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Abstract

Partitioning of strain is a fundamental process during mountain building. It commonly causes a compartmentalisation of a bulk regional strain
into deformational domains with contrasting strain characteristics and largely oriented parallel to the orogenic grain. The Monts d’Arrée slate
belt (Brittany, France) offers an opportunity to study strain partitioning in a slate belt deformed in an overall transpressional regime. The slate
belt consists of highly deformed, low-grade, siliciclastic metasediments of upper Silurian to lower Devonian age. The deformation occurred
during an early Variscan nappe stacking event (‘Bretonian phase’). An extensive structural analysis has demonstrated that the slate belt reflects
the initial stages of strain partitioning. The slate belt primarily reflects coaxial, contraction-dominated deformation. It resulted in NW-verging
folding and a pervasive cleavage development, giving rise to a pronounced mechanical anisotropy. During the later stages of deformation, in-
cipient strain partitioning lead to the development of punctuated strain heterogeneities, consistently reflecting dextral, belt-parallel, strike-slip
strain. These structures are not organised in networks or domains. Incipient strain partitioning in the Monts d’ Arrée slate belt did not reach the

stage of compartmentalisation by the formation of an interlinked discontinuity network or wrench-dominated deformational domains.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Deformation zones in the middle to upper crust commonly
show a very complex architecture, primarily because of the
wide range of ways in which strain is accommodated during
mountain building processes in continental crust. In recent
years, it has become evident that complex structural patterns
observed in deformation zones do not comply with simple
two-dimensional simple-shear models and should be inter-
preted in a more realistic way, considering three-dimensional,
non-coaxial non-plane strain (cf. Holdsworth et al., 1998 and
references therein). Such three-dimensional, non-coaxial
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non-plane strain commonly shows a high degree of strain het-
erogeneity, reflecting strain partitioning. Strain partitioning
gives rise to compartmentalisation of the bulk regional strain
(cf. Jones and Tanner, 1995), developing deformational do-
mains with contrasting strain characteristics, and enabling to
maintain strain compatibility within different crustal levels
(cf. Jones et al., 2005). Examples show that within transpres-
sion zones this kinematic partitioning is expressed by the
development of contraction- and wrench-dominated domains,
each with a particular spatial and temporal relationship be-
tween structural features (e.g. Holdsworth et al., 2002a,b;
Tavarnelli et al., 2004; Clegg and Holdsworth, 2005).

In middle- to upper-crustal levels such deformation zones
commonly develop in siliciclastic, predominantly argillaceous,
metasedimentary series. The resulting slate belts commonly
show a pronounced mechanical anisotropy, materialised by
a pervasive, steeply dipping slaty cleavage. Many of such belts
are commonly interpreted as crustal transcurrent shear zones.


mailto:michiel.vannoorden@geo.kuleuven.be
mailto:manuel.sintubin@geo.kuleuven.be
mailto:jean-rene.darboux@univ-brest.fr
mailto:jean-rene.darboux@univ-brest.fr
http://www.elsevier.com/locate/jsg

838 M. van Noorden et al. | Journal of Structural Geology 29 (2007) 837—849

In recent work, however, the significance of coaxial shortening
and pure shear has been recognised in most cases (e.g.
Passchier et al., 1997; Robertson and Smith, 1999; Solar and
Brown, 2001).

In this paper we focus on the Monts d’Arrée slate belt
(MASB), which is situated in the Central Armorican terrane
(CAT) in Brittany (France) (Fig. 1a). The MASB is a high-
strain domain within the CAT, reflecting an early Variscan
orogenic event (‘Bretonian phase’) related to the oblique con-
vergence and collision of the Léon microcontinent with the
northern margin of the Armorica microcontinent (cf. Faure
et al., 2005). The excellent exposure of the MASB offers
a unique opportunity to evaluate the way slate belts accommo-
date non-coaxial non-plane strain in a transpressional regime.
An extensive structural analysis has revealed the predomi-
nance of a coaxial contraction-dominated deformation,
expressed by NW-verging folding and a pervasive cleavage

development. Subsequent deformation is expressed by punctu-
ated strain heterogeneities, consistently reflecting dextral, belt-
parallel, strike-slip strain. The MASB reflects the initial stages
of strain partitioning in a slate belt, not reaching the stage of
compartmentalisation in deformational domains or an inter-
linked network of shear zones.

2. Geological setting

The Central Armorican terrane (CAT) represents a part of
the perigondwanan microcontinent Armorica, rifted off the
northern margins of Gondwana during early Ordovician times.
The remains of a similar perigondwanan microcontinent are
located north of the CAT in the Léon domain (Fig. la).
The CAT consists of a nearly continuous sedimentary se-
quence ranging in age from Arenig to Namurian (Guillocheau
and Rolet, 1982). This sequence is deposited on top of
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Neoproterozoic, Brioverian metasediments, representing the
erosional product of the Cadomian basement (Cogné, 1974;
Le Corre et al., 1991; Autran et al., 1994; Chantraine et al.,
2001). This Neoproterozoic, crystalline basement primarily
crops out north of the North Armorican shear zone (NASZ)
in the North Armorican composite terrane (NACT) (Fig. 1a).

Two major periods of deposition can be distinguished in the
CAT (Guillocheau and Rolet, 1982). During the first period,
from the Arenig until the late Famennian, the sedimentary
record reflects the development of an unstable platform. The
Greés Armoricain formation, a white, predominantly arenitic se-
quence, forms the base of this Ordovician transgression. The
start of the second depositional period is marked by dynamic
deposits (e.g. olistostromes, turbidites), associated with an in-
creased tectonic activity in the CAT, during the ‘Bretonian
phase’ (Rolet, 1982; Darboux, 1991; Le Gall et al., 1992;
Gumiaux, 2003). This resulted in the development of the
fault-bounded Chateaulin basin (Rolet and Thonon, 1979;
Guillocheau and Rolet, 1982), consisting of Tournaisian to
Viseo-Namurian volcanosedimentary and terrigeneous deposits.

The CAT is bounded to the south by the South Armorican
shear zone (SASZ), a major terrane boundary (Autran et al.,
1994) separating the CAT from the South Armorican terrane
(SAT) (Fig. 1a). The latter consists of Neoproterozoic crystal-
line rocks, and is characterised by an Acadian deformation
history (Le Corre et al., 1991; Autran et al., 1994).

The geodynamic history of the CAT is primarily related to
the late Devonian to early Carboniferous closure of the Rheic
Ocean and the related oblique docking of the Léon domain.
This early Variscan, ‘Bretonian’, orogenic event leads to major
top-to-the-NW overthrusting and nappe stacking and a signifi-
cant crustal thickening of the central Armorican crust (Rolet
et al, 1994; Faure et al., 2005; van Noorden, 2007)
(Fig. 1b). Subsequently, middle to late Carboniferous, intra-
continental deformation resulted in significant wrenching
(e.g. Gapais and Le Corre, 1980; Jégouzo, 1980) and syn-
orogenic collapse (Faure et al., 2005).

A typical feature in the western part of the CAT is the pres-
ence of three ENE-trending belts, the Elorn Valley, the Monts
d’Arrée and the Montagnes Noires (Darboux et al., 1977;
Le Corre et al., 1991) (Fig. 1a), commonly interpreted as dex-
tral transcurrent shear zones in between the NASZ and the
SASZ (Darboux and Le Gall, 1988; Darboux, 1991).

The Monts d’Arrée is a linear mountain chain, 30 km long
and 2.5 km wide. The geomorphology is characterised by a flat
plateau, at an altitude of 300 m above sea level, on top of
which individual outcrop areas (e.g. Roc’h Trévézel) are ex-
posed. These outcrops provide an excellent, three-dimensional
exposure of the internal architecture of the Monts d’Arrée
slate belt (MASB).! Furthermore, the exposures display

' MASB is used to describe the slate belt with its internal Variscan architec-
ture. Monts d’Arrée is used for the description of the linear mountain chain
and its morphological characteristics. The MASB is not confined to the Monts
d’Arrée, as proven on outcrops south of the Monts d’Arrée and south of the
Massif granitique de Huelgoat (e.g. Roc’h Beg Aour; Fig. 1a) (van Noorden,
2007).

a particular spatial distribution, i.e. the individual outcrop
areas are organised in an en-echelon pattern (Figs. 2 and 4a).

The MASB is composed of the upper Silurian to lower
Devonian Plougastel formation (Fig. 2), reflecting a proximal
turbiditic facies. It consists of a typical multilayer sequence of
white to grey sandstones and dark pelites. Deformation in
the MASB occurred in low-grade metamorphic conditions
(Darboux, 1981; Darboux and Le Gall, 1988) and shows a
high degree of strain (up to 60% shortening) compared to
the underlying Grés Armoricain formation. A major décolle-
ment is assumed on top of which a top-to-the-NW shear
caused the deformation in the MASB (Fig. 3a) (van Noorden,
2007). This deformation took place prior to the granitic intru-
sions (Granite de Commana, Massif granitique de Huelgoat —
Figs. 1a and 2 — Castaing et al., 1987b), causing an andalusite
porphyroblastesis during the latest, wrench-dominated, stages
of the deformation history (Hanmer et al., 1982; Darboux,
1991). The intrusion of the Huelgoat granite, furthermore,
caused an overall doming of the Grés Armoricain formation
(Fig. 3b). The Huelgoat granite has a radiometric age of
336 4+ 13 Ma (Peucat et al., 1979), clearly demonstrating that
the main deformation in the MASB can be fitted into the over-
all thrusting and nappe stacking during the ‘Bretonian’
orogenic event (Fig. 1b) (cf. Faure et al., 2005).

3. Strain in the Monts d’Arrée slate belt
3.1. Overall structural architecture

The overall structural architecture of the MASB displays
a first-order fold train contained in a subhorizontal to moder-
ately N-dipping envelope, largely parallel to the interface with
the underlying Ordovician sequence (Figs. 3 and 5). Folding
occurred cogenetic with respect to a steeply dipping, pervasive
axial planar cleavage. The first-order folds, primarily defined
by the envelope of higher-order, outcrop-scale folds, can be
followed along the entire grain of the belt, from outcrop
area to outcrop area. This suggests that the first-order fold train
shows a high degree of cylindricity, excluding any significant
lateral displacements between outcrop areas as may be sug-
gested by the en-echelon pattern of individual outcrop areas
(Fig. 4a). The structural polarity observed in the MASB, as
exemplified by bedding/cleavage relationship, is always con-
cordant with the observed stratigraphical polarity, i.e. all anti-
forms and synforms are anticlines and synclines, respectively.
This infers only one single phase of folding.

In the northeasternmost section of the MASB (Roc’h Ar
Feunteun; Figs. 2 and 4b, c), the broad, first-order ‘Ar Feunteun
synform’ (Fig. 5, AFS) occurs, possibly followed to the north by
a broad first-order antiform (Fig. 5, Roc’h Ar Feunteun 1 and 2).
Towards the Roc’h Tredudon outcrop area (Figs. 2 and 4), we
are able to follow the first-order fold-hinge-line trajectories of
the ‘Ar Feunteun synform’ (Fig. 4b, c), with a N-dipping enve-
lope in the southernmost outcrops (Fig. 5, Roc’h Tredudon).
Slightly further to the north, we observe a fold sequence with
a rather more steeply N-dipping envelope, indicative of the
first-order, slightly N-verging ‘Tredudon antiform’ (Fig. 5,
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western continuation of the ‘Tredudon antiform’. The out-
crops in the northern parts of the Roc’h Trévézel outcrop
area expose the N-verging, rather sharp first-order ‘Trévézel
antiform’ (Fig. 5, TA), and the first-order ‘Trévézel synform’
(Fig. 5, TS). The northern limb of the ‘Trévézel antiform’ is
commonly overturned, as evidenced by the bedding/cleavage
relationship, and is characterised by a step-fold sequence
and high degree of internal disharmony (Fig. 5, Roc’h
Trévézel 1).

Further southwest, the N-verging ‘Trévézel antiform’ and
‘Tredudon antiform’ can be identified within the Croaz Mélar
outcrop area (Figs. 2 and 4; Fig. 5, Croaz Mélar 1 and 2).
North of the ‘Trévézel antiform’, a N-verging fold train with
a moderately N-dipping overall envelope and a steeply SE-
dipping, axial planar cleavage (Fig. 6b,c) can be observed
(Fig. 5, Croaz Mélar 2 and 3). From south to north, this
first-order fold train outlines the ‘Croaz Mélar antiform 1’
(CMAL1), the ‘Croaz Mélar synform’ (CMS) and the ‘Croaz
Mélar antiform 2’ (CMAZ2). To the south the moderately
NW-dipping interface with the Ordovician sequence can be in-
ferred (Fig. 5, Croaz Mélar 2b).

Outcrops in the most southwestern section of the MASB are
marked by a W-plunging first-order fold train (Fig. 6¢c) that
most probably forms the western continuation of the northern-
most fold train in the Croaz Mélar outcrop area. In the Sant
Kadou outcrop area (Figs. 2 and 4), a step-fold sequence occurs
within a moderately N-dipping envelope (Fig. 5, Sant Kadou).

It is clear that the orientation of the regional fold train is
oblique with respect to the rather abrupt boundaries of the
mountain chain, suggesting that the linear morphology of the
Monts d’Arrée is to a large extent unrelated to its internal
architecture.

3.2. Shortening structures

The internal deformation of the multilayer sequence is
characterised by higher-order folding, commonly developed
in quartzitic layers of all thicknesses. The majority of the in-
dividual higher-order folds can be described as class 1B folds
but commonly also as class 1C folds, as defined by Ramsay
(1967). We infer that the amount of homogeneous shorten-
ing, as evidenced by individual fold geometries is in the or-
der of 50—60%. Higher-order folds have a clear disharmonic
occurrence, since they die out rapidly in transverse sections,
while in longitudinal sections they are rather continuous, as
indicated by the regularity and continuity of the bedding/
cleavage intersection (Figs. 6 and 7a), consistently parallel
to the fold hinge lines. Open, upright higher-order folds
commonly occur within the hinge zone of first-order syn-
forms (e.g. ‘Ar Feunteun synform’), displaying a cuspate—
lobate morphology, with open antiforms and sharp synforms.
Predominantly phyllitic sequences are characterised by a
chevron-type folding.

The main tectonic foliation is a pervasive, steeply dipping
cleavage, largely axial planar with respect to the first-order
folds and with a generally constant attitude (Figs. 6 and 7b).
This cleavage is only occasionally deformed by: (1) kink
band development (Fig. 7c) or (2) late folding (Fig. 8d).

Linear features, such as the bedding/cleavage intersection
lineation (Fig. 6b) and kink axes are parallel to the mean
ENE-plunging fold hinge line of the first-order fold train
(Fig. 6¢). In outcrops and in samples on various scales, the
bedding/cleavage intersection lineation is the most prominent
linear feature. There is no clear evidence for a pervasive
stretching lineation, on outcrop-scale or on microscale.
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The internal deformation of the multilayer sequence of the
Plougastel formation is strongly controlled by the inherent an-
isotropy related to its lithostratigraphical composition and the
original sediment architecture. Examples include abundant sed-
imentary features, such as load casts (Fig. 7d), ripple marks,
worm borings, and isolated sand lenses, significant lateral thick-
ness variations, as well as small-scale, non-cylindrical folds,

showing typical strongly curved fold hinge lines. In coastal out-
crops (Fig. 1a), where weakly deformed, non-metamorphosed
rocks of the Plougastel formation are exposed, the small-scale,
non-cylindrical folds are interpreted as the result of a synsedi-
mentary, soft-sediment deformation (Bradshaw, 1963; Renouf,
1965). Typically, quartzitic layers are very discontinuous
and highly variable in thickness in transverse sections
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Bedding/cleavage
intersection lineation (BCIL)
Mean fold axis
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Mean bedding plane

— — Best-fit girdle of bedding poles
—— Mean cleavage plane

———- Axial surface
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Mean cleavage: 144/72
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Fig. 6. Structural orientation data of the Monts d’ Arrée slate belt (MASB): (a) poles to bedding with best-fit great circle (dashed line), mean bedding (continuous
line) and regional fold axis (B); (b) poles to cleavage and bedding/cleavage intersection lineation (BCIL) with mean BCIL (), mean cleavage plane (continuous
grey line) and axial surface (dashed line) and (c) poles to cleavage and fold hinge lines (FHL), with mean FHL (B), mean cleavage plane (continuous grey line) and

axial surface (dashed line).

(strike-perpendicular) sections. Within quartzitic layers, thick-
ening occurs in the hinge zone of folds, whereas thinning occurs
on the limbs (Fig. 7e). Thinning has resulted in boudinage or
even in completely pinching out of layers. Boudinaged quartz-
itic layers are commonly associated with massive quartz veins.
The internal deformation is, moreover, characterised by the par-
ticular deformation behaviour of the quartzitic layers. They
seemingly played no part in controlling the overall deformation,
but were deformed in a very viscous manner (Fig. 7).

3.3. The top-to-the-NW shear structures

Throughout the MASB, a spatial variation in strain inten-
sity is observed that can be linked with a top-to-the-NW

shearing. This variation is particularly exemplified at different
levels in the hinge zone of first-order antiforms. It is possible
to distinguish four different stages, in which these first-order
antiforms underwent a variable amount of deformation. The
first stage is represented by an upright, tight antiform
(Fig. 8a), with a subvertical axial plane. This type of deforma-
tion is the most common type in the outcrops. With increasing
strain, the first type of deformation gradually changed into
a more overturned antiform (Fig. 8b), as represented by
higher-order isoclinal folds. These isoclinal folds typically
show a slightly curved axial plane. The next stage of increasing
strain intensity is represented by antiforms with a clear, even
more curved axial plane (Fig. 8c). Higher-order folds sometimes
show strongly deformed axial planes, clearly the effect of a

Fig. 7. (a) Pronounced bedding/cleavage intersection lineation. (b) Axial planar cleavage. (c) Kink band developed in the phyllitic series, which has deformed the
cleavage. (d) Example of load casts. (e) Typical disharmonic fold with thinned fold limbs and thickened fold hinge. (f) Intensely deformed, viscous quartzitic layer.
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Fig. 8. Sketches and photographs of the spatial variation in strain intensity, which is exemplified at different levels in the hinge zone of a large-scale antiform: (a) upright,
sharp to isoclinal antiform; (b) more overturned antiform; (c) intensively deformed antiform and (d) completely overturned and refolded antiform with secondary

cleavage.

low-angle, top-to-the-NW shearing. The last stage shows a com-
pletely overturned antiform, with a folded axial plane, and the
possible development of a secondary foliation (Fig. 8d).

3.4. Strike-slip structures

Strike-slip structures occur very punctuated in the MASB.
They are non-pervasive throughout the entire MASB, both in
cross-section (Fig. 9), in plan view, and at all scales. Further-
more, they are not organised in a network or domains, but ap-
pear to be rather randomly distributed, and are commonly
associated with quartz veins. They all systematically indicate
the same dextral sense of shear.

Extensional shear bands (ESB) (Fig. 10a) occur in phyllitic
series, having deformed cleavage-parallel quartz veins. They
have a subvertical attitude and are approximately ENE-
trending. In cross-sectional view the penetration of the ESBs
is limited (Fig. 10b). They commonly occur in the S-dipping,
northern limb of first-order antiforms. The ESBs seem to be
kinematically linked with small-scale, higher-order, asymmet-
ric, drag folds (cf. Twiss and Moores, 1992) with strongly
curved fold hinge lines, and could be related to sheared limbs
of higher-order folds. These small-scale, higher-order, drag

folds show a typical W-plunge (Fig. 10c). Characteristically,
they are non-cylindrical, asymmetric and disharmonic. In the
Roc’h Tredudon outcrop area (Fig. 4), geometrically similar
small-scale, higher-order folds occur in the direct vicinity of
massive quartz veins. In the Roc’h Ar Feunteun outcrop area
(Fig. 4), non-cylindrical, higher-order folds occur on a larger-
scale (Fig. 10d). These curvilinear folds show variable strain
intensity, including sheath fold-like morphology, and display
a step-like fold hinge to the east.

The punctuated strike-slip deformation is furthermore
expressed by a large-scale sheath fold (Fig. 10e) in the N-
dipping, southern limb of a large-scale, first-order, and
synform. This sheath fold affects a thick quartzitic layer. Its
orientation is consistent with a dextral sense of shear. In front
of this sheath fold, there is evidence of a related distortion of
the axial planes of higher-order folds (Fig. 11). Similar distor-
tions have been observed elsewhere, suggesting the occurrence
of sheath folds is more common in the MASB.

3.5. Veins

The rocks in the MASB are, furthermore, characterised by
the abundant presence of veins. The veins predominantly
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Il Quartz
[ Quartzites
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Fig. 9. Schematic cross-section, which shows the non-pervasive occurrence of wrench-related deformation, and an example of commonly observed contraction-
related deformation. Sketch (a) shows the occurrence of a single massive quartzitic layer with both E- and W-plunging fold hinge lines; (b) exemplifies the observed
shifts in plunge of fold hinge lines, from overall subhorizontal to intensively steeply plunging; (c) is an example of common contraction-related deformation and
(d) shows a schematic representation of the large-scale sheath fold. Note that sketch (c) and (d) are SE—NW orientated while sketch (a) and (b) and the cross-section

are NW—SE orientated.

consist of quartz. In addition to quartz, chlorite and musco-
vite have been recognised by conventional microscopy.
Quartz veins occur parallel, oblique or perpendicular to bed-
ding and cleavage. Seven types of pre-, syn-, and post-
folding/cleavage veins can be recognised (Fig. 12) (van
Noorden, 2007). Pre-, and syn-folding/cleavage veins are
the most common types of veins, and are characterised by
their localised occurrence, and are relatively small-scaled.
Massive, post-folding/cleavage veins are generally NS-
trending. They have a blocky character. It is apparent that

veining was a continuous process occurring throughout the
entire progressive deformation history.

4. Discussion

The overall structural architecture of the MASB is
clearly the result of a coaxial contraction-dominated defor-
mation, reflecting a largely NW—SE oriented shortening
(Fig. 13). The upright, slightly NW-verging, highly cylindri-
cal, first-order fold train and the cogenetic, axial planar,

Fig. 10. (a) A dextral extensional shear band in plan view. (b) An isolated, localised extensional shear band in cross-section; indicated is bedding Sy. Note that the
extent of the ESB is limited in depth. (c) A small-scale drag fold with a typical curved fold hinge line. (d) A strongly curvilinear fold hinge line in association with
a subhorizontal plunging fold hinge line. (e) A large-scale sheath fold structure with curvilinear fold hinge lines (see Fig. 9d).
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Fig. 11. Schematic diagram showing the relation between the large-scale
sheath fold and distortion of the axial planes of higher-order folds. The axial
plane of such higher-order folds is curved due the development of the sheath
fold, but this curvature is only limited. This is exemplified by the three cross-
sections (i—iii), showing different stages of related distortion.

pervasive cleavage development resulted in a significant
shortening (50—60%) and subsequent up-dip, crustal thick-
ening, on top of a décollement, thus maintaining the overall
strain compatibility (cf. Jones et al., 2005). Strain compati-
bility is, moreover, maintained by the strong internal dishar-
mony in the folded multilayer sequence of the Plougastel
formation (cf. Hudleston, 1999; Jones et al., 2005), the bed-
ding-parallel detachments during folding, and the localised
break-down of the mechanical continuum by extensive, syn-
kinematic, quartz veining (cf. Jones et al., 2005). The dom-
inance of the coaxial strain accumulation (see also Law,
1986) allows to suggest that the strain recorded in the
MASB largely reflects the bulk regional strain. A NW—
SE oriented regional strain is in accordance with the top-
to-the-NW overthrusting and nappe stacking, related to the
oblique(?) convergence of the Léon domain with the CAT
(Rolet et al., 1994; Faure et al.,, 2005; van Noorden,
2007) (Fig. 1b).

In the overall transpressional setting of the CAT, the steeply
dipping mechanical anisotropy, induced by the pronounced
subhorizontal shortening and inherited from the sedimentary
prehistory of the Plougastel formation (e.g. Bradshaw, 1963;
Renouf, 1965), created conditions to initiate strain partitioning
during the later stages of deformation (e.g. Fossen and Tikoff,
1993; Tikoff and Teyssier, 1994; Jones and Tanner, 1995;
Kirkwood, 1995; Kirkwood et al., 1995; Tikoff and Greene,
1997; Dewey et al., 1998). In the MASB this strain partitioning
resulted in punctuated strain heterogeneities, consistently re-
flecting a dextral strike-slip strain parallel to the overall struc-
tural grain (Fig. 13). These punctuated outcrop-scale strike-slip
structures are rather randomly distributed and are definitively
not organised in an interlinked network of discontinuities
(faults, shear zones) (cf. Jones et al., 2005) or in wrench-
dominated domains (e.g. Tikoff and Teyssier, 1994; Jones
and Tanner, 1995; Jones and Holdsworth, 1998; Lin et al.,
1998; Holdsworth et al., 2002a,b). The observed strike-slip

structures, such as extensional shear bands and associated
small-scale folds with highly curved fold hinge lines, are com-
mon features in transpressional settings (e.g. Holdsworth et al.,
2002a,b; Tavarnelli et al., 2004; Clegg and Holdsworth, 2005).
Holdsworth et al. (2002b) pointed out that folds with highly
curved fold hinge lines are unrelated to sheath fold develop-
ment, primarily because the latter structures are typical for
an intense, highly ductile deformation. The presence of the
large-scale sheath fold in the MASB (Figs. 9d, 10e and 11)
shows that such structures may also develop in low-grade meta-
morphic conditions. The highly ductile deformation of the
quartzitic layers may be facilitated by the ‘wet’ deformation
conditions, as indicated by the continuous veining throughout
the entire deformation history (Fig. 12).

Strain partitioning in the MASB shows no compartmen-
talisation into deformational domains with contrasting strain
characteristics, nor the presence of an interlinked network of
discontinuities. In this respect the MASB can be considered
as a high-strain, contraction-dominated, slate belt, in which
the initial stages of strain partitioning has been preserved.
This incipient strain partitioning is expressed by the rather
randomly distributed and isolated occurrence of strain het-
erogeneities that consistently show the same non-coaxial
strain component. A further development of wrench-dominated
domains or an interlinked network of shear zones was, most
probably, blocked because of an overall tilting, caused by
the late-orogenic, Viséan (Peucat et al., 1979), intrusion of
the Huelgoat granite (Fig. 3). Deformation subsequently
shifted to the south, affecting the syn-orogenic deposits of
the Chateaulin basin and the Montagnes Noires slate belt
(Fig. 1). During the Late Carboniferous, the intracontinental
deformation became progressively localised in the NASZ
and SASZ (Fig. 1), reflecting to a large extent the wrench-
dominated component of the bulk regional strain. This is,
e.g. evidenced by the presence of sheared sedimentary rocks
(up to Gzhelian) and plutons (e.g. Berthé et al., 1979) along
the SASZ.

5. Conclusions

The Monts d’Arrée slate belt resulted from an early
Variscan, ‘Bretonian’, predominantly contraction-dominated
deformation in an overall transpressional setting. The inter-
nal architecture displays a highly cylindrical, first-order fold
train within a subhorizontal to moderately N-dipping enve-
lope, and a pervasive axial planar, steeply SE-dipping,
cleavage. Strike-slip structures (e.g. ESBs, drag folds) are
randomly distributed and occur very localised. These strain
heterogeneities, reflecting the wrench component of the
transpressional strain, represent incipient strain partitioning
within the slate belt.

Our work has demonstrated that an extensive and detailed
field-based structural analysis of well-exposed three-dimensional
outcrops is imperative to be able to assess the spatial, three-
dimensional continuity of the structures, and to constrain the
degree of strain partitioning in a transpressional setting
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Fig. 12. Schematic paragenesis of seven different quartz vein generations. Based on cross-cutting relations of the veins with other structural features, seven main
groups were identified: regular bedding-perpendicular quartz veins in quartzitic layers (type 1); quartz veins related to fold hinge line parallel deformation (type 2);
quartz veins associated with the phyllitic sequence, the “‘rod-type” (type 3); regular quartz veins in quartzitic layers, associated with cleavage refraction (type 4);
fine regular quartz veins (type 5); massive quartz veins associated with quartzitic layers (type 6); and massive quartz intrusions (type 7).

(cf. Jones et al., 2005). Only then any reliability with respect
to the kinematics of the entire slate belt can be obtained. In
this respect, the Monts d’ Arrée slate belt offers an opportunity
for a thorough investigation of the spatial variation across
a wide range of scales, using geostatistical sampling in combi-
nation with digital field data acquisition, as suggested by Jones
et al. (2005), but in a deformation zone in which the initial
stages of strain partitioning is preserved.

Acknowledgements

The authors are most grateful to P. Clegg and an anonymous
reviewer for their constructive remarks on the manuscript and
wish to acknowledge R. R. Jones, T. N. Debacker and I. Kenis
for the stimulating discussions. M. Sintubin is a Research
Associate and M. van Noorden is a Research Assistant of the
‘Onderzoeksfonds K. U. Leuven’. This work forms part of



848 M. van Noorden et al. | Journal of Structural Geology 29 (2007) 837—849

Fig. 13. Conceptual model of the development of partitioned, wrench-dominated domain in an overall pure shear dominated transpressional setting (after
Holdsworth et al., 2002b; Jones et al., 2005) and its application to the MASB. (a) The evolution of transpression in block diagrams, through stages i—iii, with
a dominant pure shear component in the y-z plane (stage i—iii), and a development of a wrench-dominated domain (WDD) within an overall contraction-dominated
(CDD) setting. (b) The deformation of rocks of the Plougastel formation, through stages i—iii, by a contractional strain (folding and cleavage development), and

incipient strain partitioning (dextral shear).

the research project G.0159.03 of the F. W. O. Vlaanderen, and
of the research projects OT/02/31 and OT/06/33 of the
‘Onderzoeksfonds K. U. Leuven’.

References

Autran, A., Lefort, J.-P.,, Debeglia, N., Edel, J.B., Vigneresse, J.-L., 1994.
Gravity and magnetic expression of terranes in France and their correlation
beneath overstep sequences. In: Keppie, J.D. (Ed.), Pre-Mesozoic Geology
in France and Related Areas. Springer-Verlag, Berlin, pp. 49—72.

Berthé, D., Choukroune, P, Gapais, D., 1979. Orientations préférentielles
du quartz et orthogneissification progressive en régime cisaillant: I’exemple
du cisaillement sud-armoricain. Bulletin de Minéralogie 102 (2—2), 265—
272.

Bradshaw, J.D., 1963. The Lower Palacozoic and Lowest Devonian Rocks of
the Crozon Peninsula (Finistére). Unpublished PhD thesis, University of
London.

Castaing, C., Beurrier, M., Herrouin, Y., Rolet, J., Thonon, P., Clozier, L.,
Garreau, J., 1987a. Carte Géologique — Huelgoat (1/50,000). B.R.G.M.

Castaing, C., Rolet, J., Chevremont, P., Le Calvez, J.Y., Thonon, P., 1987b. La
région de Huelgoat (Finistére central) dans le contexte géodynamique
armoricain. Géologie de la France 1, 23—36.

Chantraine, J., Egal, E., Thiéblemont, D., Le Goff, E., Guerrot, C.,
Ballevre, M., Guennoc, P., 2001. The Cadomian active margin (North
Armorican Massif, France): a segment of the North Atlantic Panafrican
belt. Tectonophysics 311, 1—18.

Clegg, P., Holdsworth, R.E., 2005. Complex deformation as a result of strain
partitioning in transpression zones: an example from the Leinster Terrane,
SE Ireland. Journal of the Geological Society, London 162, 187—202.

Cogné, J., 1974. Le Massif Armoricain. In: Debelmas, J. (Ed.), Géologie de la
France, Paris, pp. 105—161.

Darboux, J.-R., 1981. Caractérisation du régime cisaillant de la déformation
hercynienne dans les Monts d’Arrée (Massif Armoricain, France). Comp-
tes Rendus de I’ Académie des Sciences Série II, Paris 292, 1497—1500.

Darboux, J.-R., 1991. Evolution tectonosédimentaire et structuration synméta-
morphe des zones externes du segment Hercynien ouest-européen: Le
modele du Domaine Centre Armoricain occidental. Thése de doctorat
d’état thesis, Université de Bretagne Occidentale, Brest, 267 pp.

Darboux, J.-R., Gravelle, M., Pelhate, A., Rolet, J., 1977. L’évolution tectoni-
que de la terminaison occidentale du domaine centre-armoricain au Dévon-
ien et au Carbonifére. Comptes Rendus de I’ Académie des Sciences Serie
1T 284 (13), 1151—1154.

Darboux, J.-R., Le Gall, B., 1988. Les Montagnes Noires: cisaillement bordier
méridional du bassin carbonifere de Chateaulin (Massif Armoricain,
France). Caractéristiques structurales et métamorphiques. Geodinamica
Acta 2 (3), 121—133.

Dewey, J.F., Holdsworth, R.E., Strachan, R.A., 1998. Transpression and trans-
tension zones. In: Holdsworth, R.E., Strachan, R.A., Dewey, J.F. (Eds.),
Continental Transpressional and Transtensional Tectonics. Geological
Society, London, Special Publications, pp. 1—14.

Faure, M., Bé Mézeme, E., Duguet, M., Cartier, C., Talbot, J., 2005. Paleozoic
tectonic evolution of medio-europa from the example of the french massif
central and massif armoricain. In: Carosi, R., Dias, R., Iacopini, D.,
Rosenbaum, G. (Eds.), The Southern Variscan Belt. Journal of the Virtual
Explorer 19. Paper 5.

Fossen, H., Tikoff, B., 1993. The deformation matrix for simultaneous simple shear-
ing, pure shearing and volume change, and its application to transpression—
transtension tectonics. Journal of Structural Geology 15 (3—5), 413—422.

Gapais, D., Le Corre, C., 1980. Is the Hercynian belt of Brittany a major shear
zone? Nature 288, 574—576.



M. van Noorden et al. | Journal of Structural Geology 29 (2007) 837—849 849

Guillocheau, F., Rolet, J., 1982. La sédimentation paléozique ouest-
armoricaine. Histoire sédimentaire; relations tectonique-sédimentation.
Bulletin de la Société géologique et minéralogique de Bretagne 14, 45—62.

Gumiaux, C., 2003. Modélisation du cisaillement hercynien de Bretagne cen-
trale: déformation crustale et implications lithosphériques. Université de
Rennes, Rennes, 267 pp.

Hanmer, S.K., Le Corre, C., Berthé, D., 1982. The role of Hercynian granites
in the deformation and metamorphism of Brioverian and Palaeozoic
rocks of Central Brittany. Journal of the Geological Society, London
139, 85—93.

Holdsworth, R.E., Strachan, R.A., Dewey, J.F. (Eds.), 1998. Continental Trans-
pressional and Transtensional Tectonics. Geological Society, London,
Special Publications, vol. 135, 360 pp.

Holdsworth, R.E., Tavarnelli, E., Clegg, P., 2002a. The nature and regional signif-
icance of structures in the Gala group of the Southern Uplands terrane, Ber-
wicksshire coast, southeastern Scotland. Geological Magazine 139, 707—717.

Holdsworth, R.E., Tavarnelli, E., Clegg, P., Pinheiro, R.V.L., Jones, R.R.,
McCaffrey, K.J.W., 2002b. Domainal deformation patterns and strain par-
titioning during transpression: an example from the Southern Uplands ter-
rane, Scotland. Journal of the Geological Society, London 159, 401—415.

Hudleston, P.J., 1999. Strain compatibility and shear zones: is there a problem?
Journal of Structural Geology 21, 923—932.

Jégouzo, P., 1980. The south Armorican shear zone. Journal of Structural
Geology 2 (1/2), 39—47.

Jones, R.R., Holdsworth, R.E., 1998. Oblique simple shear in transpression
zones. In: Holdsworth, R.E., Strachan, R.A., Dewey, J.F. (Eds.), Continen-
tal Transpressional and Transtensional Tectonics. Geological Society,
London, Special Publications, pp. 35—40.

Jones, R.R., Holdsworth, R.E., McCaffrey, K.J.W., Clegg, P., Tavarnelli, E.,
2005. Scale dependence, strain compatibility and heterogeneity of three-
dimensional deformation during mountain building: a discussion. Journal
of Structural Geology 27 (7), 1190—1204.

Jones, R.R., Tanner, G., 1995. Strain partitioning in transpression zones. Jour-
nal of Structural Geology 17 (6), 793—802.

Kirkwood, D., 1995. Strain partitioning and progressive deformation in a trans-
pressive belt, northern Appalachians. Tectonophysics 241, 15—34.

Kirkwood, D., Malo, M., St-Julien, P., Therrien, P., 1995. Vertical and fold-
axis parallel extension within a slate belt in a transpressive setting, north-
ern Appalachians. Journal of Structural Geology 17, 329—343.

Law, R.D., 1986. Relationships between strain and quartz crystallographic fab-
rics in the Roche Mauriche Quartzites of Plougastel, western Brittany.
Journal of Structural Geology 8, 493—516.

Le Corre, C., Auvray, B., Ballevre, M., Robardet, M., 1991. Le Massif Armor-
icain. In: Piqué, A. (Ed.), Massifs Anciens de France. Louis Pasteur Uni-
versity, Strasbourg, pp. 31—103.

Le Gall, B., Loboziak, S., Le Herissé, A., 1992. Le flanc sud du synclinorium
carbonifére de Chateaulin (Massif armoricain, France): une bordure de
bassin réactivée en contexte décro-chevauchant. Bulletin de la Société géo-
logique de France 163 (1), 13—26.

Lin, S., Jiang, D., Williams, P.F, 1998. Transpression (or transtension)
zones of triclinic symmetry: natural example and theoretical modelling.
In: Holdsworth, R.E., Strachan, R.A., Dewey, J.F. (Eds.), Continental
Transpressional and Transtensional Tectonics. Geological Society,
London, Special Publications, pp. 41—57.

Passchier, C.W., den Brok, S.W.J., van Gool, J.AM., Marker, M.,
Manatschal, G., 1997. A laterally constricted shear zone system — the Nor-
dre Strgmfjord steep belt, Nagssugtogidian Orogen, W. Greenland. Terra
Nova 9 (5/6), 199—202.

Peucat, J.J., Charlot, R., Mifdal, A., Chantraine, J., Autran, A., 1979. Défini-
tion géochronologique de la phase bretonne en Bretagne centrale. Etude
Rb/Sr de granites du domaine centre armoricain. Bulletin du B.R.G.M.
1 (4), 349-356.

Ramsay, J.G., 1967. Folds and Fracturing of Rocks. McGraw-Hill Book Com-
pany, New York, 560 p.

Renouf, J.T., 1965. The Geology of the Presqu’ile de Plougastel (Finistere).
Unpublished PhD thesis, University of London.

Robertson, S., Smith, M., 1999. The significance of the Geal-Charn-Ossian
Steep Belt in basin development in the Central Scottish Highlands. Journal
of the Geological Society, London 156, 1175—1182.

Rolet, J., 1982. La Phase Bretonne en Bretagne: état des connaissances. Bul-
letin de la Société géologique et minéralogique de Bretagne 14 (2), 63—71.

Rolet, J., Gresselin, F., Jégouzo, P., Ledru, P., Wyns, R., 1994. Intracontinental
Hercynian Events in the Armorican Massif. In: Keppie, J.D. (Ed.), Pre-
Mesozoic Geology in France and Related Areas. Springer-Verlag, Berlin,
pp- 195—219.

Rolet, J., Thonon, P, 1979. Mise en évidence de trous complexes volcano-
détritiques d’age Dévonien inférieur 2 moyen, Strunien et Viséen inférieur
sur la bordure nord du bassin de Chateaulin (feuille Huelgoat 1/50000,
Finistére). Implications paléogéographiques et tectoniques. Bulletin du
B.R.G.M. 2, 303—315.

Solar, G.S., Brown, M., 2001. Deformation partitioning during transpression in
response to Early Devonian oblique convergence, northern Appalachian
orogen, USA. Journal of Structural Geology 23, 1043—1065.

Tavarnelli, E., Holdsworth, R.E., Clegg, P., Jones, R.R., McCaffrey, K.J.W.,
2004. The anatomy and evolution of a transpressional imbricate zone.
Journal of Structural Geology 26, 1341—1360.

Tikoff, B., Greene, D., 1997. Stretching lineations in transpressional shear
zones: an example from the Sierra Nevada Batholith, California. Journal
of Structural Geology 19 (1), 29—39.

Tikoff, B., Teyssier, C., 1994. Strain modelling of displacement-field partition-
ing in transpressional orogens. Journal of Structural Geology 16 (11),
1575—1588.

Twiss, R.J., Moores, E.M., 1992. Structural Geology. W.H. Freeman and Com-
pany, 532 p.

van Noorden, M., 2007. New Insights into Early Variscan Geodynamics in the
Armorican Massif. Evidences of Contraction-dominated Deformation and
Incipient Strain Partitioning in the Palaeozoic of the Monts d’ Arrée, Brit-
tany, France. PhD thesis, Katholieke Universiteit Leuven, Leuven.



	Incipient strain partitioning in a slate belt: Evidence from the early Variscan Monts d’ArrEe slate belt (Brittany, France)
	Introduction
	Geological setting
	Strain in the Monts d’ArrEe slate belt
	Overall structural architecture
	Shortening structures
	The top-to-the-NW shear structures
	Strike-slip structures
	Veins

	Discussion
	Conclusions
	Acknowledgements
	References


