upper mantle during the last 
30 Ma. The eclogitization of the lower crust is a 
possible mechanism to explain the limited 
occurrence of deep earthquakes in the high- 
velocity zone present below the Apennines. 
As already proposed for other mountain belts 
(Andersen & Jamtveit 1990; Dewey et al. 1993; 
Le Pichon et al. 1997), this hypothesis suggests 
that most of the eclogitized lower continental 
crust is subducted. This does not conflict with 
the rule that continental crust is generally buoy- 
ant and is not subducted. Eclogites are rather 
rare rocks on the surface of continents and 
eclogitized granulites are even less frequent. Old 
portions of buoyant continental crust are not 

made of eclogitized granulites but of granulites 
or high temperature gneiss with some partial 
melting, remains of post-orogenic collapse of 
ancient mountain belts. 

The occurrence of deep earthquakes below the 
Northern Apennines is interpreted as the result 
of brittle deformation during the progressive 
equilibration of the underthrusted Adriatic 
continental lower crust to the P - T  conditions 
of the eclogite facies. The delamination of the 
eclogitized lower crust can provide an additional 
force to drive slab roll-back and extension in the 
upper plate. In this hypothesis, the Moho seen 
below the Northern Apennines would be intra- 
crustal, separating amphibolites from eclogites. 

An immediate comparison with the Alboran 
Sea can be seen (Platt & Vissers 1989; Seber 
et al. 1996). In both cases, the driving mech- 
anism for back-arc extension is the roll-back 
of a delaminated lid of sinking lithosphere. 
As argued by previous authors, this mechanism 
is the only one that can explain the formation of 
arcs without simple kinematic relations with the 
Africa-Eurasia convergence. The phase changes 
invoked here below the Apennines can only 
enhance the efficiency of a backward motion of 
the subducting plate. It also has the advantage 
of solving the problem of the fate of the lower 
crust which is not found in the accreted units 
forming the Apennines. 

This example shows that slab roll-back is 
feasible even with the subduction of a continen- 
tal lithosphere. In the case of the Tyrrhenian 
Sea, as opposed to the Aegean or Japan Seas, 
there is no real convergence between the two 
plates and subduction is only the consequence of 
passive sinking of the Adriatic lithosphere in the 
mantle, at least for recent periods. Extension 
within the upper plate is mainly a consequence 
of slab roll-back and delamination, its detailed 
geometry is controlled by that of the pre-existing 
crustal wedge which is now collapsing. The 
active faulting in the Apennines is then driven 
by two concurrent mechanisms: (1) extension 
induced by the slab roll-back; (2) gravitational 
collapse of the topographic bulge located above 
the low velocity anomaly. The relative impor- 
tance of the two mechanisms depends on the 
crustal structures undergoing extension: thicker 
crust will reflect a greater component of the grav- 
itational collapse while extension in the thinner 
crust would be driven by slab roll-back only. 

The Aegean Sea 

The tectonic history of the Aegean Sea is partly 
similar to that of the Tyrrhenian Sea as it 
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involves the collapse of a thickened crust and the 
outward migration of the subduction front. 
However, two major differences are to be 
noted: (1) extension is more widely distributed 
in the Aegean Sea, which suggests a larger com- 
ponent of gravitational collapse, and (2) the 
recent geometry of extension is partly controlled 
by dextral strike-slip faults which guide the 
westward extrusion of the Anatolian block. 

G e o l o g i c a l  s e t t i n g  

The Aegean Sea (Figs 2, 11 and 12) formed in 
the back-arc region of the Hellenic Trench dur- 
ing the Late Oligocene until Present (Le Pichon 
1981; Le Pichon & Angelier 1981; Gautier et al. 
1993). Subduction of the African Plate beneath 
the Anatolian block proceeds at a fast rate of 
c. 4-5 cm yr -1 (Le Pichon et al. 1994). Extension 
has taken place on a previously thickened con- 
tinental crust, the deep parts of which are now 
exhumed at the surface (Lister et al. 1984). 
Subduction of oceanic crust started at least 
40Ma ago, as attested by seismic tomography 
data (Spakman 1990). Transition from continen- 
tal collision to oceanic subduction might have 
released the compressional stresses and favoured 
gravitational collapse of the thickened crust. 

Active extension is principally localized along 
the outer Hellenic Arc (Crete), in the Corinth 
Gulf region and around Volos (McKenzie 1972, 
1978; Taymaz et al. 1991; Hatzfeld et al. 1993; 
Armijo et al. 1996; Rigo et al. 1996), leading to 
an intense seismicity. The central part of the 
extended domain, the Cyclades Islands, is less 
seismic though it was subjected to high exten- 
sional strain during the Miocene. 

Large finite extension is recognized in regions 
of thin continental crust in the North Aegean 
Trough and the Cretan Sea where the deep- 
est waters occur. It is also important in the 
Cyclades islands where Cordilleran-type meta- 
morphic core complexes have recently been stud- 
ied (Lister et al. 1984; Buick 1991; Faure et al. 
1991; Gautier et al. 1993; Gautier & Brun 1994a; 
Jolivet et al. 1994a; Jolivet & Patriat 1999). The 
exhumation of metamorphic rocks is partly 
the consequence of the Aegean extension, even 
though a large part of it could be contempora- 
neous with compressional tectonics (Avigad 
et al. 1997; Jolivet & Patriat 1999). The exhu- 
mation of the eclogites and blueschists in the 
Cyclades Islands is probably older than the for- 
mation of the Aegean Sea. The Aegean exten- 
sion probably exhumed the amphibolites and 
greenschist facies rocks cropping out in the core 
of metamorphic core complexes such as those of 
Naxos and Paros. 

Exhumation of HP-LT metamorphic rocks 
occurred in Crete in the Early-Middle Miocene, 
while HT-LP rocks were exhumed further north 
in the Cyclades Islands (Fassoulas et al. 1994; 
Jolivet et al. 1996). Exhumation in Crete is inter- 
preted as the result of extension in the upper 
parts of a thick accretionnary complex near the 
thrust front. 

Extension is further controlled by the North 
Anatolian Fault, a dextral strike-slip fault which 
runs along the northern border of Anatolia from 
eastern Turkey to the Aegean Sea (McKenzie 
1978; Le Pichon et al. 1994; Armijo et al. 1996). 
It connects to the Aegean Trench through a 
number of east-west grabens, among which the 
Gulf of Corinth is the most active (King & Ellis 
1990; Rigo et al. 1996). Current displacements 
reveal an almost rigid rotation of the Anatolian 
block, including the Aegean region, about a pole 
located in the southeast Mediterranean Sea 
(Le Pichon et al. 1994) (Fig. 11). Internal defor- 
mation of the Aegean domain is at present a 
second-order phenomenon in terms of velocities 
relative to Eurasia. It could have been a first 
order phenomenon before the initiation of the 
north Anatolian Fault in the middle Miocene. 

G e o m e t r y  o f  e x t e n s i o n  

Extension was more widely distributed during 
the Miocene than at Present (Gautier & Brun 
1994a). It is recognized in the whole Aegean 
region as well as in western Turkey in the Men- 
deres Massif (Hetzel et al. 1995a, b). The pro- 
gressive localization with time is probably due to 
the formation of the North Anatolian Fault and 
its southward propagation (Armijo et al. 1996). 

However, active extension in the Corinth Gulf 
and fossil extension seen in the Cyclades Islands 
show a very similar geometry with shallow, 
north dipping ductile shear zones (Jolivet et al. 
1994a, Jolivet & Patriat 1999; Patriat et al. 
1999). Active north dipping normal faults that 
control sediment deposition in the Corinth Gulf 
are planar down to the depth of the br i t t le  
ductile transition, e.g. 8-10 km (King et al. 1985; 
Jackson & White 1989). Seismogenic low-angle, 
north dipping normal faults have been recog- 
nized in the Corinth Gulf (Bernard et al. 1997). 
They are then relayed by shallow, north dipping 
extensional shear zones which produce micro- 
earthquakes (King et al. 1985; Rigo et al. 1996). 
Geophysical studies show that the deep crust in 
the same region is rich in fluid circulation 
(Chouliaras et al. 1997). 

Exhumed ductile shear zones of Miocene age 
in Tinos or Paros show exactly the same features 
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(Gautier et al. 1993; Patriat 1996; Jolivet & 
Patriat 1999). Top-to-the-north shear criteria are 
concentrated along a prominent north dipping 
shear zone where deformation evolves with time 
from ductile to brittle. The ductile deforma- 
tion is contemporaneous with the crystallization 
of greenschist parageneses that rework earlier 
(Eocene) HP-LT ones. The shear zones are 
further characterized by intense fluid circula- 
tions best seen in cataclastic levels immediately 
beneath the brittle fault. 

Similar north dipping detachments are ob- 
served in most islands of the northern Cyclades 
Islands, including Mykonos, Paros and Naxos 
(Avigad & Garfunkel 1989; Buick 1991; Faure 
et al. 1991; Gautier & Brun 1994b). The meta- 
morphic conditions active during extension in 
those three islands was much hotter than 
in Tinos and Andros, reaching the amphibolite 
facies and anatexy. The island of Ios shows a 
complex interaction between north and south 
directed shear zones (Vandenberg & Lister 
1996). In the northern Aegean region, the 
southern Rhodopian Massif (Strymon detach- 
ment) (Dinter & Royden 1993) and Thassos 
Island (Sokoutis et al. 1993; Wawrzenitz & 
Krohe 1999)) also show extensional shear zones 
with top-to-the-northeast sense of shear. 

Recent palaeomagnetic studies of the Aegean 
granitoids suggest that some of the stretch- 
ing lineations shown in Fig. 11 have been 
rotated since the Miocene by some 25 ° or so, 
either clockwise (Tinos and Mykonos) or 
counter-clockwise (Naxos) (Morris & Anderson 
1996; Avigad et al. 1999). Though it might be 
too early to have a complete picture of the 
pre-rotation lineation pattern, it remains that 
from the central Aegean to Crete all senses of 
shear point to the north as opposed to those 
of the Northern Aegean domain which point to 
the south. 

While post-orogenic extension was active in 
the Cyclades Islands, coeval with high tempera- 
ture evolution, synorogenic extension occurred 
in Crete in a much colder environment (Jolivet 
et al. 1996) (Fig. 12). Data from the islands of 
Syros and Sifnos suggest that a similar history 
occurred in the Eocene when HP-LT rocks were 
being exhumed in the Cyclades below north 
dipping detachments in a cold environment, and 
HT-LP rocks were exhumed further north in the 
Rhodopian Massif. 

G r a v i t a t i o n a l  c o l l a p s e  v. s lab  r o l l b a c k  

A simple model involving the progressive migra- 
tion of the subduction front from north to south 

can be proposed with synorogenic extension 
above the accretionary complex accompanying 
post-orogenic extension in the back-arc region 
(Jolivet et al. 1994b; Jolivet & Patriat 1999). 
The migration of the magmatism documents the 
roll-back of the subducting slab (Fytikas et al. 
1984) (Fig. 12). 

Rocks were first buried within the accretionary 
complex near the trench where they recrystal- 
lized in the blueschist or eclogite facies. They are 
then soon exhumed at the surface by the activity 
of large-scale detachments that dip toward the 
back-arc region and its low topography. Those 
which are exhumed soon enough will preserve 
their HP-LT parageneses, while those which 
remain at depth longer will see a more or less 
complete high temperature overprint. During the 
southward migration of the slab, the accretion- 
ary complex grows at the expense of sediments 
carried by the subducting slab as in the case of 
the Apennines. The once frontal zones are then 
progressively transferred to the back-arc domain 
where the heat flow is higher. The thick crust is 
then heated and its resistance decreases. It thus 
collapses and HT-LP metamorphic rocks are 
exhumed. This process went on from the 
Eocene-Present more or less continuously. 

As shown in Fig. 12, extension is coeval with 
the emplacement of granitoids. As opposed to 
the volcanic rocks which migrated regularly 
from north to south at c. 3cmyr -1, gran- 
itoids mostly intruded the Cyclades Islands 
and are grouped in a rather narrow domain 
which corresponds to the zone thickened during 
the Eocene. 

C o n c l u s i o n s  

As in the Tyrrhenian Sea, crustal collapse after 
initial thickening controls the geometry of 
extension. Extensional boundary conditions are 
provided by the retreat of the subducting 
African slab. Far field stresses due to the 
Arabia-Eurasia collision also played their part 
for the recent period as extension became 
localized and asymmetric as a consequence of 
the southward propagation of the North Ana- 
tolian Fault. 

Discussion 

Back-arc extension in all the three examples 
described above suggests that a large component 
of slab roll-back was involved, and that the 
geometry of extension and the distribution of 
strain within the extended domain is further 
controlled by long-distance effects of continental 
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collision and/or body forces during collapse of 
mountain belts (Fig. 13). 

Slab roll-back 

The Japan Sea opened during the Miocene above 
a retreating Pacific subduction, which also pro- 
moted the opening of the Shikoku-Parece Vela 
Basin along the eastern margin of the Philippine 
Sea Plate during the same period. The end of 
opening in the Late Miocene and the recent 
incipient closure of the Japan Sea affects only 
the Eurasian margin. Extension still prevails 
above the Bonin (Taylor 1992) and Mariana 
Trenches at present. Slab roll-back is still active 
but the degree of mechanical coupling between 
the Eurasian and Pacific Plates was modified 
in the Late Miocene by the formation of the cen- 
tral Japan triple junction. The introduction of 
the young Philippine Sea Plate between the two 
larger plates, and the collision of the Bonin Arc 
with central Japan, might have coupled their dis- 
placements and induced compression in the upper 
plate strictly parallel to the convergence vector. 

The Northern Tyrrhenian Sea extension is 
presently active in the Apennines as the con- 

tinuation of a long-lived process which started as 
early as the Oligocene. Slab roll-back has been 
active during this entire period, even though 
there has been little east-west convergence 
between the European and the Adriatic Plates. 
Passive sinking of the Adriatic continental litho- 
sphere is still active at present. Eclogitization of 
the lower continental crust might be one factor 
which increases the density of the lithosphere 
and permits sinking and roll-back. 

The Aegean Sea started to form (30 Ma ago) 
soon after the inception of an oceanic sub- 
duction which replaced continental collision 
(40-45Ma ago). The old oceanic lithosphere 
of the eastern Mediterranean has been sub- 
ducted below the Anatolian Plate at a fast rate 
(4-5cmyr - l )  since the Late Miocene at least. 
Before the formation of the North Anatolian 
Fault the rate of convergence Africa-Eurasia 
was probably lower. 

Crustal collapse 

The collapse of a thick and warm continental 
crust leads to widely distributed extension (Wer- 
nicke 1992). The Mediterranean back-arc basins 
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make no exception to that rule. The striking 
difference between the Liguro-Provencal Basin, 
where extension is localized and oceanic crust 
formed in rather early stages and the Northern 
Tyrrhenian Sea, where a Basin-and-Range topo- 
graphy is observed, is due in large part, to the 
pre-extension crustal thickness (Faccenna et al. 
1997; Jolivet et al. 1998). In the Tyrrhenian Sea 
oceanic crust formed in the south only in the 
latest stages of extension after extreme thinning 
of the continental crust. Post-orogenic extension 
lead to the exhumation of metamorphic rocks 
equilibrated in HT-LP conditions. Exhumation 
of blueschists and eclogites occurs within the 
accretionary complex. 

Extension is even more widely distributed in 
the Aegean Sea and core complexes more 
spectacular than in the Tyrrhenian Sea, although 
the tectonic histories of the regions are quite 
similar. Crustal collapse was probably initiated 
after the transition from continental collision to 
oceanic subduction some 40Ma ago, leading 
to a sudden crustal collapse of the entire thick- 
ened domain while the subduction started its 
southward retreat. 

Cont inen ta l  collision 

Long-distance effects of continental collision are 
recorded both in the Japan and Aegean Seas. 
The recent propagation of the North Anatolian 
Fault in the Aegean Sea has led to a localization 
of strain along the fault and at its southwestern 
termination. The formation is this fault is due 
to the extrusion of the Anatolian block as a 
consequence of the Arabia-Eurasia collision 
(McKenzie 1972). 

The geometry of opening of the Japan Sea can 
be explained as a consequence of large-scale 
strike-slip shear zones due to the indentation of 
India into Asia. The asymmetry of opening from 
the beginning of rifting to the end of spreading is 
a consequence of the India-Asia collision. This is 
possible only because a low-stress boundary 
condition to the east (Pacific subduction) 
allowed the propagation of strike-slip faults up 
to the margin. After the formation of the central 
Japan triple junction, deformation in the upper 
plate became controlled by the Pacific-Eurasia 
relative movements and east-west compression 
ensued. 

We are indebted to Lydia Lonergan and John Platt 
who provided useful comments to prepare a better 
manuscript. A special thanks is due to Jean Paul Cadet 
and Renato Funiciello who considerably helped several 
of us during many years. 

R e f e r e n c e s  

ALTHERR, R., KREUZER, H., WENDT, I. et al. 1982. 
A Late Oligocene/Early Miocene high tem- 
perature belt in the anti-cycladic crystalline 
complex (SE Pelagonian, Greece). Geologische 
Jachbuch, 23, 97-164. 

AMATO, A., ALESSANDRINI, B., CIMINI, G., FREPOLI, 
A. & SELVAGG~, G. 1993. Active and remanant 
subducted slabs beneath Italy: evidence from 
seismic tomography and seismicity. Annali di 
Geofisica, XXXVI, 201-214. 

ANDERSEN, T. B. 1998. Extensional tectonics in the 
Caledonides of southern Norway, an overview. 
Tectonophysics, 285, 333-352. 

- -  & JAMTVEIT, B. 1990. Uplift of deep crust during 
orogenic extensional collapse: a model based on 
field studies in the Sogn-Sunnfjord region of 
Western Norway. Tectonics, 9, 1097-1111. 

ARMIJO, R., MEYER, B., KING, G. C. P., RIGO, A. 
PAPANASTASSIOU, D. 1996. Quaternary evolution 
of the Corinth Rift and its implications for the 
Late Cenozoic evolution of the Aegean. Geophy- 
sical Journal International, 126, 11-53. 

AUSTRHEIM, H. 1987. Eclogitization of lower crustal 
granulites by fluid migration through shear zones. 
Earth and Planetao' Science Letters, 81,221-232. 

- -  & BOUNDY, T. 1994. Pseudotachylites generated 
during seismic faulting and eclogitization of the 
deep crust. Science, 265, 82-83. 
, ERAMBERT, M. & ENGVIK, A. K. 1997. Proces- 
sing of crust in the root of the Caledonian 
continental collision zone: the role of eclogitiza- 
tion. Tectonophysics, 273, 129-154. 

AVIGAD, D. & GARFUNKEL, Z. 1989. Low-angle faults 
above and below a blueschist belt: Tinos Island, 
Cyclades, Greece. Terra Nova, 1, 182-187. 
, BAER, G. & HEIMANN, A. 1999. Block rotations 
and continental extension in the Central Aegean 
Sea: paleomagnetic and structural evidence from 
Tinos and Mykonos. Earth and Planetary Science 
Letters, in press. 

- - - ,  GARFUNKEL, Z., JOLIVET, L. & AZAIqON, J. M. 
1997. Back-arc extension and denudation of 
Mediterranean eclogites. Tectonics, 16, 924-941. 

AVOUAC, J. P. & TAPPONNIER, P. 1993. Kinematic 
model of active deformation in central Asia. 
Geophysics Research Letters, 20, 895-898. 

BARTOLE, R. 1995. The North Tyrrhenian Northern 
Apennines post-collisional system: constrain for a 
geodynamic model. Terranova, 7, 7-30. 

BERNARD, P., BRIOLE, P., MEYER, B. et al. 1997. The 
Ms=6.2, June 15, 1995 Aigion earthquake 
(Greece): Evidence for low angle normal faulting 
in the Corinth rift. Journal of Seismology, 1, 
131-150. 

BEVtS, M., TAYLOR, F. W., SHUTZ, B. E. et al. 1995. 
Geodetic observations of very rapid convergence 
and back-arc extension at the Tonga arc. Nature, 
374, 249-251. 

BossIo, A., COSTANTINI, g., LAZZAROTTO, A. et al. 
1993. Rassegna delle conoscenze sulla stratigrafia 
del Neautoctono Toscano. Memoires de la Societe 
Geologique ltaliana, 49, 17-98. 



48 L. JOLIVET ET AL. 

BOTT, M. H. P., WAGHORN, G. D. & WmTTAKER, A. 
1989. Plate boundary forces at subduction zones 
and trench-arc compression. Tectonophysics, 170, 
1-15. 

BOUSQUET, R., GOFFI~, B., HENRY, P., LE PICHON, X. & 
CHOPIN, C. 1997. Kinematic, thermal and petrolo- 
gical model of the Central Alps: Lepontine meta- 
morphism in the Upper Crust and eclogitisation 
of the lower crust. Tectonophysics, 273, 105-128. 

BRIAIS, A., PATRIAT, P. & TAPPONNIER, P. 1993. Up- 
dated interpretation of magnetic anomalies and 
seafloor spreading stages in the South China Sea: 
implications for the tertiary tectonics of SE Asia. 
Journal of Geophysical Research, 98, 6229-6328. 

BRUNET, C., MONIE, P. & JOLIVET, L. 1997. Geody- 
namic evolution of Alpine Corsica based on 
new 4°Ar/39Ar data. Terra Nova, Special Issue 
EUG, 493. 

BUICK, I. S. 1991. Mylonite fabric development on 
Naxos, Greece. Journal oJ" Structural Geology, 13, 
643-655. 

BURRUS, J. 1984. Contribution to a geodynamic 
synthesis of the Provengal basin (north-western 
Mediterranean). Marine Geology, 55, 247-269. 

CARMIGNANI, L. & KLIGEIELD, R. 1990. Crustal 
extension in the northern Apennines: the transi- 
tion from compression to extension in the Alpi 
Apuane core complex. Tectonics, 9, 1275-1305. 
, DECANDIA, F. A., FANTOZZI, P. L., LAZZAR- 
OTTO, A., LIOTTA, D. & MECCHERI, M. 1994. Ter- 
tiary extensional tectonics in Tuscany (Northern 
Apennines, Italy). Tectonophysics, 238, 295-315. 

CARON, J. M. 1994. Metamorphism and deformation 
in Alpine Corsica. Schweizerische Mineralogische 
and Petrographische Mitteilungen, 74, 105-114. 

CHAMOT-ROOKE, N., GAULIER, J. M. & JESTIN, F. 
1999. Constraints on Moho depth and crustal 
thickness in the Liguro Provengal basin fi'om a 3D 
gravity inversion: geodynamic implications. Jour- 
nal of the Geological SocieO,, London, in press. 
, RENARD, V. & PICHON, X. L. 1987. Magnetic 
anomalies in the Shikoku Basin, a new interpre- 
tation. Earth and Planetary Science Letters, 83, 
214-223. 

CHEMENDA, A. I., MATTAUER, M., MALAVIEILLE, J. 8~; 
BOKUN, A. N. 1995. A mechanism for syn- 
collision rock exhumation and associated normal 
faulting: results from physical modelling. Earth 
and Planetary Science Letters, 1995, 225-232. 

CHIARRABA, C. & AMATO, A. 1996. Crustal velocity 
structure of the Apennines (Italy) from P-wave 
travel time tomography. Annali di Geqfisica, 39, 
1133-1148. 

CHOULIARAS, G., VAN NGOC PHAM, BOYER, D., BER- 
NARD, P. & STAVRAKAKIS, G. N. 1997. Crustal 
structure of the Gulf of Corinth in Central 
Greece, determined from magnetotelluric sound- 
ing. Annali di Geofisica, 50, 61-67. 

COLI, M., NICOLICH, R., PRINCIP[, G. & TREVES, B. 
1991. Crustal delamination of the Northern 
Apennines thrust belt. Bollettino della Societa 
Geological Italiona, 110, 501-510. 

D'AGOSTINO, N., CHAMOT-ROOKE, N., FUNICIELLO, 
R., JOLIVET, L. & SPERANZA, F. 1998. The role of 

pre-existing thrust faults and topography on the 
styles of extension in the Gran Sasso range 
(Central Italy). Tectonophysics, 292, 229-254. 

D'OFFIZI, S., MINELLI, G. & PIALLI, G. 1994. 
Foredeeps and thrust systems in the northern 
Apennines. Bolletino di Geofisica Teorica ed 
Applicata, 36, 141-144. 

DANIEL, J. M., JOLIVET, L., GOFEE, B. & POINSSOT, C. 
1996. Crustal-scale strain partitionning: footwall 
deformation below the Alpine Corsica Oligo- 
Miocene detachement. Journal of Structural Geol- 
ogy, 18, 41-59. 

DAVY, P. & COBBOLD, P. R. 1988. Indentation 
tectonics in nature and experiments. Experiments 
scaled for gravity. Bulletin of the Geological 
Institutions of Upsalla, 14, 129-141. 

DE METS, C. 1992. A test of present-day plate 
geometries for northeast Asia and Japan. Journal 
of Geophysical Research, 12, 17 627-17 636. 

- - - ,  GORDON, R. G., ARGUS, D. F. & STEIN, S. 1990. 
Current plate motions. Geophysical Journal Inter- 
national, 101, 425 478. 

DELLA VEDOVA, B., MARSON, I., PANZA, G. F. & 
SUHADOLC, P. 1991. Upper mantle properties of the 
Tuscan-Tyrrhenian area: a framework for its recent 
tectonic evolution. Tectonophysics, 195, 311 318. 

DERCOURT, J., ZONENSHAIN, t .  P., RICOU, L. E. et al. 
1986. Geological evolution of the Tethys belt 
from the Atlantic to the Pamir since the Lias. 
Tectonophysics, 123, 241-315. 

DEWEY, J. F. 1980. Episodicity, sequence, and style at 
convergent plate boundaries. In: STANGWAY, 
D. W. (ed.) The Continental Crust and its Mineral 
Deposits. Geological Association of Canada 
Special Paper, 20, 553-573. 
1988. Extensional collapse of orogens. Tectonics, 
7, 1123 1139. 

- - ,  CANDE, S. & PITMAN, W. C. I. 1989a. Tectonic 
evolution of the India-Eurasia collision zone. 
Eclogae Geological Helvetrae, 82, 717-734. 

- - ,  RYAN, P. D. & ANDERSEN, T. B. 1993. Orogenic 
uplift and collapse, crustal thickness, fabrics and 
metamorphic phase changes: the role of eclogites. 
In: PRICHARD, H. M., ALABASTER, T,, HARRIS, 
N. B. W. & NEARY, C. R. (eds) Magmatic 
Processes and Plate Tectonics. Geological Society, 
London, Special Publication, 76, 325-343. 

- - ,  HELMAN, M. L., TORCO, E., HUTTON, D. H. W. 
& KNOTT, S. D. 1989b. Kinematics of the Western 
Mediterranean. In: COWARD, M. P., DIETRICH, D. 
& PARK, R. G. (eds) Alpine Tectonics. Geological 
Society, Special Publication, 45, 265-283. 

DINTER, D. A. & ROYDEN, L. 1993. Late Cenozoic 
extension in northeastern Greece: Strymon valley 
detachment system and Rhodope metamorphic 
core complex. Geology, 21, 45-48. 

DVORKIN, J., NUR, A., MAVKO, G. & BEN-AVRAHAM, 
Z. 1993. Narrow subducting slab and the origin of 
back-arc basins. Tectonophysics, 227, 63 79. 

DZ1EWONSK1, A. M., EKSTROM, G., FRANZEN, J. E. & 
WOODHOUSE, J. H. 1987. Global seismicity of 
1979: centroid-moment tensor solutions for 524 
earthquakes. Physics oJ the Earth and Planetary 
Interiors, 48, 18-46. 



T H E  K I N E M A T I C S  OF B A C K - A R C  BASINS 49 

ELTER, P., GIGLIA, G., TONGIORGI, M. & TREVlSAN, 
L. 1975. Tensional and contractional areas in 
the recent (Tortonian to Present) evolution of the 
Northern Apennines. Bollettino Geofisica Teor- 
icata Applicata, 17, 3-18. 

ENGEBRETSON, D. C., COX, A. & GORDON, R. G. 1985. 
Relative motions between oceanic and continental 
plates in the Pacific basin. Geological SocieO' of 
America Special Paper, 206, 59. 

ENGLAND, P. & MOLNAR, P. 1990. Right-lateral shear 
and rotation as the explanation for strike-slip 
faulting in eastern Tibet. Nature, 344, 140-142. 

FACCENNA, C., MATTEI, M., FUNICIELLO, R. & JOLI- 
VET, L. 1997. Styles of back-arc extension in the 
Central Mediterranean. Terra Nova, 9, 126 130. 
, DAVY, P., BRUN, J. P., FUNICIELLO, R., 
GIARDINI, D., MATTEI, M. & NALPAS, T. 1996. 
The dynamic of backarc basins: an experimental 
approach to the opening of the Tyrrhenian Sea. 
Geophysical Journal International, 126, 781 795. 

FASSOULAS, C., KIEIAS, A. & MOUNTRAKIS, D. 1994. 
Postnappe stacking extension and exhumation of 
high-pressure/low-temperature rocks in the island 
of Crete, Greece. Tectonics, 13, 127-138. 

FAURE, M., BONNEAU, M. & PONS, J. 1991. Ductile 
deformation and syntectonic granite emplacement 
during the late Miocene extension of the Aegean 
(Greece). Bulletin de la Societe Geologique de 
France, 162, 3 12. 

FLEITOUT, L. & MORICEAU, C. 1992. Short-wavelength 
geoid, bathymetry and the convective pattern 
beneath the Pacific ocean. Geophysical Research 
International, 110, 6-28. 

FORSYTH, D. W. & UYEDA, S. 1975. On the relative 
importance of driving forces on plate motion. 
Geophysical Journal of the Royal Astronomical 
Society, 43, 163-200. 

FOURNIER, M. 1994. Collision continentale et ouverture 
des bassins marginaux, l'exemple de la Mer du 
Japon. ThGse de Doctoriat, Universit6 Pierre et 
Marie Curie. 

- - ,  JOLIVET, L. & FABBRI, O. 1995. Neogene stress 
field in SW Japan and mechanism of deformation 
during the Japan Sea opening. Journal of Geo- 
physical Research, 12, 24 295-24 314. 

, HUCHON, P., ROZHDESTVENSKY, V. S., 
SERGEYEV, K. F. & OSCORBIN, L. 1994. Neogene 
strike-slip faulting in Sakhalin, and the Japan Sea 
opening. Journal of Geophysical Research, 99, 
2701-2725. 

FREPOLI, A. & AMATO, A. 1997. Contemporaneous 
extension and compression in the Northern 
Apennines from earthquakes plane solutions. 
Geophysical Journal International, 129, 368-388. 

FRIZON DE LAMOTTE, D., ANDRIEUX, J. & GuEzou, 
J. C. 1991. CinGmatique des chevauchements 
NGogGnes dans l'arc b&ico-Rifains, discussion 
sur les modGles gGodynamiques. Bulletin de la 
Societe Geologique de France, 4, 611-626. 

- - ,  POISSON, A., AUBOURG, C. & TEMIZ, H. 1995. 
Chevauchements post-tortoniens vers l'ouest puis 
vers le sud au coeur de l'angle d'Isparta (Taurus, 
Turquie). ConsGquences gbodynamiques. Bulletin 
de la Societe Geologique de France, 166, 59-67. 

FUJITA, K. & NEWBERRY, J. T. 1982. Tectonic 
evolution of northeastern Siberia and adjacent 
regions. Tectonophysics, 89, 337 357. 

FYTIKAS, M., INNOCENTI, F., MANETTI, P., MAZZUOLI, 
R., PECCERILLO, A. & VILLARI, L. 1984. Tertiary 
to Quaternary evolution of volcanism in the 
Aegean region. In: DIXON, J. R. & ROBERTSON, 
A. H. F. (eds) The Geological Evolution of the East- 
ern Mediterranean. Geological Society, London, 
Special Publications, 17, 687-699. 

GAUTIER, P. & BRUN, J. P. 1994a. Crustal-scale 
geometry and kinematics of late-orogenic exten- 
sion in the central Aegean (Cyclades and Evvia 
island). Tectonophysics, 238, 399-424. 

& 1994b. Ductile crust exhumation and 
extensional detachments in the central Aegean 
(Cyclades and Evvia islands). Geodinamica Acta, 
7, 57-85. 

& JOLIVET, L. 1993. Structure and kine- 
matics of upper Cenozoic extensional detachement 
on Naxos and Paros (Cyclades Islands, Greece). 
Tectonics, 12, 1180-1194. 

HASSANI, R., JONGMANS, D. & CHI~RY, J. 1997. 
Study of plate deformation and stress in subduc- 
tion process using two-dimensional numerical 
models. Journal of Geophysical Research, 102, 
17951-17966. 

HATZFELD, D., BESNARD, M., MAKROPOULOS, K. 
& HATZIDIMITRIOU, P. 1993. Microearthquake 
seismicity and fault-plane solutions in the south- 
ern Aegean and its geodynamic implica- 
tions. Geophysical Journal International, 115, 
799-818. 

HENRY, P., LE PICHON, X. & GOFFE, B. 1997. 
Kinematic, thermal and petrological model of 
the Himalayas: constraints related to metamorph- 
ism within the underthrust Indian crust. Tectono- 
physics, 273, 31-56. 

HETZEL, R., PASSCHIER, C. W., RING, U. & DORA, O. O. 
1995a. Bivergent extension in orogenic belts: the 
Menderes massif (southwestern Turkey). Geology, 
23, 455-458. 

- - ,  RING, U., AKAL, A. & TROESCH, M. 1995b. 
Miocene NNE-directed extensional unroofing 
in the Menderes massif, southwestern Turkey. 
Journal of the Geological Society, London, 152, 
639-654. 

HILDE, T. W. C., UYEDA, S. & KROENKE, L. 1977. 
Evolution of the western Pacific and its margins. 
Tectonophysics, 38, 145 165. 

HOUDRY-LEMONT, F. 1994. Mdcanismes de l'extension 
continentale dans le r(['t Nord-Baikal, Sib~rie. 
Thhse de Doctorat, Universit6 Pierre et Marie 
Curie. 

HUCHON, P. 1985. G{odynamique de la zone de collision 
d'Izu et du point triple du Japon Central. Thhse de 
Doctorat, Universit6 Pierre et Marie Curie. 

- - ,  LE PICHON, X. & RANGIN, C. 1994. Indochina 
peninsula and the collision of India and Eurasia. 
Geology, 22, 27-30. 

INGLE, C. J., SUYEHIRO, K. & BREYMANN, M. V. 1990. 
Initial Reports of the ODP. College Station, TX. 

ISHIKAWA, N. 1997. Differential rotations of north Kyu- 
shu island related to middle Miocene clockwise 



50 L. JOLIVET E T  AL. 

rotation of SW Japan. Journal of Geophysical 
Research, 102, 17 729 17 745. 

JACKSON, J. A. & WHITE, N. J. 1989. Normal fauting 
in the upper continental crust: observations from 
regions of active extension. Journal of Structural 
Geology, 11, 15-36. 

JOLIVET, L. & MIYASHITA, S. 1985. The Hidaka 
Shear Zone (Hokkaido, Japan): genesis during a 
right-lateral strike slip movement. Tectonics, 4, 
289-302. 

- -  & PATRIAT, M. 1999. Ductile extension and the 
formation of the Aegean Sea. Journal of the 
Geological Society, London, special publication, 
in press. 
, DANIEL, J. M. & FOURNIER, M. 1991a. 
Geometry and kinematics of ductile extension in 
alpine Corsica. Earth and Planetary Science 
Letters, 104, 278-291. 
, DAVY, P. & COBBOLD, P. 1990a. Right-lateral 
shear along the northwest Pacific margin and the 
India-Eurasia collision. Tectonics, 9, 1409-1419. 

- - ,  SHIBUYA, H. & FOURNIER, M. 1995. Paleomag- 
netic rotations and the Japan Sea opening. In: 
TAYLOR, B. & NATLAND, J. (eds) Active Margins 
and Marginal Basins of the Western Pacific. 
Geophysical Monograph, 88, 355-369. 

- - ,  TAMAKI, K. & FOURNIER, M. 1994c. Japan Sea, 
opening history and mechanism, a synthesis. Jour- 
nal of Geophysical Research, 99, 22 237-22 259. 
, DANIEL, J. M., TRUFFERT, C. & GOFFI~, B. 
1994b. Exhumation of deep crustal metamorphic 
rocks and crustal extension in back-arc regions. 
Lithos, 33, 3-30. 

- - ,  BRUN, J. P., GAUTIER, P., LALLEMANT, S. & 
PATRIAT, M. 1994a. 3-D kinematics of extension 
in the Aegean from the Early Miocene to the 
Present, insight from the ductile crust. Bulletin de 
la Societe Geologique de France, 165, 195-209. 
, DUBOlS, R., FOURNIER, M., GOFFI~, B., MICH- 
ARD, A. & JOURDAN, C. 1990b. Ductile extension 
in Alpine Corsica. Geology, 18, 1007-1010. 
, FOURNIER, M., HUCHON, P., ROZHDESTVENSKIY, 
V. S., SERGEYEV, S. & OSCORBIN, L. S. 1992. 
Cenozoic intracontinental dextral motion in 
the Okhotsk-Japan Sea region. Tectonics, 11, 
968-977. 
, GOFFf~, B., MONII~, P., TRUFFERT-LUXEY, C., 
PATRIAT, M. & BONNEAU, M. 1996. Miocene 
detachment in Crete and exhumation P-T-t  paths 
of high pressure metamorphic rocks. Tectonics, 
15, 1129-1153. 

- - ,  HUCHON, P., BRUN, J. P., CHAMOT-ROOKE, N., 
LE PICHON, X. & THOMAS, J. C. 1991b. Arc 
deformation and marginal basin opening, Japan 
Sea as a case study. Journal of Geophysical 
Research, 96, 4367-4384. 

- - ,  FACCENNA, C., GOFFI~, B. et al. 1998. Mid- 
crustal shear zones in post-orogenic extension: the 
northern Tyrrhenian Sea case. Journal of Geophy- 
sical Research, 103, 12 123-12160. 

JUN, M. S. 1990. Source parameters of shallow 
intraplate earthquakes in and around the Korean 
peninsula and their tectonic implication. Acta 
Universitatis Upsaliensis, Comprehensive Sum- 

maries of Uppsala Dissertation from the Faculty 
of Science, Uppsala. 

KASHIK, S. A. & MAZILOV, V. N. 1994. Main stages 
and paleogeography of Cenozoic sedimentation in 
the Baikal rift system (Eastern Siberia). Bulletin 
des de Recherches Exploration-Production Elf- 
Aquitaine, 18, 453 462. 

KASTENS, K. A. & MASCLE, J. et al. 1990. The geological 
evolution of the Tyrrhenian Sea: an introduction to 
the scientific results of ODP Leg 107. In: KASTENS, 
K. A., MASCLE, J. et al. (eds) Proceedings of the 
ODP, Scientific Results, 107, 3-26. 

- - ,  AUROUX, C. et al. 1988. ODP Leg 107 in the 
Tyrrhenian Sea: insight into passive margin and 
back-arc basin evolution. Geological Society of 
America Bulletin, 100, 1140-1156. 

KELLER, J. V. A., MINELLI, G. & PIALLI, G. 1994. 
Anatomy of late orogenic extension: the Northern 
Apennines case. Tectonophysics, 238, 275-294. 

KIMURA, G. & TAMAKI, K. 1986. Collision, rotation 
and back arc spreading: the case of the Okhotsk 
and Japan seas. Tectonics, 5, 389 401. 

- - - ,  MIYASHITA, S. & MIYASAKA, S. 1983, Collision 
tectonics in Hokkaido and Sakhalin. In: HASHI- 
MOTO, M. & UYEDA, S. (eds) Accretion Tectonics 
in the Circum Pacific Regions. Terrapub, Tokyo, 
117-128. 

KING, G. & ELIAS, M. 1990. The origin of large local 
uplift in extensional regions. Nature, 348, 689-693. 

- - ,  OUYANG, Z., PAPADIMITRIOU, P. et al. 1985. The 
evolution of the Gulf of Corinth (Greece) an after- 
shock study of the 1981 earthquake. Geophysical 
Journal of the Astronomical Society, 80, 677 693. 

KOSYGIN, Y. A. & SERGEYEV, K. F. 1992. Geological 
map of Sakhalin, scale 1: 500000. Vostlgeology, 
Yuzhno-Sakhalinsk, Russia. 

KYRIAKOPOULOS, K., PEZZINO, A. & DEL MORO, A. 
1988. Rb-Sr chronological, petrological and 
structural study of the Kavala Plutonic complex 
(N. Greece). Bulletin of the Geological Society of 
Greece, 23, 545-560. 

LALLEMAND, S. & JOLlVET, L. 1985. Japan Sea: a pull 
apart basin. Earth and Planetary Science Letters, 
76, 375-389. 

LALLEMANT, S., TRUFFERT, C., JOLIVET, L., HENRY, 
P., CHAMOT-ROOKE, N. & VOOGD, B. D. 1994. 
Spatial transition from compression to extension 
in the western Mediterranean Ridge accretionary 
complex. Tectonophysics, 234, 33-52. 

LAVECCHIA, G. & STOPPA, F. 1989. II 'rifting' tirrenico: 
delaminazione della litosfera continentale e mag- 
matogenesi. Bollettino dell Societa Geologica 
Italiana, 108, 219-235. 

- - - ,  MINELLI, G. & PIALLI, P. 1987. Contractional 
and extensional tectonics along the transect 
Trasimeno Lake-Pesaro (Central Italy). In: BOR- 
IANI, A., BONAFEDE, M., PICCARDO, G. B. & VAI, 
G. B. (eds) The lithosphere in Italy. Advances in 
Earth Science Research, 80, 139-142. 

LE PICHON, X. 1981. Land-locked oceanic basins and 
continental collision, the eastern Mediterranean 
as a case example. Zurich. In: HSUE, K. J. (ed.) 
Mountain Building Processes. Academic Press, 
London, 201-211. 



T H E  K I N E M A T I C S  OF B A C K - A R C  BASINS 51 

- -  & ANGEL1ER, J. 1981. The Aegean Sea. Philoso- 
phical Transactions of the Royal Society of 
London, 300, 357-372. 
, HENRY, P. & GOFFE, B. 1997. Uplift of Tibet: 
from eclogites to granulites - implications for the 
Andean Plateau and the Variscan Belt. Tectono- 
physics, 273, 57-76. 
, CHAMOT-ROOKE, N., LALLEMANT, S. L., 
NOOMEN, R. & VEIS, G. 1994. Geodetic determi- 
nation of the kinematics of Central Greece with 
respect to Europe: implications for eastern 
Mediterranean tectonics. Journal of Geophysical 
Research, 100, 12 675-12 690. 

LEE, J. S. & POUCLET, A. 1988. Le volcanisme n6og6ne 
de Pohang (SE Cor6e), nouvelles contraintes 
g6ochronologiques pour l'ouverture de l a m e r  
du Japon. Compte-Rendus de l'AcadOmie des Sci- 
ences, Paris', 307, 1405-1411. 

LISTER, G. S., BANGA, G. & FEENSTRA, A. 1984. 
Metamorphic core complexes of cordilleran type 
in the Cyclades, Aegean Sea, Greece. Geology, 12, 
221 225. 

LOGATCHEV, N. A. 1993. History and geodynamics 
of the Lake Baikal rift in the context of the 
eastern Siberia rift system: a review. Bulletin des 
Centres de Recherches Exploration Production 
Elf-Aquitaine, 17, 353-370. 

- -  & ZORIN, Y. A. 1987. Evidences and causes of the 
two-stage development of the Baikal rift. Tecto- 
nophysics, 143, 225-234. 

MCKENZ~E, D. 1972. Active tectonics in the Mediter- 
ranean region. Geophysical Journal of the Royal 
Astronomical Society, 30, 109-185. 

MCKENZIE, D. 1978. Active tectonics of the Alpine- 
Himalayan belt: the Aegean Sea and surrounding 
regions. Geophysical Journal of the Royal Astro- 
nomical Society, 55, 217-254. 

MALINVERNO, A. & RYAN, W. 1986. Extension in the 
Tyrrhenian sea and shortening in the Apennines 
as result of arc migration driven by sinking of the 
lithosphere. Tectonics, 5, 227-245. 

MARGHERITI, L., NOSTRO, C., Cocco, M. & AMATO, 
A. 1996. Seismic anisotropy beneath the North- 
ern Apennines (Italy) and its tectonic im- 
plications. Geophysical Research Letters, 23, 
2721-2724. 

MARTINI, I. P. & SAGRI, M. 1993. Tectono-sedimen- 
tary characteristics of Late Miocene-quaternary 
extensional basins of the Northern Apennines, 
Italy. Earth Science Review, 34, 197-233. 

MATTAUER, M., FAURE, M. & MALAVIEILLE, J. 1981. 
Transverse lineation and large scale structures 
related to Alpine obduction in Corsica. Journal of 
Structural Geology, 3, 401-409. 

MATTEI, M., KISSEL, C., SAGNOTTI, L., FUNICIELLO, 
R. & FACCENNA, C. 1996. Lack of Late Miocene 
to Present rotation of the northern Tyrrhenian 
margin (Italy): a constraint on geodynamic 
evolution. In: MORRIS, A. & TARLING, D. H. 
(eds) Paleomagnetism and Tectonics of the Med- 
iterranean Region. Geological Society, London, 
Special Publication, 105, 141-146. 

MAUFFRET, A., PASCAL, G., MAILLARD, A. & GORINI, 
C. 1995. Tectonics and deep structure of the 

north-western Mediterranean basin. Marine and 
Petroleum Geology, 12, 645-666. 

MELE, G., ROVELLI, A., SEBER, D. & BARAZANGI, M. 
1997. Shear wave attenuation in the lithosphere 
beneath Italy and surrounding regions: tectonic 
implications. Journal of Geophysical Research, 
102, 11 863-11 875. 

METIVIER, F. 1996. Volumes skdimentaires et bilans de 
masse en Asie pendant le C~nozoi'que. Th6se de 
Doctorat, Universit6 Denis Diderot. 

MOLNAR, P. & GWSON, J. M. 1996. A bound on the 
rheology of continental lithosphere using very 
long baseline interferometry: the velocity of south 
China with respect to Eurasia. Journal of Geo- 
physical Research, 101, 545-553. 

- -  & LYON-CAEN, H. 1988. Some simple physical 
aspects of the support, structure, and evolution of 
mountain belts. Geological Society of America 
Special Paper, 218, 179 207. 

MONTIGNY, R., EDEL, J. B. & THUIZAT, R. 1981. 
Oligo-Miocene rotation of Sardinia: K-Ar ages 
and paleomagnetism data of Tertiary volcanics. 
Earth and Planetary Science Letters, 54, 261 271. 

MORRIS, A. & ANDERSON, A. 1996. First paleaomag- 
netic results from the Cyclaic Massif, Greece, and 
their implications for Miocene extension direc- 
tions and tectonic models in the Aegean. Earth 
and Planetary Science Letters, 142, 397-408. 

MROZOWSKI, C. L. & HAYES, D. E. 1979. The evolution 
of the Parece Vela basin, eastern Philippine sea. 
Earth and Planetary Science Letters, 46, 49-67. 

NORTHRUP, C. J., ROYDEN, L. H. & BURCHFIEL, B. C. 
1995. Motion of the Pacific plate relative to 
Eurasia and its potential relation to Cenozoic 
extension along the eastern margin of Eurasia. 
Geology, 23, 719-722. 

NORTON, I. O. 1995. Plate motions in the North Pacific: 
the 43 Ma non-event. Tectonics, 14, 1080-1094. 

OTOFUJI, Y. & MATSUDA, T. 1983. Paleomagnetic 
evidence for the clockwise rotation of Southwest 
Japan. Earth and Planetary Science Letters, 62, 
349-359. 

- - - ,  HAYASHIDA, A. & TORII, M. 1985. When did the 
Japan sea open? paleomagnetic evidence from 
southwest Japan. In: NASU, N., UYEDA, S., 
KUSHIRO, I., KOBAYASHI, K. & HAGAMI, H. 
(eds) Formation of Active Ocean Margin. TER- 
RAPUB, Tokyo, 551-556. 

- - - ,  ITAYA, T. & MATSUDA, T. 1991. Rapid rotation 
of southwest Japan paleomagnetism and K-Ar 
ages of Miocene volcanic rocks of southwest 
Japan. Geophysical Journal International, 105, 
397-405. 

OTSUKI, K. & EHIRO, M. 1978. Major strike slip faults 
and their bearing on the spreading of the Japan 
Sea. Journal Physical Earth, Supplement Issue, 26, 
537-555. 

PARFENOY, L. M., KOZ'MIN, B. M., IMAYEV, V. S. & 
SAVOSTIN., L. A. 1987. The tectonic character of 
the Olekma-Stanovoy seismic zone. Geotectonics, 
21, 560-572. 

- - ,  NATAPOV, L. M., SOKOLOV, S. D. & TSUKANOV, 
N. V. 1993. Terrane analysis and accretion in 
North-East Asia. The Island Arc, 2, 35-54. 



52 L. JOLIVET ET AL. 

PARSON, L. M. & HAWKINS, J. W. 1994. Two-stage 
ridge propagation and the geological history of 
the Lau backarc basin. In: HAWKINS, J. PARSON, 
L. & ALLAN, J. (eds) Proceedings of the ODP, 
Scientific Results, 135, 819-828. 

PATACCA, E. & SCANDONE, S. 1989. Post-Tortonian 
mountain building in the Apennines. The role of 
the passive sinking of a relic lithospheric slab. In: 
BORIANI, A. BONAFEDE, M., PICCARDO, G. B. & 
VAl, G. B. (eds) The Lithosphere in Italy. Advances 
in Science Research. Accademia Nazionale dei 
Lincei, Rome, 157-176. 

- - ,  SARTORI, R. & SCANDONE, P. 1990. Tyrrhenian 
basin and Apenninic arcs: kinematic relations 
since late Tortonian times. Memoire della Societa 
Geologica Italiana, 45, 425-45l. 

PATRIAT, M. 1996. Etude de la transition cassant- 
ductile en extension, application au transect 
Olymp~Naxos, GrOce. Th6se de Doctorat, Uni- 
versit6 Pierre et Marie Curie. 

- - ,  JOLIVET, L. & GOFFt~, B. 1999. Evolution from 
thickened crust to metamorphic core complex 
during post-orogenic extension: direct observa- 
tions from the Olympos Naxos transect (Greece). 
Tectonics, in press. 

PIALLI, G., ALVAREZ, W. & MINELLI, G. 1995. 
Geodinamica dell'Appenino settentrionale e sue 
ripercusioni nella evoluzione tettonica miocenica. 
Studi Geologici Camerti, Volume Speciale, 1995/1, 
523-536. 

PLATT, J. P. & ENGLAND, P. 1994. Convective removal 
of lithosphere beneath moutain belt: thermal and 
mechanical consequences. American Journal of 
Science, 294, 307 336. 

- -  & VISSERS, R. L. M. 1989. Extensional collapse of 
thickened continental lithosphere: A working 
hypothesis for the Alboran Sea and Gibraltar 
arc. Geology, 17, 540-543. 

PONZIANI, F., DE FRANCO, R., MINELEI, G., BIELLA, 
G., FEDERICO, C. & PIALLI, G. 1995. Crustal 
shortening and duplication of the Moho in the 
Northern Apennines: view from seismic refraction 
data. Tectonophysics, 252, 391-418. 

RANGIN, C., HUCHON, P., BELLON, H. et al. 1995. 
Cenozoic tectonics of central and South Vietnam. 
Tectonophysics, 251, 179-196. 

RANKEN, B., CARDWELL, R. K. & KARIG, D. E. 1984. 
Kinematics of the Philippine sea plate. Tectonics, 
3, 555-575. 

REUTTER, K. J., GIESE, P. & CLOSS, H. 1980. Litho- 
spheric split in the descending plate: observation 
from the Northern Apennines. Tectonophysics, 64, 
T I-T9. 

RICARD, Y., DOGLIONI, C. & SABADINI, R. 1991. Differ- 
ential rotation between lithosphere and mantle: a 
consequence of lateral mantle viscosity variations. 
Journal Geophysical Research, 96, 8407-8415. 

RIEGEL, S. A., FUJITA, K., KOZ'MIN, B. M., IMAEV, 
V. S. & COOK, D. B. 1993. Extrusion tectonics of 
the Okhotsk plate, northeast Asia. Geophysical 
Research. Letters, 20, 607-610. 

RIGO, A., LYON-CAEN, H., ARMIJO, R. et al. 1996. A 
microseismicity study in the western part of the 
Gulf of Corinth (Greece): implications for large- 

scale normal faulting mechanisms. Geophysical 
Journal International, 126, 663-688. 

ROSSETTI, F., FACCENNA, C., JOLIVET, L., TECCE, F., 
FUNICIELLO, R. & BRUNET, C. 1999. Syn- versus 
post-orogenic extension in the Tyrrhenian Sea, the 
case study of Giglio Island (Northern Tyrrhenian 
Sea, Italy). Tectonics, in press. 

ROYDEN, L. H. 1993. Evolution of retreating subduc- 
tion boundaries formed during continental colli- 
sion. Tectonics, 12, 629-638. 

ROZHDESTVENSKIY, V. S. 1982. The role of wrench 
faults in the structure of Sakhalin. Geotectonics, 
16, 323-332. 

- - 1 9 8 6 .  Evolution of the Sakhalin fold system. 
Tectonophysics, 127, 331-339. 

Russo, R. M. & SILVER, P. G. 1994. Trench-parallel 
flow beneath the Nazca plate from seismic 
anisotropy. Science, 263, 1105-1111. 

SAPIN, M. & HIRN, A. 1997. Seismic structure and 
evidence for eclogitization during the Himalayan 
convergence. Tectonophysics, 273, 1-16. 

SARTORI, R. 1990. The main results of ODP Leg 107 in 
the frame of neogene to Recent geology of peri- 
Tyrrhenian areas. In: KASTENS, K. A. MASCLE, J. 
et al. (eds) Proceedings of ODP, Scientific Results, 
107, 715-730. 

SCHEEPERS, P. J. J., LANGEREIS, C. G. & HILGEN, F. J. 
1993. Counter-clockwise rotations in the southern 
Apennines during the Pleistocene: paleomagnetic 
evidences from the Matera area. Tectonophysics, 
225, 379-410. 

SCHOLZ, C. H. & CAMPOS, J. 1995. On the mechanism of 
seismic decoupling and back-arc spreading at sub- 
duction zones. Journal of Geophysical Research, 
100, 22103-22115. 

SEBER, D., BARAZANGI, M., IBENBRAHIM, A. &; DEM- 
NATI, A. 1996. Geophysical evidence for litho- 
spheric delamination beneath the Alboran Sea 
and Rif-Betic mountains. Nature, 379, 785-790. 

SEIDEL, E., KREUZER, H. & HARRE, W. 1982. The late 
Oligocene/early Miocene high pressure in the 
external hellenides. Geologische Jachbuch, E23, 
165 206. 

SELVAGGI, G. & AMATO, A. 1992. Intermediate-depth 
earthquakes in the Northern Apennines (Italy): 
evidence for a still active subduction? Geophysics 
Researcj Letters, 19, 2127-2130. 

- -  & CHIARABBA, C. 1995. Seismicity and P-wave 
velocity image of the Southern Tyrrhenian sub- 
duction zone. Geophysical Journal International, 
121, 818-826. 

SENO, T., STEIN, S. 8¢ GRIPP, A. E. 1993. A model for 
the motion of the Philippine Sea plate consistent 
with NUVEL-1 and geological data. Journal of 
Geophysical Research, 98, 17 941-17 948. 

SERRI, G., INNOCENTI, F. & MANETTI, P. 1993. 
Geochemical and petrological evidence of the 
subduction of delaminated Adriatic continental 
lithosphere in the genesis of the Neogene 
Quaternary magmatsim of central Italy. Tectono- 
physics, 223, 117-147. 

SHEMENDA, A. I. 1994. Subduction, Insight from 
Physical Modeling. Modern Approaches in Geo- 
physics. Kluwer. 



T H E  K I N E M A T I C S  OF B A C K - A R C  BASINS 53 

SILLITOE, R. H. 1977. Metallogeny of an Andean type 
continental margin in South Korea, implications 
for opening of the Japan Sea. In: TALWANI, M. & 
PITMAN, W. C. I. (eds) Island Arcs, Deep Sea 
Trenches and Back Arc Basins. AGU, Maurice 
Ewing Series, | ,  303 310. 

SOKOUTIS, D., BRUN, J. P., DRIESSCHE, J. V. D. & 
PAVLIDES, S. 1993. A major Oligo-Miocene 
detachment in southern Rhodope controlling 
north Aegean extension. Journal of the Geological 
Society, London, 150, 243-246. 

SPAKMAN, W. 1990. Tomographic images of the upper 
mantle below central Europe and the Mediterra- 
nean. Terra Nova, 2, 542-553. 

TAIRA, A., TOKUYAMA, H. & SOH, W. 1989. Accretion 
tectonics and evolution of Japan. In: BEN AVRA- 
HAM, Z. (ed.) The Evolution of the Pacific Ocean 
Margin. Oxford University Press, 100-123. 

TAMAKI, K. 1986. Age estimation of the Japan sea on 
the basis of stratigraphy, basement depth and 
heat flow data. Journal of Geomagnetics and 
Geoelectrics, 38, 427 446. 

- - 1 9 8 8 .  Geological structure of the Japan sea and its 
tectonic implications. Bulletin of the Geological 
Survey of Japan, 39, 269-365. 
, SUYEHIRO, K., ALLAN, J., INGLE, J. C. & PISCI- 
OTTO, K. 1992. Tectonic synthesis and implica- 
tions of Japan Sea ODP drilling. Proceedings of 
ODP, Scientific Results, 127/128, 1333-1350. 

TAPPONNIER, P. & MOLNAR, P. 1976. Slip line 
field theory and large-scale continental tectonics. 
Nature, 264, 319-324. 
1977. Active faulting and tectonics in China. 
Journal oj c Geophysical Research, 82, 2905-2930. 
, PELTZER, G., DARN, A. Y. L., ARMIJO, R. & 
COBBOLD, P. 1982. Propagating extrusion tec- 
tonics in Asia: new insights from simple experi- 
ments with plasticine. Geology, 10, 611-616. 

TARDUNO, J. A. & COTTRELL, R. D. 1997. Paleomag- 
netic evidence for motion of the Hawaiian hotspot 
during formation of the Emperor seamounts. 
Earth Planetary Science Letters, 153, 171 180. 

TATSUMI, Y., OTOFUJI, Y. I., MATSUDA, T. & NOHDA, 
S. 1989. Opening of the Sea of Japan back-arc 
basin by asthenospheric injection. Tectonophysics, 
166, 317 329. 

TAYLOR, B. 1992. Rifting and the volcanic-tectonic 
evolution of the Iz~Bonin  Mariana arc. In: 
TAYLOR, B. & FUJIOKA, K. (eds) Proceedings of 
the ODP Scientific Results, 126, 627-651. 

- -  & HAYES, D. E. 1983. Origin and history of the 
South China Sea basin. In: HAYES, D. E. (ed.) 
The Tectonic and Geologic Evolution of Southeast 
Asian Seas and Islands, Part 2. AGU, Geophysi- 
cal Monograph, 27, 23-56. 

- -  & KARNER, G. D. 1983. On the evolution of 
marginal basins. Review of Geophysics and Space 
Physics, 21, 1727-1741. 

TAYMAZ, T., JACKSON, J. & MCKENZIE, D. 1991. Active 
tectonics of the north and central Aegean Sea. 
Geophysical Journal International, 106, 433-490. 

TOKUYAMA, H., SUYEMASU, M., TAMAKI, K. et al. 
1987. Report on DELP cruises in the Japan Sea, 
part III: seismic reflection studies in the Yamato 

basin and the Yamato Rise area. Bulletin Earth- 
quake Research Institute, University of Tokyo, 62, 
367-390. 

UYEDA, S. & KANAMORI, H. 1979. Backarc opening 
and the mode of subduction. Journal of Geophy- 
sical Research, 84, 1049-1106. 

VANDENBERG, L. C. & LISTER, G. S. 1996. Struc- 
tural analysis of basement tectonics from the 
Aegean metamorphic core complex of Ios, 
Cyclades, Greece. Journal of Structural Geology, 
18, 1437-1454. 

V~GL~OTTL L. & KENT, D. V. 1990. Paleomagnetic 
results of Tertiary sediments from Corsica: 
evidence for post-Eocene rotation. Physics of the 
Earth and Planetao, International, 62, 97-108. 

VISSERS, R. L. M., PLATT, J. P. & VAN DER WAL, D. 
1995. Late orogenic extension of the Betic 
Cordillera and the Alboran domain: a litho- 
spheric view. Tectonics, 14, 786-803. 

WAWRZENITZ, N. & KRONE, A. 1999. Exhumation and 
doming of the Thasos metamorphic core complex 
(S'Rhodope, Greece): structural and geochrono- 
logical constraints. In: JOLIVET, L. & GAJAIS, O. 
(eds) Extensional Tectonics and Exhumation of 
Metamorphic Rocks in Mountain Belts. Tectono- 
physics Special Volume, 285, 301-332. 

WERNICKE, B. 1992. Cenozoic extensional tectonics of 
the, U.S. cordillera. In: BURCHHEL, B. C., 
LIPMAN, P. W. & ZOBACK, M. L. (eds) The 
Cordilleran Orogen." Conterminous, U.S. Geologi- 
cal Society of America, Boulder, Colorado, G-3, 
553-581. 

WIGGER, J. 1984. Die Krustenstruktur des NordA- 
pennines und angereurender Gebeite mit beson- 
der Bernecksichtigung der geotermischen Anom- 
alie der Toskana. Berliner Geowissenschaftliche 
Abbendlungen, 9, 1-87. 

WIJBRANS, J. R., VAN WEES, J. D., STEPHENSON, R. A. 
& CLOETHINGH, S. A. P. L. 1993. Pressure- 
temperature time evolution of the high-pressure 
metamorphic complex of Sifnos, Greece. Geology, 
21,443-446. 

WORRALL, D. M. 1991. Tectonic history of the Bering 
Sea and the evolution of Tertiary strike-slip 
basins of the Bering shelf. Geological Society of 
America, Special Paper, 257, 120. 
, KRUGLYAK, V., KUNST, F. & KUSNETSOV, V. 
1996. Tertiary tectonics of the Sea of Okhotsk, 
Russia: far-field effects of the India-Asia collision. 
Tectonics, 15, 813-826. 

YOON, S. H., PARK, S. J. & CHOUGH, S. K. 1997. 
Western boundary fault systems of Ulleung Back- 
arc basin: further evidence of pull-apart opening. 
Geoscience Journal, 1, 75-88. 

ZHONG, S. & GURNIS, M. 1995. Mantle convection 
with plates and mobile, faulted margins. Science, 
267, 838-843. 

ZITELLINI, N., TRINCARDI, F., MARANI, M. & FABBR[, 
A. 1986. Neogene tectonics of the Northern Tyr- 
rhenian sea. Giornale di Geologia, 48/1-2, 25-40. 

ZOBACK, M. L. 1992. First- and second-order pat- 
terns of stress in the lithosphere: the world stress 
map project. Journal of Geophysial Research, 97, 
11703 11728. 


