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Abstract

In convergent geodynamic settings, extensional and compressional tectonics occur contemporaneously or in different
times and places, but they are deeply linked to each other in a number of different ways. The main types of extensional
regimes here considered are for west-dipping subduction zones: (1) back-arc extension (e.g., Tyrrhenian Sea); (2) uplift and
related extension due to asthenospheric wedging (e.g., Apennines); (3) extension at the subduction hinge (e.g., Marianas);
(4) extension due to increasing length of arcs (e.g., Apennines). For east-, northeast- or north-northeast-dipping subduction
zones: (5) extension induced by collapse of orogens (e.g., Alps, Himalayas); (6) extension induced by differential
lithosphere—asthenosphere coupling in the hanging wall of a subduction zone (e.g., Aegean rift); (7) rifting induced by
orogenic roots anchored into the mantle (e.g., Atlantic and Tethys). Other types may be considered: (8) inversion of plate
motion, from convergent to divergent relative plate vectors due to external velocity fields (e.g., Basin and Range); (9)
transtension may occur along oblique ramps of thrust arcs due to differential forward propagation of thrusts planes (e.g.,
southern arm of the Barbados accretionary prism?); transtension and transpression also occur contemporaneously along an
undulate strike-slip setting, or extension can accompany foreland dipping duplexes; (10) apparent extension due to
down-section cut of thrust planes along subduction zones. Each type of extension generates different shape, depth and
relationships between hanging wall and footwall of the associated normal faults and shear zones.

1. Introduction

Much debate has arisen over the last few years
concerning the extensional tectonics observed in
many orogenic belts (e.g., Coward et al., 1987
Jolivet, 1993). The extension processes described in
the Alps, Mediterranean in general, Cordillera and
Himalayas have been taken as a mechanism for the
uplift of metamorphic core complexes (Lister et al.,
1984; Platt, 1986, see a discussion in Michard et al.,
1993), and have also been proposed as a mechanism
for the collapse of several orogens (e.g., the Hi-

malayas, Dewey, 1988; the Pannonian Basin, the
Basin and Range, or the Apennines, Carmignani and
Kligfield, 1990). The aim of this paper is to compare
and discuss the main geologic framework between
extensional and compressional tectonics in different
geodynamic contexts. In particular it addresses the
different origins of the tensional environments occur-
ring contemporaneously or after compression in dif-
ferent geologic settings.

Recently, it has been suggested that the average
westward plates motion (Le Pichon, 1968) is con-
trolled by lateral heterogeneities in the upper mantle
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(Ricard et al., 1991; O; Nelson and Temple, 1972;
Uyeda and Kanamori, 1979; Doglioni, 1993a, b;
Moser et al., 1993; Smith, 1993). A few general
consequences of this relative motion are here pro-
posed in the differentiation of extension types. Par-
ticular attention will be given to the differences
between extension related to W-dipping versus E- or
NE-dipping subduction zones. It will be shown that
the different types of extension in convergent set-
tings have different origins and different relation-
ships with the compression. Each type of extension
is characterized by different depths and shapes of the
related decollement planes. A few cartoons are pre-
sented to illustrate the main geodynamic differences
between the several types of extensional environ-
ments.

2. Back-arc extension

The opening of back-arc basins is peculiar to
W-dipping subduction. They open very quickly at
average rates of 3~7 cm/yr (Mariana Arc, Hussong
and Uyeda, 1981; Tyrrhenian Sea, Moussat et al.,
1985; Kastens et al., 1988) up to rates of more than
10 cm/yr (Bismark Sea, Taylor, 1979), and they
generate new oceanic crust. They have a semicircular
shape. The present back-arc basins such as the
Caribbean Sea, New Scotia Basin, Parece Vela Basin,
Banda Sea, Japan Sea, Bering Sea, Tyrrhenian Sea
and the Pannonian Basin show a recent evolution
and they all are associated with ‘W’-dipping subduc-
tion. Accepting that the lithosphere is moving west-
ward in relation to the asthenosphere (Le Pichon,
1968; Ricard et al., 1991), W-dipping subduction
generates an obstacle to the related eastward—north-
eastward mantle counterflow. In fact all these sub-
duction zones have an arcuate shape, suggesting they
are obstacles to an opposite flow. Back-arc opening
in this view is the consequence of the Joss of litho-
sphere due to subduction opposing the relative man-
tle flow (Doglioni, 1991). In fact, subduction zones
following the mantle flow, dipping to the E, NE or
NNE, show very different characters and not typical
back-arc basins (see later type 6). Extension in the
back-arc may be considered as type 1 (Fig. 1). The
western margin of the back-arc is more linear with
respect to the eastern one which is an arc migrating

and verging ‘eastward’. Normal faults and ductile
shear zones associated with back-arc extension flat
out at the base of the lithosphere.

While the back-arc extension grows eastward, the
back-arc basin also shows thermal subsidence (e.g.,
in the Tyrrhenian Sea, Kastens et al., 1988; Pannon-
ian and Alboran basins, Royden et al., 1983; Morley,
1993). The extension in the back-arc basin regularly
exhibits a discontinuous eastward propagation, gen-
erating a large-scale boudinage, as evidenced by the
undulations of the crustal thickness. This type 1
extension occurs while compression is active to the
east in the accretionary wedge. In contrast with
linear rift zones (e.g., Atlantic passive margins),
back-arc extension regularly shows eastward polarity
of propagation, semicircular or arcuate geometry and
shorter life (10-50 Ma). With the appearance of
oceanic crust in the back-arc basin the classic switch
from rifting to drifting stage may occur, with the
transition being diachronous and propagating toward
the northern, eastern and southern terminations of the
arc. Higher tectonic and thermal subsidence rates
characterize the back-arc basins with respect to clas-
sic linear continental and oceanic rift zones
(Kobayashi, 1984; Morley, 1993), as demonstrated
by Kastens et al. (1988) in the Tyrrhenian Sea where
700 m/Ma of subsidence have been calculated for
the Marsili Basin.

West-dipping subduction zones may be distin-
guished according to whether there is active conver-
gence between the two plates (e.g., the western
Pacific subduction zones, Aleutians, Japan, Mari-
anas, Fiji, Nankai), or if there simply is the roll-back
of the subduction hinge without convergence among
the two plates (e.g., Barbados, Apennines, Carpathi-
ans and Banda arcs, due to slab pull or eastward
mantle push). The first type of west-dipping subduc-
tion may be considered ‘active’ in which two refer-
ence points between the subducting plate and the
western margin of the back-arc basin are converging.
The second type may be considered as ‘passive’ in
which there is no convergence between the two
reference points of the subducting plate and the
western part of the back-arc basin. In fact, once
west-dipping subduction is activated, the ‘eastward’
mantle flow provides the push for the eastward
roll-back of the subduction zone, either ‘active’ or
‘passive’. In the first type two converging plates are
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involved (active), whereas in the second type the
west-dipping subduction develops within one single
plate (passive).

3. Uplift and related extension due to astheno-
spheric wedging

While extension in the back-arc setting is accom-
panied by subsidence, the extension in the ridge
above the subduction hinge is coeval to uplift (e.g.,
Apennines). Rates of uplift in the Apennines are in
the order of 0.5-1 mm/yr (e.g., Cosentino and
Gliozzi, 1988). The kinematics of W-dipping sub-
duction seem to predict mantle wedging at the top of
the subduction hinge (Fig. 1), with omission of the

lithospheric mantle; this should induce uplift and
extension of the overlying crust (type 2 of extension,
Fig. 1). This crust is composed mainly of shallow
rocks offscraped from the top of the subducting
lithosphere, and metamorphic rock relicts of the
former Alpine-type E-dipping related subduction. In
the Apennines, the sedimentary cover extends to
depths of at least 15-20 km, with a new ‘Moho’
indicated at 25-30 km. Then it is necessary to
question what has happened to the crystalline crust
that usually is 20-30 km thick. During W-dipping
subduction we might kinematically interpret that this
crust is mainly lost by subduction due to different
behaviour of the decollement planes in the W-di-
pping subduction zones with respect to the E- and
NE-dipping ones (Doglioni, 1992). The superficial
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Fig. 1. Three different types of extensional environments may be observed in a section of a W-dipping subduction system. Type 1 is the
extension generated by horizontal stretching during the back-arc opening; in a map view the western margin is generally linear while the
eastern one is arcuate. In contrast with type 1 which occurs with general subsidence, type 2 is an extension coeval with uplift and may be
interpreted as due to the bending due to the upward push generated by the asthenospheric wedging at the subduction hinge. Type 3 is the
foreland extension generated by bending of the subducting lithosphere. All the three types of extension are ‘eastward’ migrating. Each
extension type has different decollement planes: type 1 has the basal decollement at stretched lithosphere—asthenosphere boundary; type 2
has the decollement between the upper dragged layers of the crust and the asthenosphere; type 3 has normal faults terminating in the neutral
crustal zone of folding where flexural slip may form (lower crust?).
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material that is accreted in the frontal parts and is not
subducted, is delaminated and uplifted by the mantle
wedging, which is like a mouse running underneath a
carpet and generating an uplifting wave during its
passage. This uplift is short-lived (1-3 Ma?) and
upward bounded (1-3 km) due to the limited ampli-
tude of the wave and its eastward migration. The
vertical component of this ‘eastward’-migrating wave
generated by the mantle wedge should then be re-
sponsible for the main relief associated to W-dipping
subduction, and for the eastward migration of the
drainage divide, accretionary wedge and foredeep
basin in all these types of geodynamic environments
(e.g., Apennines, Carpathians, Japan). This could
explain why the amount of extension is much lower
in comparison to the amount of shortening in the
Apennines (Bally et al., 1986). the shortening is
entirely related to the amount of subduction, while
the extension is due to the later uplift generated by
the underlying following mantle wedge. This uplift
and extension may also be enhanced by the thicken-
ing of the underlying accretionary wedge. Like type
1, type 2 extension occurs while compression is
active in the deeper accretionary wedge located to
the east. The normal faults and shear zones flat out at
the base of the anomalous light crust, above the
asthenospheric wedging, with an interbedded thin or
absent lithospheric mantle. The asthenospheric wedge
in the hanging wall of the W-directed subduction
zone can generate HT-LP metamorphic conditions
affecting the overlying residual crust.

4. Extension at the subduction hinge

It is well known that folds have an external area
of extension and a compression in the core under-
neath a neutral area (e.g., Twiss and Moores, 1992).
This simple geometric constraint is valid at any scale
and can explain why in several subduction hinges
extensional tectonics occur (type 3 of extension, Fig.
1), in paradox with the convergent geodynamic con-
text (Karig and Sharman, 1975; Bradley and Kidd,
1991). In fact extension is observed in the Marianas
trench and in the Apulian foreland of the Apenninic
subduction zone (Tropeano et al., 1994). Type 3
extension occurs while compression is active to the
west in the accretionary wedge and it is confined in

the upper layers of the lithosphere or crust, above the
neutral line of the lithospheric bending. Subduction
hinge extension may develop in a context of general-
ized subsidence due to the roll-back of the subduc-
tion hinge, or in a context of uplift in case of
presence of an outer rise or bulge. In both cases the
extension migrates eastward and lives the time of
active bending of the lithosphere.

5. Extension due to increasing length of an arc

We expect extension along the strike of an arc
during its evolution for simple geometric reasons
(type 4 extension). The growth of an arc should
generate horizontal stretching parallel to the arc trend
due to the increasing length of any pre-arching marker
line (Fig. 2). Extension has to be a natural accommo-
dation during the development of an arc (Ghisetti
and Vezzani, 1979; Knott and Turco, 1991; Oldow et
al., 1993) generated by a W-dipping subduction
(Doglioni, 1991). Type 4 extension generates grabens
trending perpendicularly to the arc, with a comb
distribution (Fig. 3). This extension occurs while
compression is active in the accretionary wedge,
where counterclockwise rotations occur in the north-
ern arm of the arc, and clockwise rotations in its
southern part (e.g., the Apenninic arc, Sagnotti and
Meloni, 1993) in order to accommodate the arc
migration. Grabens perpendicular to the Apennines
trend occur both in the foreland and in the belt.
Normal faults and shear zones are detached at the
base of the lithosphere.

6. Extension induced by morphologic instability

Type 5 of extension may be considered the one
generated by the relaxation of orogens due to gravi-
tational collapse (England and Houseman, 1985;
Dewey, 1988; Ratschbacher et al., 1989; Malavieille,
1993). In contrast with type 2 which is associated to
W-dipping subduction, this extension is typical of
orogens due to E- or NE- to NNE-dipping subduc-
tions (e.g., Himalayas, Andes, Alps). When an oro-
genic wedge thickens above the critical taper of the
wedge, the morphologic gradient is able to induce
lateral spreading and collapse of the orogen. This



C. Doglioni / Tectonophysics 252 (1995) 253-267 257

type of extension is quite well established and recog-
nized in the western and central Alps, Himalayas and
Andes (Davis et al., 1983; Burg et al., 1984; Burch-
field and Royden, 1985; Dewey, 1988; Selverstone,
1988; Ratschbacher et al., 1989; Pécher, 1991).
Decollement planes are probably flattening out in the
middle—upper crust; since the orogen is active, con-
tractional tectonics are expected at depth. Type 5
extension (Fig. 4) is located in the structurally and
morphologically uplifted core of the orogens that
show a double vergence and an overthickened crust
(e.g., Cordillera, Himalayas). This is in contrast with
type 2 extension which occurs above a thinner crust

stretched lithosphere

due to bending

Fig. 2. Type 4 extension may be considered that generated by the
lengthening of the arc during the arc growth in a W-dipping
subduction setting. This extension strikes parallel to the arc and
terminates in depth in the asthenosphere (modified after Doglioni,
1991).
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Fig. 3. Map view of a model of W-dipping subduction and
location of the different extensional environments described in the
former figures (modified after Doglioni, 1991).

and above orogens verging only to the east (e.g.,
Apennines). Type 5 extension may occur while com-
pression is active in the whole accretionary wedge.
When a margin of the orogen is weak or uncon-
strained, lateral extrusion has been proposed
(Ratschbacher et al., 1991a, b).

Seismic images of active accretionary wedges
(Bally, 1983; Von Huene, 1986) very often show
normal faults in the upper or slope parts of the
wedge, suggesting morphologic instability. Type 5
extension appears to be frequent for structurally and
morphologically high orogens due to E- or NE-di-
pping subduction and should be distinguished from
extension due to back-arc opening (type 1) or as-
thenospheric wedging at the hinge of W-dipping
subduction (type 2) which have a different geody-
namic context, low structural and morphologic eleva-
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Relaxation of the orogen when it grows
above the critical taper of the double-wedge

Fig. 4. Type 5 extension is the one generated by the relaxation of orogens due to gravitational collapse (e.g., Dewey, 1988). This extension
is typical of overthickened crusts and is found associated to orogens due to E-, NE- or NNE-dipping subduction zones (e.g., Himalayas,

Andes, Alps).

tion, and decollement planes and shear zones related
to the extension reaching the base of the lithosphere
(compare Figs. 1 and 4).

Extension and coeval compression also occur
along passive continental margins (e.g., Namibia,
Gulf of Mexico, Australia; Gerrard and Smith, 1982;
Wu et al., 1990; Weimer and Buffler, 1992) where
huge slides of sedimentary cover fall toward deeper
areas, with extension in the source area and compres-
sion in the accumulation zone. Decollement planes
for this type of event are usually shallow (2—4 km),
at evaporitic or shale layers. However, this extension
is not related to active convergent margins, but it
may be later involved in subduction zones and re-
lated thrust belts, and it may be useful to keep in
mind its peculiarities in order to make its distinction
possible.

7. Extension induced by differential lithosphere—
asthenosphere coupling in the hanging wall of a
subduction zone

One of the most debated types of rifts are the
so-called ‘back-arc basins’ related to E-, NE- and
NNE-dipping subduction (e.g., the Aegean Sea or
the Indonesian back-arc). In this paper they are
considered to have a different origin from back-arc
basins due to W-dipping subduction because of the
following points: (a) they have lower rates of open-
ing with respect to back-arcs related to W-dipping
subduction; (b) they are characterized by thick conti-
nental crust (20-25 km), while back-arcs subducti-
ing in the opposite direction probably experienced
fast generation of new oceanic crust; (¢) they may be

inactive during contemporaneous subduction, while
this does not occur for a W-dipping subduction; (d)
they have opposite polarity of opening toward WSW
or SSW; (e) they often are inverted in a compres-
sional regime; the system is composed by three
plates (A-B~C in Fig. 5), in contrast with back-arc
basins due to W-dipping subduction where the sys-
tem may develop with two converging plates or
within one single plate (Fig. 1).

The Aegean Sea is generally considered a back-arc
basin due to NE-dipping subduction (Le Pichon and
Angelier, 1979). However, the Aegean Sea is charac-
terized by a relatively thick crust (20-25 km) ac-
cording to Makris (1978), in spite of long-standing
subduction, probably active at least since Cretaceous
times (Meulenkamp et al., 1988). Extension and
associated magmatism are SSW-migrating (Jackson
and McKenzie, 1988), and they developed particu-
larly only since the Oligocene, while subduction
began much earlier. ‘Normal’ back-arc basins are
associated with W-dipping subduction zones and they
open very fast (10-20 Ma) and are always contem-
poraneous with the subduction. Moreover they are
characterized by oceanization and eastward migra-
tion of extension and related magmatism, features
directly surrounded by a frontal accretionary wedge.
Instead the accretionary wedge of the Hellenic sub-
duction zone is the southeastern prolongation of the
Dinaric thrust belt, where no back-arc extension
occurs.

No relative motion occurs between the central and
eastern Mediterranean, since both sides belong to the
same African plate. However, the plate is subducting
both below Greece and Cyprus, but at different
velocities, or more exactly the hanging-wall plate is
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overriding at different velocities. The Cyprus sub-
duction in fact is slower as indicated by the minor
shortening of the Quaternary sediments and by the
lower seismicity with respect to the Hellenic subduc-
tion. If no relative motion between the central and
eastern Mediterranean occurs, the different conver-
gent rates at the two subduction zones have to be
related to differential velocities between the
hanging-wall plates, enabling a faster motion of
Greece southwestward in relation to Turkey respon-
sible for the extension in between. In other words,
Turkey is moving away from Greece toward the
northeast, and the two parts do not converge. Type 6
extension (Fig. 5) may or may not be coeval with
compression elsewhere, and the related normal faults
and shear zones should flat out in the decollement
planes at the base of the lithosphere.

Accepting the ‘east-northeastward’ mantle flow
indicated by the hot spot reference frame (Ricard et
al., 1991), the origin of back-arc basins due to E- or
NE-dipping subduction should not be due to litho-
spheric disappearance as found in W-dipping sub-
duction zones, but rather to differential drag of the
lithosphere in the hanging wall of the subduction due
to different viscosity contrasts controlled by lateral
beterogeneities (composition, heat flow, fluids, etc.)
that control the amount of decoupling at the interface
between lithosphere and asthenosphere.

W-sw

8. Rifting induced by orogenic roots anchored
into the mantle

The opening of the Adantic (Tankard and Balk-
will, 1989; Ziegler, 1993) and Tethys (Dercourt et
al., 1986; Ziegler, 1988) oceans strictly followed the
pre-existing lithospheric thickening of the Variscan
and Caledonian orogens (Bernoulli and Lemoine,
1980, McClay et al., 1986; Dewey, 1988; Fig. 6).
The Iapetus Ocean, in turn, was closed by the Cale-
donian orogen. The Late Eocene, Early Oligocene
extension in front to the western Alps and producing
the RhOne and Rhine grabens occurred immediately
after the biggest collisional and lithospheric thicken-
ing event in the Alps (Laubscher, 1983). The Red
Sea and the East Africa rift zones followed or were
conditioned by the inherited pattern of pan-African
pre-Cambrian orogens (McConnell, 1972; Smith and
Mosley, 1993; Ring, 1994). All these observations
suggest that the physical anisotropies in the litho-
sphere, particularly the lithospheric thickening due to
continental collision, are controlling the location of
rift zones. Glazner and Bartley (1985) documented
that after 10-20 Ma an overthickened lithosphere
becomes weaker with respect to the cratonic litho-
sphere and orogens can become good sites for rifting
development. Kusznir and Park (1987) and Gaude-
mer et al. (1988) have shown that extension over-

Extension in the 'back-arc' due to different E

velocity of the lithosphere in the hangingwall
of the subduction between plate B a plate C
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Fig. 5. Type 6 extension may be considered the so-called ‘back-arc’ basin forming in the hanging wall of E- or NE-dipping subductions. In
contrast with back-arc basins related to W-dipping subduction zones where the back-arc is formed beacause of the loss of lithosphere caused
by subduction, in this type 6 the extension forms because the hanging-wall lithosphere is split in two distinct diverging plates, like normal
rifting. In fact crust and lithosphere in this type of ‘back-arc’ often remain thick and continental in origin and are not regularly
contemporaneous with subduction. The system is composed by three plates (A~B—C), in contrast with back-arc basins due 10 W-dipping
subduction where the system may develop with two converging plates or within one single plate. The classic example is the Aegean sea,
formed since the Miocene on top of a NE-dipping subduction zone active since at least the Cretaceous.
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printing large orogens is much more widespread
(e.g., 1000 km) with respect to intraplate extension
that is usually confined to narrow areas usually no
wider than 100 km (e.g., the East African rift sys-
tem), and they also demonstrated the thermal control
of wide orogenic wedges on their collapse. These
data indicate that the lithosphere is actively control-
ling rift zones, more than the underlying convecting
deep mantle. Sabadini et al. (1992) indicated that the
thickening of the lithosphere controls the deviatoric
stress and its trajectories: a thick continental litho-
sphere is able to induce extension in its western
margin and compression to the east due to the drag
produced by the deep lithospheric roots into a rela-
tive asthenospheric flow. Consequently the over-
thickening induced by collisional events can control
later extension, this fact predicting a continuous
opening and closing of the oceans, the so-called
‘Wilson cycle’, extension—compression and then
again extension (Vink, 1979). Immediately after a

compressive event (ie. the Late Carboniferous
Variscan closure) a new rifting may start (i.e. the
Atlantic and Tethys riftings) if the lithospheric over-
thickening is joined by the relative westward drift of
the lithosphere with respect to the asthenospheric
mantle, and by the lateral asthenospheric anisotropies
inducing velocity variations in the overlying litho-
spheric plates. Continental lithosphere is weaker than
oceanic lithosphere by about a factor of 3 (Vink et
al., 1984): this is a very important factor in control-
ling the location of rift zones which are in fact more
diffused in continental rather than oceanic settings.
Moreover, Kusznir and Park (1987) have indicated
that thicker continental crust is relatively weaker
with respect to normal thickness crust because its
strength is a function of the geothermal gradient,
composition and thickness. For example a Devonian
collapse-basin has been described by Norton (1986)
and Seranne et al. (1989) on the thick and thermally
perturbed orogenic Caledonian crust.

I;’ Early Paleozoic orogen
1

7]

~\
trails of
post-Paleozoic
rift zones

Late Paleozoic orogen

Fig. 6. This map shows the distribution of the Paleozoic collisional belts, namely Variscan (or Hercynian) and Caledonian, and the trace of
the later Atlantic or Tethyan rifting which strictly followed the pre-existing lithospheric thickening due to the orogens (modified after
Bernoulli and Lemoine, 1980). This observation shows that the lithospheric thickness directly controls the location of rift zones.
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Type 7 (Fig. 7) of extension related to convergent
settings appears due to the lithospheric roots of
orogens generated by E-, NE- or NNE-dipping sub-
duction which provide a 200-300-km-thick conti-
nental lithosphere and an obstacle to the relative
east- or northeast-ward ‘asthenospheric flow’. Exten-
sion might result from the greater drag and anchor-
ing of the continental lithospheric roots within the
asthenospheric mantle, the western lithospheric side
remaining more to the west due to the minor drag,
generating rift processes. We have seen so far type
1-6 extensional tectonics, these types are coeval and
related to convergent settings. Type 7 extension oc-
curs after the compression event. The normal faults
accompanying the rift (Buck, 1991) may emerge in
any part of the inherited orogen, as a function of
their deep trajectory as proposed in Fig. 7. Other
trajectories of the normal faults and shear zones may
be transferred and displaced with respect to the
emergence across decollement layers in the lower
crust (Reston, 1990). The same notion should be
valid for the thick lithosphere of a craton (i.e. Asia,
Africa and America). Type 5 extension, which is
caused by gravitational collapse, forms during and
after the orogenic thickening, probably enhancing the
later post-orogenic type 7 extension.

Longitudinal (or normal to the mantle flow) thick-
ness variations of the lithosphere can also induce

plate rotation (triangle effect, Doglioni, 1993a). The
thick continental lithosphere compared to lateral
thinner oceanic lithosphere is also capable of gener-
ating velocity variations between continental and
oceanic realms. The biggest stress accumulations
occur at the strongest lithospheric anisotropies (i.e.
the continental margins) where thickness and compo-
sitional gradients are maximal. Indeed, we observe
based on geological evidence that in the past subduc-
tion zones were generated along continental margins
and that they were controlled by geographical distri-
bution: an E-dipping subduction zone developed only
in relation to a thin, possibly oceanic lithosphere
located to the west with respect to a thicker continen-
tal lithosphere (e.g., the Andean subduction has been
active for several hundred million years because to
the west of it thinner oceanic lithosphere (i.e., the
Nazca plate) was maintained. In the opposite case,
we observe that W-dipping subduction begins only
in relation to thin lithosphere positioned to the east
with respect to a thicker continental lithosphere (i..,
all the W-dipping subduction zones of the western
Pacific margin were located to the east of the thick
Asiatic continental lithosphere). All this indicates
that rift zones and later or earlier subduction zones
are strictly controlled by the nature of the lithosphere
and by interference of these zones with the associ-
ated asthenospheric flow.

Extension at the end of the collision
due to the anchor effect of the lithospheric
root with respect to the E-ward mantle flow

e

—

100 km

Fig. 7. Type 7 extension related to convergent settings may be considered a classic rift forming in correspondence of earlier orogens, e.g.,
the Atlantic opening on the Caledonian and Hercynian sutures due to the obstacle generated by the root of the thrust belt. The trace of future
possible normal faults is only schematized, showing that the superficial emergence of those faults may be located in any part of the inherited

orogen.
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9. Inversion of plate motion, from convergent to
divergent relative plate vectors

Plate velocity relative to the mantle is controlled
by the degree of decoupling occurring across the
asthenosphere. The highest decoupling occurs at the
base of the Pacific plate. Assuming the ‘westward’
drift of the lithosphere, variations in the degree of
decoupling determine convergent or divergent plate
margins as a function that the plate to the east is
moving faster or slower toward the west in relation
to the plate to the west (Doglioni, 1993a). The Basin
and Range extension in western North America (e.g.,
Wernicke, 1981; Coney and Harms, 1984; Davis and
Lister, 1988) occurred when the East Pacific oceanic
ridge subducted underneath the Cordillera (Atwater,
1970): the high velocity of the Pacific plate toward
the west-northwest could not be compensated by the
slower westward motion of the North American plate.

<V

<= =)

V1> V2 = extension
V2 < V3 = convergence

Vi

—

Vi>V3=

extension (collapse of the orogen)

Type 8 extension (Fig. 8) is clearly different in
origin from the earlier ones, being mainly controlled
by the inversion of relative plate vectors when the
intermediate plate is subducted (e.g., Farallon). This
should have inverted the system, from subduction to
extension, being the vector of the Pacific plate greater
toward the west-northwest with respect to North
America. In fact the extension overprinted the North
American Cordillera (Jones et al., 1993, and refer-
ences therein) where the intermediate plate was lost
in subduction, whereas it is still active where there
still is a slower plate to the east of the Pacific Rise
(e.g., Cascadia, Andes). Therefore, type 8 extension
is post-convergence, and decollement planes and
shear zones cross-cut the entire lithosphere and flat
at its base (Wernicke, 1985). The Basin and Range is
considered a classic area for the uplift of the meta-
morphic core complex, but it seems to have a very
different geodynamic origin with respect to the for-
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Fig. 8. Type 8 extension may be considered the one in which an oceanic ridge is subducted and the hanging-wall plate becomes slower with
respect to the footwall. The orogen that formed during the earlier active subduction phase is then cross-cut by normal faults due to the
inversion in relative plate vectors. Classic example could be the Basin and Range extension, a classic metamorphic core complex.
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mer types of extension. For a discussion on the
rheological differences of the Basin and Range with
other extensional settings see for instance Braun and
Beaumont (1989). However, the Cordillera can also
have experienced other extensional types (e.g., 5).

10. Other types of relationships between extension
and convergent geodynamic settings

Arcs along thrust belts may propagate toward the
foreland more than adjacent thrusts, e.g., due to a

\
A
\
\
|
q
/
/
/
V
;9L

Dx transtension along an oblique

thrust due to the larger forward
q propagation of the arc with respect
to its lower continuation

/

V e.g. 30km

Fig. 9. Another type (9) of extension in convergent geodynamic
setting could be the transtension generated along oblique ramps of
thrust planes that largely propagate toward the foreland with
respect to their along-strike continuation. En-échelon pattern of
grabens or pull-aparts are expected. The basal decollement of this
extension should coincide with the decollement of the thrust
plane. Examples could be observed in the western margin of the
Ionian arc (offshore eastern Sicily) or the southern arm of the
Barbados accretionary wedge.

larger presence of evaporites in the decollement
plane, or to a larger roll-back of the subduction
hinge, etc. The arc can experience transtension along
its margins due to the slower forward propagation of
the internal thrusts (Fig. 9). The decollement of the
extension should correspond to the decollement of
the main structure, e.g., the thrust plane or even the
base of the lithosphere.

It is well known that along undulate transpressive
belts transtensional pull-aparts may form, being co-
existing convergent and divergent tectonic settings
(Reading, 1980; Royden, 1985; Zoback, 1991).

11. Apparent extension due to down-section cut of
thrust planes along subduction zones

During subduction, accretion of the lower plate
should conceptually be determined by slices having a
lower decollement cross-cutting down-section the
upper layers of the inclined subducting crust. The
E-dipping subduction provides a way to bring down
a reference point to higher P and T conditions, in a
prograding metamorphic evolution. During collision,
the thrust planes of the upper plate propagate into the
lower plate, passing underneath to the reference point
which is then uplifted by the new thrust, bringing
again the reference point to higher structural and
morphological conditions of lower P and T in a
retrograding metamorphic path. During subduction,
the lithosphere in the footwall is inclined (20-30°).
Therefore, any horizontal foreward propagating shear
plane is cutting down-section the lower plate. This
thrust plane presents ‘normal fault’ displacement,
being the hanging wall stratigraphically lowered in
relation to the footwall (Fig. 10). The thrust plane
may likely be later folded and uplifted by younger
deeper thrusts. The resulting antiformal stack at the
surface may show normal fault displacement, even if
no extension occurred on it. However, not direct
field evidences can prove such kinematics.

Apart from classic flattening in the ductile field
(e.g., along fold limbs), apparent normal faulting in
convergent settings may also be seen in foreland
dipping duplexes (Boyer and Elliott, 1982) or syn-
thetic and antithetic Riedel planes in the footwall of
thrust planes (e.g., Ratschbacher et al., 1989; Schmid



264

C. Doglioni / Tectonophysics 252 (1995) 253--267

accretion of the
lower plate

SUBDUCTING LOWER PLATE

down-section cut \r\ -
—N; 's(raﬁgraphic'

UPPER PLATE

reference

Fig. 10. During subduction, accretion of the lower plate should conceptually be determined by slices having a lower decollement
cross-cutting down-section the upper layers of the inclined subducting crust. With the forward migration of the system, such a slice may
later be included in an antiformal stack, duplexes or other geometries. The original down-section cut of the basal thrust may then be tilted
and to appear as a ‘normal fault’ displacement, without any real extension.

and Haas, 1989), when those features are not pre-ex-
isting inherited passive margin real normal faults.

12. Concluding remarks

Previous work has shown that there are different
types of geologic environments where extension is
generated in relation to convergent systems (Table

Table }

1). This paper tries to propose that the general
statement of ‘metamorphic core complex extension’
widely used in the literature should be distinguished
on the basis of the associated geodynamic setting.
The uplift of deep crustal rocks at the surface is
mainly considered as related to deep thrust planes
that are associated to thrust belts that form with E-,
NE- or NNE-dipping subduction zones; later exten-

Main extensional types related to convergent geodynamic settings. Other differences like shape, time evolution and rheological parameters

vary in each type of setting

Geodynamic Subduction syn- or  Generalized Basal Extension Number Opening rates
setting polarity post-conv. subsidence decollement migration of plates

planes or upliftf

1 Back-arc basin westward syn subsidence 700 m /Ma lithosphere— eastward lor2 3-10cm/yr
extension asthenosphere

2 Asthenospheric  westward syn uplift 500 m/Ma crust— eastward lor2

wedging-related ext. asthenosphere

3 Subduction hinge westward syn subsidence or upper lithosphere eastward lor2

extension uplift

4 Increasing arc westward syn subsidence lithosphere— eastward lor2

length extension asthenosphere

5 Morphologic eastward or northeastward syn uplift middle-upper tor2

gradient-related ext. crust

6 Hanging-wall eastward or syn subsidence lithosphere— southwestward 3 0.1-5cm/yr
gradient velocities  northeastward asthenosphere

7 Lithospheric roots- eastward or post subsidence lithosphere— lto2 O.l-lcm/yr
related extension northeastward 100 m/Ma asthenosphere

8 Inversion of eastward or post subsidence lithosphere— 3102 1-10cm/yr
velocity gradients  northeastward asthenosphere

9 Transfer zones-  both west syn subsidence or basal thrust lor2

related extension and east

uplift

plane
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sion of any of the former types may affect such
orogens, in particular type 1 (back-arc extension,
e.g., the Tyrrhenian Sea overprinting the Alpine
orogen), or type 5 (extension induced by collapse of
orogens, e.g., Alps, Himalayas), or type 6 (extension
induced by differential lithosphere—asthenosphere
coupling in the hanging wall of a subduction, e.g.,
Aegean rift), or type 7 (rifting induced by orogenic
roots anchored into the mantle, e.g., Atlantic and
Tethys), or type 8 (inversion of plates motion, from
convergent to divergent relative plate vectors, e.g.,
Basin and Range). Type 9 could be considered the
extension resulting from greater foreland propagation
of thrust arcs with respect to adjacent more internal
thrusts. Several other extensional environments may
develop internally to thrust belts for different tec-
tonic reasons. Different shape, location and structural
depth of the decollement planes characterize each
extension type. Each type should also have different
rheological parameters, having different geothermal
gradients and different sections of crust or litho-
spheric mantle involved. The variations in litho-
sphere rheology are a fundamental factor in control-
ling different strength envelopes (Ranalli, 1991).
Each type of extension should consequently have
different depth and shape of necking of the litho-
sphere (Cloetingh, 1992). Different types of exten-
sion may overlap earlier different features, e.g., the
Pannonian back-arc extension superimposed the
northern Dinarides and the eastern Alps, or type 1
extension might have interacted with type 5, related
to the collapse or extrusion of the earlier orogens
(Ratschbacher et al., 1991a). Type 5, gravitational
collapse, may enhance type 7, due to lithospheric
roots-related extension. An interplay between the
different types of extensional settings may be ex-
pected. Different types of extension can overprint the
entire variety of pre-existing tectonic fabrics. It can
also be argued that the discussions on the modes of
extension (i.e. pure shear vs. simple shear) have been
based on original different types of extensional envi-
ronments. Magmatic signatures could also contribute
to characterize these different extensional settings.
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