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Direct observation of peak pressure deformation in exhumed subduction channels is difficult because little evidence of this 
deformation survives later syn-exhumation deformation. Most ultrahigh-pressure parageneses are found in continental derived 
metamorphic rocks making continental subduction the best context to observe peak pressure deformation. Whereas many 
studies have enlightened the main driving parameters of exhumation such as buoyancy forces, low viscosity in the subduction 
channel, overburden removal by erosion and normal faulting, a basic question is seldom considered: why is a tectonic unit 
disconnected from the descending lithosphere and why does it start its way towards the surface? This event, seminal to 
exhumation processes, must involve some deformation and decoupling of the exhumed slice from the descending slab at peak 
pressure conditions or close to it. Our field observations in the Bergen arc show that Caledonian eclogitization and later 
amphibolitization of a granulitic terrane was achieved with a consistent component of simple shear compatible with the sense of 
the Caledonian subduction. Thus, the sequence of deformation preserved in the Bergen Arc documents the decoupling of 
subducted crustal material from the descending slab at the onset of exhumation. This observation suggests that deformation in 
the subduction channel is largely controlled by kinematic boundary conditions, i.e. underthrusting of the subducting slab. In this 
context of simple shear, metamorphic reactions assisted by fracturating, fluid infiltration and ductile deformation lower the 
resistance of rocks and allow the localisation of shear zones and the decoupling of buoyant tectonic units from the subducting 
slab. These tectonic units can then be incorporated into the channel circulation and start their upward travel.
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1. Introduction

Subduction of continental or oceanic material leads

to the formation of high-pressure or ultra-high-pres-

sure metamorphic rocks [1–4]. Eclogites are typical

metamorphic rocks in such environments.While driving

them down in the subduction channel along with the

subducting lithosphere is easy to conceptualize, their

exhumation, usually fast, ismuch less easily understood.

Exhuming high-pressure metamorphic rocks during

convergence from below mountain belts or from the

depths of the subduction channel requires that buoy-

ancy forces and/or forces related to shearing along the

subduction plane overcome forces that keep these

rocks attached to the descending lithosphere. Meta-

morphism plays an important role in changing the

balance of forces [5]. Metamorphic recrystallisation

during burial can lead to a significant density

increase (up to 10% in the case of eclogitization of

a mafic material [6]) and may prevent exhumation.

But recrystallisation is rarely complete at large scale.

The Western Gneiss Region and the Bergen Arc of

western Norway for instance show one of the largest

eclogitized piece of continental crust [5,7] exhumed

during the Caledonian orogeny. This continental

basement has been buried to large depths and only

partly recrystallised into high-density eclogite-facies

mineral associations. Its bulk density is thus not that

of a fully recrystallised eclogite and eclogitization is

not advanced enough to prevent exhumation. Eclo-

gitization has other consequences than a density

increase. Earlier studies of the Bergen arc have

shown that recrystallisation in the eclogite facies is

accompanied with a significant reduction in rocks

strength [8] shown by a systematic localisation of

shear zones where the host granulites have been

transformed to eclogites. We explore in this paper

the kinematics of syn-eclogite deformation in the

Bergen arc which suggests that eclogitization is ulti-

mately responsible for the separation of tectonic

units from the descending lithosphere.
2. About the importance of direct field

observations

The behaviour of rocks subducted in the deep parts

of accretionnary complexes or subduction channels can
2

be indirectly approached by the study of seismicity or

directly observed on exhumed rocks. Intermediate-

depth and deep earthquakes in subduction zones exhi-

bit classical fault-related focal mechanisms showing

that shear failure is responsible for the fast motion.

Focal mechanisms indicate a majority of low-angle

thrust faults together with normal faults in the upper

plane of double- or triple-planed subduction zones [9].

Several mechanisms have been proposed to explain

shear failure at such large depths: thermal control of

the depth of the brittle–ductile transition [10], reactiva-

tion of fault planes created at shallow depth [11],

metamorphic transformation-faulting [12]. The last

mechanism is however unlikely for intermediate earth-

quakes for at such depth most reactions are not poly-

morphic and thus involve the slow mechanism of

diffusion [13]. Dehydration embrittlement is consid-

ered a viable mechanism for producing earthquakes in

oceanic subduction zones [13–16]. In double planed

subduction zones the upper plane corresponds to dehy-

dration of the crust and the lower plane to dehydration

of serpentinite in the mantle [13]. Fluids produced by

dehydration can then facilitate the transformation of the

dry gabbros into eclogites [14,17]. Several of these

mechanisms give a major role to local stress concentra-

tion due to dehydration or volume changes. The role

played by shearing boundary conditions expected in

the subduction channel being not clearly understood it

is critical to make detailed observations of strained

rocks in exhumed high-pressure metamorphic rocks.

This is possible in mountain belts resulting from con-

tinental subduction.

Field studies, estimates of P-T-t paths as well as

thermo-mechanical models have shown that exhuma-

tion (overburden removal) involves a combination of

erosion and normal faulting and that the kinematics

inside the subduction channel is driven by (a) buoyancy

forces and (b) forces due to the channel geometry

(corner flow) [18–23]. Thermal weakening of crustal

material and the presence of rheologically weak phases

such asmigmatites or serpentinites tend to facilitate this

circulation [24,25]. Unlike the P-T paths which nor-

mally are interpreted to record the evolution from the

peak pressure to the surface, structures that can be used

to infer a large-scale kinematics only show in most

cases the late lower-pressure evolution. This situation

is clearly illustrated by the Dora Maira massif in the

Alps where most shear zones were formed in the blues-
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chist and greenschist facies, certainly not near the peak

of pressure [26]. In the Norwegian Caledonides the

ultra-high-pressure terrains north of the Hornelen

Devonian basin [2,27] were highly retrograded, par-

tially molten and sheared during their way back to the

surface [25,28]. The deformation pattern near the peak

of pressure has been lost in most cases. It is thus

difficult to answer fundamental questions such as (1)

which deformation regime is active in the subduction

channel and (2) why is a tectonic unit decoupled from

the subducting lithosphere and integrated in the chan-

nel flow to start its travel back to the surface?

Answering these questions requires that the

mechanical behaviour and the deformation style at or

near the peak of pressure can be observed and, first of

all, a kinematic pattern inferred on a significant scale.

Among the few examples where a coherent peak

pressure (eclogite facies) deformation has been pre-

served the Caledonian Lindås Nappe of the Bergen

Arc (Fig. 1) is certainly the most spectacular. Previous

studies have documented the progressive eclogitiza-

tion of the Precambrian granulites, and emphasised

the role of deep-seated brittle fracturing and fluid

migration [6,29,30]. Metamorphic transformation is

heterogeneous and metastable granulites are preserved

between fully transformed Caledonian eclogite facies

shear zones that have a lower viscosity [31]. Our field

observations show that eclogitization and subsequent

amphibolitization were achieved with a consistent

component of simple shear compatible with the

sense of the Caledonian subduction.
3. Geological setting

The Scandinavian Caledonides represent the eastern

part of the large lower Paleozoic orogen that encom-

passes western Scandinavian, most of the British Isles,

East-Greenland, Spitbergen, and the eastern margin of

North America [32]. The North Atlantic Caledonides

developed between ca 500 and 400Ma from the closure

of the Iapetus Ocean and continent–continent collision

of Baltica-Avalonia and Laurentia [33–35]. The moun-
Fig. 1. Map of the Norwegian Caledonides and location of the Bergen arc [

of nappe emplacement (large and dark arrows, top-to-the-east) and subsequ

Region and the Bergen Arc as well as the occurrence of ultra-high-pressure

Bergen Arcs as thrusts sheets resting on top of the Western Gneiss (after
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tain belt (Fig. 1) was formed by the accretion of Baltic

and outboard terranes towards the southeast and east.

High-pressure and ultrahigh-pressure eclogite facies

rocks dated at 415–400 Ma were described in the

Western Gneiss Region below the Nordfjord Detach-

ment Zone [25,27,28,36–38]. These eclogite facies

rocks containing metamorphic coesite, majoritic gar-

nets and diamonds were exhumed along isothermal P-T

paths before and during the deposition of the continen-

tal Devonian basins [25,37,39]. A continuum of verti-

cal shortening to top-to-the-west shear, opposite to the

preceding crustal thickening, is recorded during exhu-

mation from deep ductile deformation often associated

to partial melting to brittle deformation along the

detachment [25,32,37,39].

Older eclogites (420 Ma) of the Bergen Arc nappes

rest above the Western Gneiss region [40–42]. Precam-

brian granulitic anorthosites and mangerites, similar to

the basement of the Western Gneiss region, make the

core of the Lindås Nappe [8,43]. They show a progres-

sive eclogitization associated with the formation of

shear zones [6]. Eclogitization was followed by amphi-

bolitization and final recrystallization in the greenschist

facies during exhumation [40,44,45]. The basal contact

of the Bergen arcs is originally a thrust that brought a

piece of continental crust eclogitised some 420 Myrs

ago above the Western Gneiss region that was eclogi-

tised only 20Myrs later (Fig. 1). This same contact was

reactivated later as an extensional detachment during

the exhumation of the Western Gneiss Region.

The western part of Holsnøy island was explored in

details [5,6,29–31,46–49] (Fig. 2). One important

result of these investigations is that deformation,

fluid income and eclogitization were contemporaneous

and that shear zones localized in the less resistant

material, i.e. hydrated eclogites in this example, and

that further deformation led to further fluid income and

further recrysallization. Whether the fluid is mainly

H2O [50], or contains other elements as well [48,51] is

a disputed question, but in all cases H2O is predomi-

nant. Previous studies have emphasized the coopera-

tion between fluid infiltration and metamorphic

reactions to produce an increase of ductility (reac-
25,37,59,80–85]. Kinematic indicators show the direction and sense

ent extension (small arrows, top-to-the-west) in the Western Gneiss

metamorphic rocks. A cross-section (AAV) shows the position of the
[53]).



Fig. 2. Map of western Holsnøy after [47] showing the distribution of untransformed granulite and eclogite facies shear zones.
tion-softening) and enhance deformation that in turn

can help both fluid infiltration and reactions in the

Bergen Arcs and the Western Gneiss Region further

north [5,49,52]. The now commonly accepted view of

the deformation history is that (1) the Bergen Arcs

granulites were brittlely fractured in the P-T conditions

of the eclogite facies, (2) fluid infiltration and/or shear-

ing caused eclogitization, and (3) that further deforma-

tion and/or fluid intrusion were localized in the

eclogitic material, weaker than granulite, thus enhan-

cing further recrystallization and so forth. Field rela-

tions thus show that eclogite is weaker than granulite

although it may seem counter-intuitive to mention the

weakness of eclogite that is usually preserved as resis-

tant boudins in amphibolites or blueschists.

Eclogite form within a precambrian granulitic pro-

tolith [43,53]. P-Tconditions deduced from the eclogite

paragenesis (650–750 8C and 15–17 Kbar [8,47]) sug-

gests a depth of around 50 km. Later amphibolitization

reworking the eclogite paragenesis during exhumation

provides lower pressure and lower temperature condi-

tions (600–700 8C, 8–12 Kbar, [41,44]). Large-scale

anastomosing shear zones that can be traced several

kilometres along strike trend NW–SE and cut across

the granulitic Precambrian foliation [47]. Within the

shear zones the granulites are almost totally recrystal-

lized into eclogites (N80%). Microstructural studies

[54] show that deformation proceeded within the sta-
5

bility field of eclogite facies minerals. Outside the shear

zones a gradation from complete transformation to

pristine granulite is observed. Fractures in the granu-

lites contain pseudotachylites that were formed at high

pressure in the P-T conditions of the eclogite facies

suggesting seismic slip in the deep crust [29,31]. Other

fractures are filled with quartz and hydrous minerals.

Static transformation of granulite into eclogite is

observed in parallel bands along the fractures. Eclogi-

tization is assisted by fluid influx in the fracture and

stress-enhanced diffusion from the fracture toward the

host granulite [55].

The main eclogite parageneses recrystallizing from

the anorthosite is omphacite, garnet, kyanite, zoizite,

phengite as well as rutile, quartz and amphibole, while

more basic eclogites contain omphacite, garnet, phen-

gite, rutile, quartz and carbonates [47]. Eclogitic miner-

als are found first inside localized fractures inside non-

recrystallized granulites as well as inside dm-wide dark

bands of partially recrystallized granulites on either

sides of the fractures. Deformation then evolves in

the form of narrow shear zones with a well-defined

eclogite foliation cutting across the otherwise unde-

formed granulite. These shear zones then become

thicker and longer, and form a continuous network

surrounding rigid blocks of undeformed granulite of

various sizes (from a few dm to several hundreds of

meters).



Fig. 3. Upper: detailed map of the eclogite foliation and granulite blocks near Seatrevik in Holsnøy. Inserts shows details of meter-scale top-to-

the-east kinematic indicators. Lower: parralel shear zones, conjugate to the main dextral ones in the intermediate domain between the highly

deformed and eclogitized region and the pristine granulite.
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It is important to note that eclogitization starts

before any significant ductile deformation occurs. It

is only once rocks have started to recrystallise with

eclogite-facies mineral associations that ductile shear

zones start to form. This shows that granulite is stronger

than eclogite and can resist deformation in the P-T

conditions of the eclogite facies. The transformed

material is then deformed in a ductile manner and

high strain shear zones form between granulite pods.

Field relations show that increasing deformation is

associated with increasing recrystallization of eclo-

gite-facies parageneses. Between pristine granulite

and highly transformed eclogite shear zones angular

blocks of granulite are caught within an eclogite matrix

(beclogite brecciaQ) and show large relative rotations.

The angular shapes of the granulite blocks suggest that

the interleaved eclogite shear zones in between were

indeed derived from fractures. This example thus

shows that large masses of granulites can persist meta-

stable in the deep parts of the subduction channel until

they are affected by seismic deformation and fluid

income that will assist recrystallisation [30,31]. The

average density of the metamorphic massif is thus

lower than that of a fully recrystallised eclogite of

mafic composition (3.5 [56]) and it is conceivable

that buoyancy forces can be efficient in exhuming

tectonic units from beyond the depth of formation of

eclogites.

The significant volume reduction associated to eclo-

gitization as well as the heterogeneous distribution of

recrystallisation might induce stress concentration high

enough to produce seismic deformation. The small

amount of water present in the eclogite might also

trigger the nucleation of earthquakes [57]. But the

kinematic boundary conditions (whether the massif

deforms by simple shear or pure shear for example)

are not known. In the case of Holsnøy local observa-

tions [54] and reconnaissance work by two of us (TBA

and HA) [58] have suggested that the deformation in

the eclogite facies shear zones in Holsnøy involves top-

to-the-east shear zones. However, no systematic struc-

tural study has been undertaken so far to unravel the

kinematic boundary conditions at peak pressure during

the transformation of granulite to eclogite. We have

thus used a simple approach (Fig. 3) which is to sys-

tematically map granulite boudins and eclogite folia-

tion at the scale of several hundred meters from the

little-transformed granulite toward an eclogite shear
7

zone in the southern part of the area mapped by Boundy

and Austrheim [47]. Given the size of heterogeneities

(frequently the preserved granulite lenses reach several

tens of meters) only a detailed map can show whether

the fabric is symmetric or asymmetric and highlight the

nature of the deformation at the bottom of the subduc-

tion channel.
4. A detailed map in southern Holsnøy, mapping of

the roots of subduction zones

The studied area is located within a major eclogite

shear zone as mapped by Austrheim and coll [47]

next to a large preserved granulite massif. The eclo-

gite show a distinct foliation and a quite consistent

stretching lineation. The granulite blocks vary in size

from a few tens of centimeters to several hundred

meters or more. The Precambrian fabric in the gran-

ulite shows a foliation and a strong lineation, marked

by the elongation of coronae. In the mapped area

stretching is E–W to NE–SW and the eclogite folia-

tion generally trends N1208E but it is deflected

around granulite lenses (Fig. 3). The eclogite folia-

tion shows a sigmoidal geometry compatible with a

dextral or top-to-the-east sense of shear. The granu-

litic foliation also shows sigmoids near the edges of

resistant granulite lenses (Fig. 4). This observation

can be made at the scale of the mapped area or at the

scale of individual granulite lenses that behave as

rigid inclusions in the non-coaxial flow (Fig. 3). Fig.

4a shows asymmetric granulite lenses caught in the

eclogite foliation that displays a sigmoidal pattern

compatible with top-to-the-east shear. This geometry

is observed in the core of a km-scale eclogite shear

zone. The major shear zones trend NW–SE but

conjugate shear zones trending NE–SW are observed

in less-deformed regions. These conjugate shear

zones show the opposite shear sense with a normal

component with a top-to-the west displacement. Fig.

4b and c show left-lateral shear zones highly oblique

on the main shear zone in the zone of transition from

the fresh granulite to the eclogite. Both sets of shear

zones (major ones and their conjugates) show a clear

pattern that dissects the fresh granulite into rhom-

boedric blocks arranged in a bookshelf fashion (Fig.

5). This geometry is typical of the region mapped by

Austrheim and coworkers as beclogite brecciaQ inter-
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Fig. 5. Schematic interpretation of the progressive deformation of the Holsnøy granulite during top-to-the-east shear. Upper: 3D sketch of the

transition from the fresh granulite (grey) to the eclogite shear zone (white) showing the dip of the lineation and the component of normal sense

in the present geographic coordinates. Lower: Map view showing the relation between the intensity of shear and the amount of recrystallisation

in the eclogite facies.
mediate between the intact granulite and the fully

recrystallized eclogitic shear zones.

We can propose the following progressive history

of deformation and eclogitization based on these

observations (Fig. 5). During Caledonian subduction,

within a top-to-the-east shear zone, metamorphic

recrystallisation within the subducting crust is delayed

until seismic brittle deformation allows fluid infiltra-

tion which in turn triggers eclogitization. Eclogitized

fractures localizes ductile deformation with a book-

shelf geometry, master top-east shear zones and minor

conjugate ones. Further eclogitization is then favoured

by further deformation and fluid infiltration. This

results into the formation of isolated blocks of gran-

ulite that rotate within the overall ductile flow in the

matrix depending on their initial orientation and
9

aspect ratio. Once the blocks are separated from

each other by the eclogitic matrix they will behave

more or less as rigid inclusions within the shear zone

and an asymmetric fabric will further develop.

A preliminary survey of the remaining part of

Holsnøy island shows that (1) similar top-to-the-east

shear criteria as well as the bookshelf geometry can be

observed in other places although we did not under-

take a precise mapping of the whole region, and (2)

that top-to-the-east shear is also observed along

amphibolite facies shear zones (Fig. 2) suggesting

this deformation continued at lower pressure during

exhumation. The top-east shear thus started at peak

pressure in the eclogite facies and continued at lower

pressure in the amphibolite facies. It was thus con-

temporaneous with exhumation.



Furthermore, the map pattern of the shear zones

described by Boundy and Austrheim [47] shows the

same sigmoidal shape (Fig. 2) as the detailed map

near Saetrevik suggesting that the whole tectonic unit

was affected by the top-to-the-east shear on a pluriki-

lometric scale.

These observations of a consistent kinematic pattern

during eclogitization show that the boundary condi-

tions involved a significant component of top-to-the-

east non-coaxial flow and that the shear zones mapped

by Austrheim et al. [47] probably accomodated a sig-

nificant eastward displacement during eclogitization

and later amphibolitization during exhumation. This

deformation is older than the top-to-the-west shear

along the basal shear zone of the Bergen Arcs that

relates to the post-orogenic extensional stage [33,59]

and extends northward into the Kvamshesten and

Nordfjord detachments zones in the Western Gneiss

Region [28,60].
5. Conclusion and discussion

Mapping of syn-eclogite deformation in the Lindås

nappe shows that kinematic boundary conditions that

existed during the recrystallisation in the eclogites

facies involved a significant component of eastward

non-coaxial flow. This shear sense is globally com-

patible with the polarity of subduction and nappe

emplacement (top-to-the-east) (Fig. 1) during the

Caledonian orogeny [59] and it is thus reasonable

to postulate that it corresponds to shearing within

the subduction channel. One more superficial equiva-

lent of these deep shear zones would be the thrust at

the base of the Bergen arc or the base of the Jotun

Nappe before their reactivation as extensional shear

zones during the post-orogenic stage. P-T conditions

(650–750 8C and 15–17 Kbar [8,47]) suggest that this

non-coaxial deformation has taken place at a depth of

around 50 km. An identical deformation regime

seems to accompany the ascending eclogite in the

amphibolite facies at lower pressure (600–700 8C,
8–12 Kbar, [41,44]). The deformation recorded at

peak pressure continued during exhumation with the

same kinematics. Thus identified, the deformation

associated with the eclogitization process is of parti-

cular interest: it corresponds to the first event that is

associated with exhumation from the maximum
10
depth. The question of a causal relation is thus raised.

Is eclogitization responsible for exhumation?

A positive answer to this question might seem

counter-intuitive because eclogitization leads to a den-

sity increase and should thus work against exhumation.

In a general sense syn-orogenic exhumation requires

positive buoyancy forces. This is well illustrated by the

example of the Urals where extension has played a

limited role in the exhumation of eclogites [61].

Leech [61] argues that complete eclogization ulti-

mately leads to delamination of the crustal root that is

definitely lost. Two remarks should be made at this

stage: (1) exhumed units of the Bergen Arcs are not

entirely eclogitized and their bulk density is thus inter-

mediate between that of granulite and eclogites and, (2)

it is quite possible that a significant amount of more

strongly recrystallized units have been subducted in the

mantle and never came back to the surface. We may

furthermore argue that for a tectonic unit to start its way

up within the subduction channel it must be decoupled

from the descending lithosphere which requires the

formation of shear zones to accommodate the relative

displacement of the descending lithosphere and

exhuming unit. These shear zones must form at the

peak of pressure when that unit starts its journey back to

the surface and continue to work at lower pressure

during exhumation. That is exactly what is observed

in the area we surveyed. Any process able to soften the

rock locally will enhance the formation of shear zones.

At such depths, before deformation is significant

enough to reduce the grain size or produce enough

shear heating to localize shearing deformation, fluid

income in fractures and metamorphic reactions can

potentially reduce the rock strength.

The recrystallisation of granulites into eclogites is

associated with a significant drop in rock strength as

shown by the preferential localisation of shear zones

where recrystallisation has started. Although it may

seem counter-intuitive eclogitization in that case will

help the formation of large shear zones and thus

favour the decoupling of portions of the crust from

the subducting lithosphere. The drop in strength asso-

ciated with eclogitization may allow initiation of

exhumation. The first deformation that leads to a

weakening of the granulitic basement and the forma-

tion of eclogitic shear zones can be correlated, kine-

matically and temporally, to the main Caledonian

subduction, and to exhumation. The granulitic base-



ment was left undeformed until it was affected by

seismic deformation, fluid infiltration and recrystalli-

sation, and this did not happen before the tectonic unit

reached a depth of 40–60 km eclogitization.

This drop in strength is evidenced in the field by

strain localisation that shows that eclogite is weaker

than granulite. The few experimental studies devoted

to the rheology of eclogites suggest that their strength

is very similar to that of harzburgite and that the weak

phase is omphacite [62]. Their experiments show that a

garnetite is much stronger than the eclogite while an

omphacitite is much weaker, further suggesting a par-

tition of strain in the omphacite-rich layers. These

results suggest that garnet is the highly resistant

phase of the eclogites. Newly recrystallized garnets

in the eclogite shear zones of the Bergen arcs are of

small grain size and they do not form a continuous

network, and thus they cannot contribute much to the

overall resistance of the eclogites. Granulites are rich

in large grain size garnets, feldpars and pyroxenes that
Fig. 6. Progressive formation of shear zones and eclogitization leading to t

is the formation of fractures that allows for fluid infiltration and beginning o

a drop of resistance and the localisation of ductile deformation and the form

other they form large-scale shear zones that allow the decoupling of rock m

fully eclogitised it is still buoyant and the detached units start to exhume

11
may confer a higher resistance to the rocks. The pre-

sence of water can dramatically affect the strength of

the various layers of the lithosphere [57,63], the pre-

sence of fluids in the eclogite and their total absence in

the granulite might also explain the relative weakness

of the eclogite. The occurrence of earthquakes in the

lower crust of old cratons suggest a strong rheology for

granulite [64] supposed to be stronger than the under-

lying mantle. More experimental studies devoted to the

comparison of a dry granulite and a wet eclogite

similar to those found in the Bergen Arcs are necessary

to explain the observation that eclogite localize defor-

mation while granulites remain rigid.

We propose a model of subduction and exhumation

of continental units involving brittle deformation and

the formation of ductile shear zones at the depth of the

eclogite facies within the subduction channel (Figs. 6

and 7). The continental basement is dragged down-

ward along with the subducting lithosphere. Despite

their relatively low density, continental units follow
he individualization of tectonic units. The first recorded deformation

f recrystallisation of eclogite -facies minerals. Eclogitization induces

ation of shear zones. Once these shear zones are connected to each

asses from the subducting lithosphere. Because the granulite is not

in the subduction channel.
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subduction channel. C: Deep earthquakes below the Himalayas [63].
the descending lithosphere until buoyancy forces and

forces due to shearing in the subduction channel over-

come the strength of the crust/mantle boundary or any

other rheological transition such as the brittle–ductile

transition or the basement-cover interface.

Is it possible that some of the syn-eclogite defor-

mation occurred also during burial? As said above the

top-to-the-east shear occurred during the exhumation

from the depth of eclogites to the depth of amphibo-

lites. It is possible that some syn-eclogite deformation

happened in the eclogite facies before the connection

of large shear zones and thus before the decoupling of

the exhumed tectonic units from the subducting litho-

sphere, thus during burial. But if this burial were

important it would imply large pressure differences

and this would show in the metamorphic parageneses.

We thus do not think this possible burial during the

syn-eclogite deformation was large.

Andersen et al. [7] and Brueckner and Medaris

[65] have suggested that in the Western Gneiss Region

mantle peridotites are included in the subducted con-

tinental crust by shearing deformation along the walls

of the subduction channel. In the case of the Hima-

layas clustering of deep seismic events near the Moho

[63] may suggests the formation of a shear zone along
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this rheological discontinuity that is likely to localise

shearing deformation [66]. The inclusion of peridotite

lenses within the eclogitized granulites of the Bergen

Arc and of the Western Gneiss Region could be

explained by shearing deformation along the Moho

during subduction.

The first interfaces to be activated as shear zones

are the weakest ones, usually the shallowest, such as

the basement-cover boundary. Basement units are

subjected to shearing but do not deform significantly

in the first 40–50 km until they are fractured and

invaded by fluids. Shear zones then localize and

propagate together with eclogitization. Once the

shear zones have been connected to each other a

piece of the subducting basement will be decoupled

from the rest of the subducting lithosphere. This rock

slice will no longer be subjected to the pull force

exerted by the suducting slab and, because it is not

entirely eclogitized and still buoyant, will start its

ascent toward the surface.

This mechanism is very similar to the formation of

a deep accretionary complex where those units below

the decollement are subducted and those above are

not. Tectonic units are subducted until they are

decoupled from the subducting lithosphere by the



propagation of a decollement from within the sedi-

mentary section to the basement-cover interface, then

to the brittle–ductile transition and then to the Moho.

In the case of the Bergen Arcs eclogites the propaga-

tion of the decollement involves fracturation and fluid

infiltration, then weakening by recrystallisation in the

eclogite facies of the deforming zones and strain

localisation.

This implies that resistant lithologies should sub-

duct deeper than weaker lithologies. This is true in

general as most ultra-high pressure findings corre-

spond to basement units [1,2,4,67]. The fact that the

lower crust is rarely present in accreted units also

corroborates this point of view: in the Alps for

instance lower crustal units are absent [68,69] except

for the Ivrea zone that was exhumed early during the

Mesozoic rifting episode [70]. In the Eastern Medi-

terranean region the Hellenides do not show any

lower crustal material and most of the chain is made

of accreted sedimentary units derived from the Apu-

lian platform [18]. Basement units are however found

laterally to the west in the Menderes massif (western

Turkey) and probably underlie part of the Aegean

domain showing that the basement behaves indepen-

dently from the overlying cover [71]. The recent

finding of UHP parageneses in basement units of

the Rhodope [72] north of the Hellenides further

confirms this rule. This view is not entirely true how-

ever: The rare occurrence of ultra-high-pressure para-

geneses in metasediments such as metacherts in the

Alps [73] suggest that sediments can reach the deepest

zones of the subduction channel either during oceanic

subduction because they are more strongly attached to

the oceanic crust than overlying turbidites or during

subsequent continental subduction protected between

more resistant basement units. Even in this case a

recent study [74] shows that the rate of burial of the

Lago di Cignana UHP unit is compatible with the

estimated rate of convergence suggesting that these

metasediments reached the stability field of coesite at

the same velocity as the subducting oceanic slab,

implying that they were still attached to it until large

depths.

Our model is significantly different from Chemen-

da’s [23] who suggests that the whole crust (or upper

crust at least) is decoupled from the subducting slab

and exhumed by buoyancy forces. Most mountain

belts show independent units (nappes) much thinner
13
than the crust. But the general mechanism can be kept

and our observations might be a real case observation

of this process. Our model suggests that depending

upon their initial strength, tectonic units will reach

various depths during subduction, the strongest being

buried deeper in general and thus smaller units will

form until the decollement is deep enough to mobilise

thicker units.

Our observations also suggests that deformation at

depth within the subduction channel is controlled by

far-field stresses compatible with subduction of a

rigid lid of lithosphere because the kinematics of

underthrusting and tectonic accretion is similar

from the surface (emplacement of nappes onto the

foreland) down to the depth of eclogites. The fact

that the deformation is still localized at depth along

weak shear zones rich in fluids and compatible with

the sense of shear imposed by subduction further

confirm that mountain belts are formed by continen-

tal subduction and not by a simple buckling of the

lithosphere or the crust as suggested in recent models

[75].

The counter-intuitive view that eclogitization,

despite density increase, may trigger exhumation

because of the associated drop in rock strength

requires that eclogitization is not complete, and espe-

cially in basic and intermediate lithologies that may

become denser than the mantle if eclogitization in

case of complete recrystallization. It also requires

that eclogitization leads to a resistance drop due, for

instance, to the presence of fluids. The Bergen Arcs

provide an example of such behaviour in a continental

subduction regime. Is this behaviour possible in ocea-

nic subduction? Oceanic gabbros may possibly

behave in the same way during eclogitization. The

examples of the Monviso eclogites in the French–

Italian Alps [76] or of Alpine Corsica where large

parts of the exhumed bodies are left undeformed and

between eclogitic and blueschists shear zones [77–79]

may represent oceanic equivalents. Totally recrystal-

lized eclogites are usually of small size and were often

embedded in lighter material such as serpentinite or

metasediments that favoured their exhumation. It is

very likely that the exhumation of large scale totally

recrystallized eclogites of intermediate to basic com-

position is impossible and our model is not incompa-

tible with the traditional view that eclogitization in

general works against exhumation.



Acknowledgments

Special thanks are due to Mary Leech and anon-

ymous reviewers who provided useful and construc-

tive comments on an earlier version of this

manuscript. This is a contribution of the Laboratoire

de Tectonique UMR 7072, funded by INSU-IT.
References

[1] C. Chopin, Coesite and pure pyrope in high-grade blueschists

of the western Alps: a first record and some consequences,

Contrib. Mineral. Petrol. 86 (1984) 107–118.

[2] D.C. Smith, Coesite in clinopyroxene in the caledonides and

its implications for geodynamics, Nature 310 (1984) 641–644.

[3] S. Maruyama, J.G. Liou, M. Terabayashi, Blueschists and

eclogites of the world and their exhumation, Int. Geol. Rev.

38 (6) (1996) 485–594.

[4] W.G. Ernst, J.G. Liou, Overview of UHP metamorphism and

tectonics in well-studied collisional orogens, in: W.G. Ernst,

J.G. Liou (Eds.), Ultra-High Pressure Metamorphism and

Geodynamics in Collision-Type Orogenic Belts, Geol. Soc.

Amer., Boulder, Co., 2000, pp. 3–19.

[5] H. Austrheim, M. Erambert, A.K. Engvik, Processing of crust

in the root of the Caledonian continental collision zone: the

role of eclogitization, Tectonophysics 273 (1997) 129–154.

[6] H. Austrheim, Eclogitization of lower crustal granulites by

fluid migration through shear zones, Earth Planet. Sci. Lett.

81 (1987) 221–232.

[7] T.B. Andersen, B. Jamtveit, J.F. Dewey, E. Swensson, Sub-

duction and eduction of continental crust: major mechanisms

during continent–continent collision ans orogenic extensional

collapse, a model based on the south Norwegian Caledonides,

Terra Nova 3 (1991) 303–310.

[8] H. Austrheim, W.L. Griffin, Shear deformation and eclo-

gite formation within granulite-facies anorthosites of the

Bergen Arcs, Western Norway, Chem. Geol. 50 (1985)

267–281.

[9] T. Igarashi, T. Matsuzawa, N. Umino, A. Hasegawa, Spa-

tial distribution of focal mechanisms for interplate and

intraplate earthquakes associated with the subducting Paci-

fic plate beneath the northeastern Japan arc: a triple planed

deep seismic zone, J. Geophys. Res. 106 (B2) (2001)

2177–2191.

[10] R.D. Hyndman, K. Wang, M. Yamano, Thermal constraints on

the seimogenic portion of the southwestern Japan subduction

thrust, J. Geophys. Res. 100 (B8) (1995) 15373–15392.

[11] W. Jiao, P.G. Silver, Y. Fei, C.T. Prewitt, Do intermediate and

deep-focus earthquakes occur on preexisting weak zones. An

examination of the Tonga subduction zone, J. Geophys. Res.

105 (B12) (2000) 28125–28138.

[12] S.H. Kirby, S. Stein, E.A. Okal, D.C. Rubie, Metastable mantle

phase transformations and deep earthquakes in subducting

oceanic lithosphere, Rev. Geophys. 34 (2) (1996) 261–306.
14
[13] B.R. Hacker, S.M. Peacock, G.A. Abers, S.D. Holloway,

Suduction factory 2. Are intermediate earthquakes in subduct-

ing slabs linked to metamorphic dehydration reactions? J. Geo-

phys. Res. 108 (B1) (2003) 2030, doi:10.1029/2001JB00129.

[14] S. Kirby, E.R. Engdahl, R. Delinger, Intermediate-depth intra-

slab earthquakes and arc volcanism as physical expression of

crustal and upper mantle metamorphism in subducting slabs

(overview), in: I. Bebout, E. Gray (Eds.), Subduction, Top to

Bottom, Geophysical Monograph, vol. 96, American Geophy-

sical Union, Washington, 1996, pp. 195–214.

[15] T. Seno, Y. Yamanaka, Double seismic zones, compressional

deep trench— outer rise events, and superplumes, in: I. Bebout,

E. Gray (Eds.), Subduction, Top to Bottom, vol. 96, American

Geophysical Union, Washington, 1996, pp. 347–355.

[16] T. Seno, T. Yamasaki, Low-frequency tremor, intraslab and

interplate earthquakes in southwest Japan — from a viewpoint

of slab dehydration, Geophys. Res. Lett. 30 (22) (2003) 2171,

doi:10.1029/2003GL018349.

[17] B.R. Hacker, Eclogite formation and the rheology, buoyancy,

seismicity, and H2O content of oceanic crust, in: I. Bebout, E.

Gray (Eds.), Subduction, Top to Bottom, Geophysical Mono-

graph, vol. 96, American Geophysical Union, Washington,

1996, pp. 337–346.

[18] L. Jolivet, C. Faccenna, B. Goffé, E. Burov, P. Agard, Sub-
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