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Abstract
Foliation boudinage is a form of boudinage that develops in foliated rocks independent of lithology contrast. This paper describes foliation
boudins from the Çine Massif in SW Turkey and the Furka PasseUrseren Zone in central Switzerland. Four common types of foliation boudin
structures can be distinguished in the field, named after vein geometries in their boudin necks in sections normal to the boudin axis: lozenge-,
crescent-, X- and double crescent-type. The boudin necks are mostly filled with massive quartz in large single crystals, commonly associated
with tourmaline, feldspar and biotite and in some cases with chlorite spherulites. The presence of blocky crystals and chlorite spherulites sug-
gests that these veins formed as open, fluid-filled cavities during the initiation and development of foliation boudin structures, even in ductilely
deforming gneiss at a depth of mid-crustal levels (7e10 kbar). The presence of cavities allowed the formation of closed fishmouth structures that
are typical for many foliation boudins. The geometry of foliation boudin structures mainly depends on initial fracture orientation, propagation of
the fracture during further deformation, and flow type in the wall rock.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Boudinage is a common phenomenon in layered rocks,
where layers of a specific lithology are disrupted into elongate
fragments. Such separation can develop by planar fracturing
into rectangular fragments (torn boudins) or by necking and
tapering into elongate depressions and swells known as drawn
boudins (Goscombe et al., 2004: Fig. 1). Where the boudins
are separated by fractures or vein material, the separation
zones are known as boudin necks. In some types of torn bou-
dins, and in all drawn boudins, the layers are deflected into the
boudin neck in a characteristic geometry (Goscombe et al.,
2004: Fig. 1). In some cases, the deflection can be so strong
that the upper and lower contact of a layer touches in the
boudin neck. If this occurs by infolding of the original frac-
ture, the developing structure is known as a ‘‘fishmouth bou-
din’’ where the deformed fracture forms the ‘‘mouth’’ of the
‘‘fish’’ (Goscombe et al., 2004: Fig. 1). Boudin necks normally
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occur in a series of similar structures along a layer with regular
spacing, separating the layer into ‘‘boudins’’. This type of
layer-restricted boudinage is thought to result from differences
in rheology between a relatively stiff layer and a viscous
matrix, where the stiff layer ruptures or necks normal to the
extension direction in the rock (e.g. Ramberg, 1955;
Strömgård, 1973; Lloyd and Ferguson, 1981; Lloyd et al.,
1982; Ramsay and Huber, 1983).

Besides this usual type of boudinage, similar structures are
observed in foliated rocks that do not have layering. Many
strongly foliated rocks show veins at a high angle to the
foliation plane with a deflection of the foliation into the veins
similar to that of boudin necks in layering (Fig. 1). Because of
this similarity and the apparent link to foliated rocks, this type
of structure is known as ‘‘foliation boudinage’’ (Hambrey and
Milnes, 1975; Platt and Vissers, 1980). There is a continuum
in ‘‘layeredness’’ between foliation boudinage through multi-
layer-boudinage of successively thicker planes to true layer-
boudinage (Goscombe et al., 2004).

In layer-boudinage, boudin blocks can be easily defined as
distinct elongate fragments of the competent layer. Foliation
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Fig. 1. Foliation boudinage structure (FBS) in augen gneiss, the Çine Massif,

SW Turkey. The geometry of the boudin neck is a typical fishmouth. Vein fill

is massive quartz. Location: Asmaköy (37�43033N; 28�26042E).
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boudinage occurs at isolated sites in foliated rocks, and is not
generally related to any apparent rheologically contrasting
layer (Fig. 1). As a result, the prominent elements of foliation
boudinage are not the boudins, but the neck regions. In this pa-
per we will therefore mostly avoid the term ‘‘foliation boudin’’
and either use the term ‘‘foliation boudinage’’ for the process
or ‘‘foliation boudinage structure (FBS)’’ for the structure in
the necks.

Foliation boudinage was first analysed by Cobbold et al.
(1971), who studied the behaviour of homogeneous, aniso-
tropic rocks during layer normal compression and suggested
that internal instabilities lead to the development of boudin-
like structures. They referred to these as ‘‘internal boudinage’’.
The term ‘‘foliation boudinage’’ was first used by Hambrey
and Milnes (1975) to describe boudin-like structures in glacier
ice, which shows a strong planar anisotropy or foliation. Platt
and Vissers (1980) described the phenomenon in homoge-
neous rock masses that are strongly anisotropic. Aerden
(1991) stressed the economic importance of foliation boudin-
age since it commonly controls ore bodies. A number of stud-
ies have shown that FBSs can also be used as shear sense
indicators (e.g. Platt and Vissers, 1980; Hanmer, 1986;
Lacassin, 1988; Swanson, 1992; Grasemann and Stüwe,
2001; Goscombe and Passchier, 2003; Grasemann et al.,
2003). Analogue modelling by Druguet and Carreras (2006)
presents the important role of rheological change through
melt crystallization during deformation.

In this paper, we describe and classify different types of fo-
liation boudinage structures from the Çine Massif, SW Turkey
and the Furka PasseUrseren Zone, Central Switzerland, where
FBSs are particularly common. We have chosen to investigate
structures from two areas with different tectonic regime,
protolith and metamorphic grade in order to see if our obser-
vations have general validity. Our aim is to investigate if and
how the geometry of FBS is dependent on foliation strength,
rock type, flow regime and other parameters. Formation
mechanisms of FBSs are discussed based on field observations
and on numerical modelling.

2. Study areas
2.1. Geology of the Çine submassif
The Çine submassif is part of the Menderes Metamorphic
Core Complex (MMCC) in western Turkey (Fig. 2). The
MMCC consists of a core of tectonic units known as the
Menderes nappes (Ring et al., 1999) of mainly orthogneiss
and micaschist of Neoproterozoic to Palaeozoic age tectoni-
cally overlain by a number of other thrust sheets. The highest
units are the ÍzmireAnkara Zone of Neotethys in the north
(Sengör and Yılmaz, 1981) and the Lycian nappes of the Taur-
ides in the south (Graciansky, 1968; Bernoulli et al., 1974),
which consist of dominantly Permo-Mesozoic passive margin
successions and ophiolitic mélange. The underlying Dilek
nappe and Selçuk melange (Güngör, 1998 and the references
therein) have been correlated to the Cycladic blueschist unit
(Candan et al., 1997; Ring et al., 1999; Gessner, 2000) and
consist of a Mesozoic platform sequence with emery- and
rudist-bearing marbles and overlying metaolistostromes. The
Menderes nappes are, from highest to lowest structural level,
the Selimiye, Çine, Bozdag and Bayındır nappes (Fig. 2a).
The nappes were emplaced during the Late Cretaceous to
Tertiary and later underwent Tertiary to recent regional exten-
sional deformation. This extension by vertical shortening and
NeS horizontal extension in the nappes, caused development
of foliations, lineations, boudins and related structures, and
later formed the EeW trending grabens which dissect the
region into three submassifs: from north to south the Gördes,
Ödemis and Çine submassifs. This study focuses on the Çine
submassif, and specifically on the structures in mylonitised
granitoid and metasedimentary rocks of the Çine nappe
(Fig. 2).

Gessner et al. (2001) divided granitic rocks of the Çine
nappe into older orthogneiss and younger meta-granites that
have yielded Neoproterozoic to Cambrian ages (Kröner and
Sengör, 1990; Hetzel and Reischmann, 1996; Loos and
Reischmann, 1999; Gessner et al., 2004). However, a Tertiary
age has also been suggested for gneissic granites along the
southern margin of the Çine submassif due to an intrusive
contact with Mesozoic micaschist (Bozkurt, 2004; Erdogan
and Güngör, 2004).

Although the contact relations between the units, the age of
metamorphism and deformation are still subject to discussion,
there is general consensus on an early top-to-N/NE shear sense
in orthogneiss and metasedimentary rocks of the Çine nappe
during amphibolite facies metamorphism, overprinted by
top-to-South shear sense during greenschist facies metamor-
phism (Gessner et al., 2001; Régnier et al., 2003, 2007;
Bozkurt and Satır, 2000; Bozkurt, 2007; Bozkurt et al.,
2006). Régnier et al. (2003) recorded maximum PeT condi-
tions of about 7 kbar and >550 �C for the metasedimentary
rocks of the Çine nappe underneath the Selimiye shear zone
and 8e11 kbar and 600e650 �C in the north for the same
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Fig. 2. Location of the study area in SW Turkey. (a) Simplified geological map and cross-section after Candan and Dora (1997) and Gessner et al. (2001).

(b) Measurements of foliation and lineation in gneiss where foliation boudinage structures have been investigated. Locations of figures in the text are shown.
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rocks. Similar PeT conditions of 8e10 kbar and 600e640 �C
were also reported for the metasedimentary enclaves in the or-
thogneiss in the western Çine Massif by Régnier et al. (2007).
The metamorphic conditions in the orthogneiss were defined
by the fabrics which seem to have formed above 500 �C
(Gessner et al., 2001). Variable shear sense in the orthogneiss,
with top-to-the-North in the north and top-to-the-South in the
south and with local coaxial deformation, was attributed to
strain partitioning by Régnier et al. (2007).
Foliation boudinage structures are common in both orthog-
neiss and micaschist of the Çine nappe. The orthogneiss is
granodioritic in composition and contains cm-scale feldspar
augen surrounded by a biotite foliation. The foliation is
subhorizontal in the central part of the Çine submassif and
aggregate lineations are well developed and generally NeS
trending but gradually become steeper to the south, especially
along the southern margin in the Selimiye shear zone
(Fig. 2b). The micaschist is a biotiteegarnet micaschist with
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indications of retrogression in the form of chlorite veins. Alter-
ation of garnet and biotite to chlorite is common.
2.2. Geology of the Furka PasseUrseren Zone
The Furka PasseUrseren Zone between the Aar- and Got-
thard massifs is a narrow zone in the Infra-Helvetic Complex,
north of the Lepontine Metamorphic Dome and the Periadri-
atic Line and northenortheast of the Simplon Fault Zone, in
Central Switzerland (Fig. 3). The massifs, mainly late Variscan
granites and old crystalline rocks together with narrow zones
of Carboniferous sediments and volcanics, form the pre-
Mesozoic basement of the Helvetic nappes and are the north-
ernmost exposures of the external crystalline massifs. They
represent updomed basement nappes separated by their Meso-
zoic sedimentary cover and by the basal Glarus thrust from the
overlying Helvetic nappes (Milnes and Pfiffner, 1977). The
basement has partially been reworked by the Variscan and
Alpine orogenesis. The pre-Alpine evolution, including Varis-
can, Ordovician and Precambrian events, has been reported in
detail by many workers (e.g. Albrecht et al., 1991; Albrecht,
1994; Schaltegger, 1994; Schaltegger and Gebauer, 1999;
von Raumer et al., 1999; and references therein). In the south-
ern Aar Massif, Alpine overprint was strong and the basement
and cover rocks were affected by ductile deformation under
greenschist facies metamorphism with P/T conditions of
20 km
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300e450 �C and 3e4.5 kbar increasing from north to south
and further south in the Gotthard Massif reaching amphibolite
facies (Marquer and Burkhard, 1992; Frey and Mahlmann,
1999). The geometry of this heterogeneous deformation shows
anastomosing patterns of shear zones corresponding to a bulk
vertical stretching. For the southern Aar Massif 450 �C and
4.4 kbar conditions are constrained by fluid inclusion data
from fissure quartz (Frey and Mahlmann, 1999).

We studied foliation boudinage structures in the mylonitic
gneisses and metasediments of the Furka PasseUrseren
Zone that have an approximately NEeSW striking and verti-
cal to steeply dipping regional penetrative foliation
(Fig. 3a,b). The aggregate and grain lineations are mostly
vertical or steeply plunging. Both structures formed in anasto-
mosing shear zones with a vertical displacement component.
However in some narrow shear zones evidence for a strike-
slip component of motion is found.
3. Foliation boudinage structures (FBSs)
3.1. Foliation boudinage structures (FBSs) in the Çine
submassif
Foliation boudinage structures (FBSs) are isolated struc-
tures in rocks recognized by perturbations in the monotonous
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vein material. The planar foliation and straight lineation in the
far-field wall rock are deflected close to the central discontinu-
ity, and the typical shape of a foliation boudinage structure as
described below is defined by the deflection pattern of the
foliation, and the shape of the central veins. The deflection
pattern close to a central vein is a category of flanking folds
(Passchier, 2001). Boudin neck veins are normally structures
with an elongate, commonly curved disc-shaped geometry;
the longest axis (Lb) is parallel to the foliation and typically
normal to the aggregate lineation (L) in the rock and the
shorter axis normal or oblique to the foliation (Fig. 4).

We have applied and in some cases adapted the boudin
terminology of Goscombe and Passchier (2003) to describe
the geometry of FBSs (Fig. 4). Since most of the FBSs in
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the studied area have mineral-filled boudin neck veins, an in-
terboudin surface (Sib; Goscombe and Passchier, 2003) is de-
fined as an imaginary median surface passing through the
centre of the neck vein. Symmetry of FBSs can be easily rec-
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host element (HEi), is here referred to as the internal foliation
( fi). The deflection of the foliation, measured as an angle b, is
the deviation of the internal foliation from its external, fe ori-
entation (Figs. 4 and 5e). There is a gradual transition between
fi and fe.

A large number of foliation boudinage structures were an-
alysed in the Çine Massif, ranging in size from cm- to m-scale.
Both symmetric and asymmetric types of FBSs are common.
Symmetrical FBSs at the northwestern margin of the Çine
Massif were first mentioned by Gessner et al. (2001) and Rég-
nier et al. (2003) as amphibolite facies structures. Boudin neck
veins strike approximately EeW relative to NeS oriented
aggregate lineations. The axial planes of boudin veins crosscut
the regional foliation at steep angles.

On sections parallel to the aggregate lineation and normal
to the foliation in the rocks, both symmetric and asymmetric
types of FBSs occur and several hundred were investigated
in the Çine Massif (Fig. 5). We classified the common types
of foliation boudinage structures into four categories; loz-
enge-, crescent-, X- and double crescent-type FBSs (Figs. 4
and 5). These categories are easily distinguished in the field
and are named after vein geometries in the boudin necks in
cross-sections normal to the foliation and parallel to the aggre-
gate lineation.

Lozenge- and X-type FBSs have sharp, angular vein geom-
etries whereas crescent- and double crescent-type FBSs have
smooth, curved vein geometries (Figs. 4e6). The curve of
the FBSs neck vein reflects the geometry of FBS faces and
these faces can be concave and convex/concave with respect
to the boudin interior. The curve of the FBS faces can be
defined by a ratio z/y (Goscombe et al., 2004) where z is a max-
imum normal deviation of the FBS face out of or into the FBS
interior from a straight line connecting the edges of the FBS
face at the vein tips. y is a measure of the length between
the vein tips passing through the centre of the vein (Fig. 4).
In the case of X- and double crescent-types, y is measured
from the vein tip to the centre of the structure instead, since
both are paired structures. z is measured for both inner and
outer arc/curve as zi and zo, respectively. The inner arc can
be straight if the deviation z of that face is zero, or curved.
The maturity of the curvature through progressive deformation
can be defined by this ratio as it decreases and approaches zero
when the geometry reaches that of a closed fishmouth.

Lozenge-type FBSs are symmetric and characterized by
lozenge-shaped veins in their boudin neck with two cusps
facing opposite sides (Figs. 4a and 5a). A straight Sib passing
through the tips of the neck vein divides the structure into two
symmetric parts and is at a high angle (q¼ 90�) to the external
foliation fe. The sharp, strongly curved vein faces also reflect
the boudin face geometries known as fishmouth structures.
The length/width (Lv/Wv) ratios of the boudin neck veins are
low. They are known as short-type FBSs. Foliation boudin
exteriors, Sb, are straight and parallel to each other on both
sides except close to the neck vein.

In lozenge-type FBS, a symmetrical pair of flanking folds
occurs on the two sides of the vein. The shape of these folds
can be measured along single foliation planes and through
the cross-section in different foliation planes. The angle b in-
creases towards the vein cusps and decreases to the vein tips
(Figs. 4a and 5a). The maximum value of b is reached near
the cusp, while at the cusp it is zero in a symmetric structure.
Contours for these angles can be drawn to define the exact
shape of the folds (e.g. Fig. 5e). At the end of the vein tips
(top and bottom) the foliation is passively folded. The degree
of the curvature of these passive folds decreases away from the
vein tips and becomes parallel to the straight foliation in the
far field (Figs. 4a and 5e). Passive folds are common in other
types of FBSs as well.

Crescent-type FBSs are asymmetric with a single smoothly
curved vein in the boudin neck, with curving vein contacts fac-
ing to one side (Figs. 4b and 5b). Sib is curved but close to the
vein tips it is at a high angle or is normal to the foliation. FBS
neck veins have high length/with ratios. Two ratios are mea-
sured to define the curve of the FBS faces for the asymmetric
types: zo/y for the outer arc of the vein and zi/y for the inner
arc. zo is the maximum normal distance from the outer arc
of the vein to the straight line connecting the vein tips while
zi is the maximum normal distance from the inner arc of the
vein to this line. The length y is measured between the vein
tips. Foliation bends into the outer arc of the vein and bends
slightly out along the inner part.

X- and double crescent-type FBSs are asymmetric (Figs.
4c,d and 5c,d). These structures are similar to the dilational
forked-gash asymmetric boudins and sigmoidal-type asym-
metric boudins in layers, as described by Goscombe et al.
(2004). The geometry of the neck veins resembles that of
cuspateelobate structures. FBS neck veins have high length/
width ratios and are long FBS types. X-type FBSs have veins
in the boudin necks with two cusps facing opposite sides sim-
ilar to the lozenge-type, but here cusps are not opposite each
other. Sib is sharp with central and outer sections, X- or Z-
shaped and in the central section at a high angle to the folia-
tion (Figs. 4c, 5c and 6a,c). Asymmetric flanking structures
are present at the ‘‘cusped’’ faces of the veins and the foliation
is at a high angle to the contact on the opposite straight
(Fig. 6a) or slightly curved (Figs. 5c and 6c) faces. On the
side of the cusps, the deviation of the foliation (b) increases
from 0� close to the vein tips to 40� near the cusps. The
maximum deviation angles are found near cusps. The cusps
commonly develop into fishmouth structures (Fig. 6b). On
the opposite, slightly curved faces b does not deviate much
from zero.

The most regular double crescent- and X-type FBSs are in
fact two linked, stacked symmetric half-boudin structures with
opposite polarity (Fig. 4), but we prefer to refer to the entire
structure as ‘‘asymmetric’’ in our classification.

For the X- and double crescent-type the curve of the FBS
faces is measured as two ratios (zo/y and zi/y) as for crescent
types. y is a measure of length between the vein tip and the
vein centre along the straight line connecting vein tips
(Fig. 4c,d). Double crescent-type FBSs have double curved
veins with lobes in the neck facing opposite sides (Figs. 4d
and 5d). Sib is smooth and sigmoidal. In the central part of
the vein Sib is at a higher angle to the foliation than at the
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tips. Fishmouth structures can be found associated with all
types of FBSs and form an end stage in the tightening of these
structures.

The geometries described above are visible in cross-section
parallel to the lineation in the rock, but the 3D shape of the
FBS is not cylindrical. On foliation surfaces, FBSs occur
mostly with one of two shapes; lens-shaped and triangular-
shaped veins (Fig. 7). Both foliation and lineation bend sym-
metrically in on two sides of the lens-shaped veins (Fig. 7a).
They belong to the symmetric FBS types described above.
Around the triangular veins the lineation is straight and at
a high angle to the vein contact on the straight face of the
vein and on the opposite cusped side it is deflected (pinched
in) in accord with the curved side of the vein but again at
a high angle to the vein wall (Fig. 7b). Triangular veins belong
to the asymmetric FBS types described in cross-sections. The
curve of the cusp can be sharp, angular (e.g. X-type) or smooth
(e.g. crescent- and double crescent-type) depending on the
asymmetric FBS type. In the Çine Massif, FBS veins have
a length/width ratio on the foliation surface of at least three
and usually more.

3.1.1. Variations in geometry of FBSs in the Çine Massif
In strongly mylonitic rocks of the Selimiye shear zone in

the southern Çine Massif, a number of interesting asymmetric
types of boudinage structures have been found (Fig. 8). These
local structures are small veins (Fig. 8a) in quartz micaschist
and micaschist of the shear zone, which mainly developed in
shearbands. In sections normal to the foliation and parallel
to the aggregate lineation, these asymmetric types have
lozenge-shaped and triangular quartz plugs in the neck region
of FBSs and they differ in some aspects from the main com-
mon types mentioned above (Fig. 8). We therefore prefer to
place them in another category.

Asymmetric lozenge-type FBSs have flanking folds on two
opposite sides of the vein walls that are at a relatively high
angle to the main foliation in the host rock. The foliation pres-
ents a shearband geometry on the other two sides of the vein,



Fig. 7. Photographs of FBSs in cross-section looking down on the foliation plane. The aggregate lineation on foliation plane bends in towards the vein. (a) Sym-

metric FBS with a lens-shaped vein in the neck (location: 37�23066N; 27�45006E). (b) Asymmetric FBS with a triangular vein in the neck (location: 37�22068N;

27�47073E). Scale in the photographs is 10 cm long. Locations are shown in Fig. 2b.
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where the vein walls lie at lower angles to the main foliation
(Fig. 8b).

Relatively common are isolated triangular vein geometries
(Fig. 8cef), similar to those observed in X-type FBSs, but not
occurring in pairs. These triangular veins show remarkable
variety in their angular relations with the adjacent foliation
in the host rock. Some types present asymmetric flanking folds
on different faces of the triangle (Fig. 8c,d). In these types one
face of the triangle is at a high angle or orthogonal to the main
foliation in the host rock whereas the other two faces are
oblique to the foliation. Such veins can be wing cracks, where
fractures form and open at the tip of a fault (Fig. 8c), or cusped
triangular veins that have one folded fracture wall (Fig. 8d). In
the other types of FBSs with triangular neck veins (Fig. 8e,f),
the foliation is symmetrically arranged on two sides of the
vein. In such symmetrical triangular veins two faces of the
triangular neck vein are oblique to the foliation and the angle
between these two faces is acute. The other face of the triangle
is parallel or at very low angle to the foliation.

Some FBSs in the Çine Massif are associated with a quartz
layer in the central part of the boudin structure. These are not
classical lithology-defined boudins, since the deflection of the
foliation extends far beyond the width of the central quartz
layer. However, the central quartz layer predates formation
of the FBS and may play a role in localisation of boudinage
in these structures.

3.1.2. Vein material
The boudin neck veins of FBSs in the Çine Massif are

mostly filled with massive quartz in large single crystals and
with spherulitic chlorite aggregates. Tourmaline, feldspar
and biotite are also present in some veins in the studied areas.
The veins can contain up to several cubic meters of quartz
(Fig. 5). However, some FBSs have very little or no vein ma-
terial in their cores, especially those that have a closed ‘‘fish-
mouth’’ shape (Goscombe et al., 2004). Such FBS can be
easily confused with isoclinal folds. Minerals in the veins
are never fibrous or elongate in shape, but always coarse
grained, equidimensional and blocky (Fig. 10a). This habit
of the grains is an original feature of vein filling, and not
due to deformation or recrystallisation; quartz in the veins is
weakly deformed with some undulose extinction. Many veins
contain facetted large quartz crystals that face a central void in
the boudin necks.

In some outcrops in the gneisses (e.g. in the northeastern-
most Çine Massif) spaced Mode I fractures cut the pervasive
foliation, and are easily recognized by red-brown iron oxides.
These Mode I fractures are mainly filled with chlorite and
range in length from mm- to m-scale and are up to several
mm wide. Wider fractures are mostly filled with massive
quartz. In some cases biotite concentrations or stacks in the
host rock are found at vein margins. Garnets in the host
rock were altered to chlorite close to the veins.

Growth of minerals in narrow veins that open slowly leads
to the formation of elongate or fibrous crystals (Bons, 2001;
Hilgers et al., 2001). If veins open more rapidly than crystal
growth, blocky crystals develop with faceted crystal faces
according to their mineral-specific crystal morphology (Spry,
1969; Passchier and Trouw, 2005). The best examples of
fibrous veins are found in low to medium grade rocks, while
massive quartzo-feldspathic veins that must have filled tensile
fractures are common at higher metamorphic grades (Etheridge
et al., 1984). Extension fractures filled with minerals reflect the
pressureetemperature conditions of their host rock.

The dominance of large facetted single quartz crystals and
spherulitic chlorite in the veins in the FBSs of the Çine Massif
suggest that the minerals did not grow by slow opening but
grew into open fluid-filled space with a fluid pressure exceed-
ing the minimum principal stress by at least the tensile
strength of the rock. These fluid-filled voids must have been
present for a substantial period of time during the later stages
of deformation in the massif, while the FBSs developed; there
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was time to allow first ductile deformation and infolding of
fracture walls followed by vein filling, since the vein material
is not deformed.
3.2. FBSs in Furka PasseUrseren Zone
In order to test the general validity of our observations in
gneiss and micaschist of the Çine Massif, we also studied
FBSs in the Furka PasseUrseren area of the central Alps.

In the Furka PasseUrseren area a great number of FBSs oc-
cur, both symmetric and asymmetric (Fig. 3b). In general, the
b
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Fig. 9. Photographs and sketches of FBSs from the Furka PasseUrseren Zone. Al

alteration rim around a chloriteequartz vein in mylonitic gneiss. (b) Asymmetric F

crop for pictures a and b: 46�34065N; 08�23032E also indicated in Fig. 3b). (c) Asy

a flanking fold with small interlimb angle in quartzesericite schist. The open fold

between two neck veins filled with quartz, albite, chlorite and mica (location: 46�37

small lens-shaped veins. To the left of the veins are tight flanking folds with sharp

fractures to the FBS neck (location: 46�37011N; 08�33005E).
same types of FBSs are observed as in the Çine Massif. Closed
fishmouth type lozenge-shaped FBSs dominate, many of
which are asymmetric with flanking folds on one side
(Fig. 9). The FBS neck veins are smaller than those of the
Çine Massif, up to several tens of centimetres long. The asso-
ciated neck veins are mostly lens-shaped. They are filled with
coarse massive quartz, feldspar and spherulitic chlorite aggre-
gates (Figs. 9 and 10b). Chlorite aggregates are not only found
as vein fill but also occur along the edge of veins in the wall
rock (Fig. 10b). Alteration rims in the host rock around boudin
neck veins are common. They are easily recognized by
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is due to passive amplification of foliation at the vein tip. (d) Boudin block
017N; 08�33021E). (e) Central vein structure in a FBS neck pinched into several

hinges. Flanking folds are cut and slightly displaced by the small subsidiary



Fig. 10. Photomicrographs of FBS neck regions. (a) Fishmouth FBS. In the central part of the picture necking of the foliation in the host rock is visible close to the

vein. The V-shaped vein in the FBS neck consists of massive blocky quartz. At the lower contact of the vein, micas (biotiteþmuscovite) bend in towards the vein

as in a shearband (sample location: Labranda road, Çine Massif; 37�22098N; 27�47079E). (b) Spherulitic chlorite aggregates at the edge of and inside a feldspar

filled neck vein (sample location: Belvedere, Furka Pass; 46�34056N; 08�23039E).
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a difference in colour with the host rock (Fig. 9a), while their
width depends on vein size.

On the foliation surface, FBS neck veins are lens-shaped
with a high length/width ratio that exceeds 4. The local aggre-
gate lineation is mostly at a high angle to the vein wall. How-
ever some late veins with lineation oblique to the vein wall are
also found. In some outcrops, a crenulation is visible on mica-
ceous foliation planes slightly oblique to the vein axes.

On planes normal to the foliation and parallel to the aggre-
gate lineation FBS neck veins lie both highly oblique (Fig. 9a)
and parallel to the foliation (Fig. 9b). They are present as a sin-
gle vein or trains of several irregular lens-shape veins. Flank-
ing folds adjacent to veins with axes parallel to the boudin
axes (e.g. Fig. 9c) show interlimb angles changing from
open to completely closed (Fig. 9). Gentle, open flanking folds
are observed at FBSs where boudin neck veins are at a high
angle to the foliation and are mostly associated with symmet-
ric FBSs (Fig. 9a). Small interlimb angles of flanking folds,
mostly less than 30� where fold limbs became almost parallel
to each other and to the vein wall, are observed with veins par-
allel or at low angle to the foliation and near asymmetric FBSs
(Fig. 9bee). In some cases flanking folds are cut by minor
fractures or small veins at a high angle to the FBS neck, prob-
ably formed as accommodation fractures in response to a high
angle of rotation of the vein (Fig. 9e). The curvature of the
flanking folds is strongest on one side of the FBS neck region
(Fig. 9bee). On the opposite side of the vein the foliation is
parallel or at a low angle to the vein wall. Although rare,
foliation boudins separated by two veins have been found in
the Urseren area (Fig. 9d). Mode I and/or conjugate mineral-
filled fractures with high aspect ratio are also observed at
high angles to the foliation but these are probably late, based
on cross-cutting relations seen in outcrop. In some outcrops
FBSs are cut along the neck region and displaced by cm- to
m-scale faults or shear zones that lie at an angle to the main
foliation in the host rock (Fig. 3b).

The rocks of the Çine nappe contain a subhorizontal
foliation and lineation developed at upper amphibolite to
greenschist facies conditions, while the rocks in the Furka
PasseUrseren Zone present vertical to subvertical foliation
and lineation formed under greenschist facies. The closed fish-
mouth type lozenge-shaped FBSs, which dominate here
(Fig. 9b,c) are thought to be the end-stages in development
of more open asymmetric lozenge-type veins by a process sim-
ilar to that in the Çine Massif.

4. Numerical modelling

In order to explain the geometry of the developing foliation
boudinage structures, we carried out simple numerical exper-
iments using FLAC (Itasca Consulting Group, Inc., 1998) de-
scribed in Passchier and Druguet (2002). FLAC is a 2D
explicit finite difference model and is based on 4-node quadri-
lateral meshes.

In all numerical experiments we used a grid size of 60� 42
elements in x- and y-coordinates, respectively. The exact loca-
tion of each element and each node in the grid, in which all
variables are stored, is defined by a pair of x-, y-coordinates.
Fractures were modelled by removing elements and replacing
them by a void within a finite difference mesh (Figs. 11 and
12). Experiments were run for a range of kinematic vorticity
numbers from pure shear to simple shear in several combina-
tions with different initial fracture orientations (Figs. 11 and 12),
q varying between 30� and 150�. Here, only the most
important results are shown. We adopted a visco-elastic
(Maxwell) substance model in numerical simulations. Kine-
matics of flow in the models was defined as a function of
the bulk-stretching rate, which was set at 1e�10 s�1, and the
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kinematic vorticity number (Wk), ranging between 0 (pure
shear) and 1 (simple shear). The maximum creep time was
set to 8e8 s. Material properties were set as follows: bulk
modulus¼ 2e10 Pa, shear modulus¼ 1.2e10 Pa, viscosity
¼ 1e19 Pa s and Poisson’s ratio¼ 0.25.

The experiments were run for 6500e12,500 steps. Ele-
ments were removed from the mesh at each 1000
(Fig. 11b,c) or 500 steps (Fig. 12) to mimic fracture propaga-
tion. We examined fracture growth and deformation for exper-
iments run at different rates and the processes in individual
experiments at each stage. The plots in Figs. 11 and 12 are
shown at the same deformation steps for each experiment. As-
pect ratios of initial fractures were defined as 21:1 for a station-
ary fracture (Fig. 11a) and 2:1 in fracture growth experiments
(Figs. 11b,c and 12) as the ratio of a number of elements
removed in vertical ( y) direction to the elements removed in
horizontal (x) direction. Models assume an initial fracture
that can remain open during the deformation. We simulated
fracture growth by alternating deformation steps with steps
where we allowed removal of grid elements at the tip of the
initial fracture. Although the method to simulate a fracture
is rather simple and without feedback between fracture shape,
stress intensity and fracturing, it gives interesting results.

One important observation is that if an open fracture pre-
cedes ductile deformation in the rock and is fixed in length
and the surrounding material is deformed in pure shear, the
fracture opens to an elliptical and even circular shape
(Fig. 11a). Only if we allow fractures to grow laterally during
ductile deformation of the wall rock, a typical lozenge shape
forms and the walls of the vein start to buckle towards a fish-
mouth shape (Fig. 11b,c). The rounded, lens-shaped opening
that occurs for non-propagating fractures was never observed
in natural FBSs. Short veins with slightly convex shape are
common in nature, also in the Çine and Furka areas, and these
may in some cases represent incipient FBSs. From our field
observations and the FLAC experiments it seems, however,
that fractures must grow laterally during opening to give the
typical lozenge shape that is characteristic for many FBSs.
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The initial orientation of the fracture is important in defin-
ing the resulting geometries through progressive deformation.
Fig. 12a shows an example of the development of asymmetric
FBS in which an initial oblique fracture (q¼ 60�) propagates
and is deformed under pure shear conditions. During progres-
sive deformation, rotation of and slip along the fracture lead to
opening of an asymmetric vein and development of flanking
structures in the adjacent grid. Similar asymmetric FBSs are
also developed in simple shear (Fig. 12b). However, angular
relations between the adjacent grid and the vein are slightly
different from those in Fig. 12a. The simple shear experiment
was carried out with a vertical initial fracture. The asymmetry
could be expected to be even greater with an inclined initial
fracture parallel to the instantaneous shortening direction of
simple shear. In FLAC it is not possible to model this geome-
try because vein walls can overlap since non-connected
elements in the model do not register each other.

5. Development of foliation boudinage structures (FBSs)

Foliation boudinage structures form by a combination of
ductile deformation (indicated by the deflection and folding
of foliation in the rock), brittle fracturing and deposition of
vein material. The large variety in vein shapes, from disc-
shaped veins through massive lozenge-shaped veins contain-
ing cubic meters of quartz to fishmouth boudin structures,
shows that vein filling from aqueous solution can happen at
all stages of the formation process of FBSs. We assume
from field observations and FLAC experiments that the se-
quence disc-, lozenge- to fishmouth shapes represent a series
of increasing deformation intensity, and that each category
represents early stages of arrested deformation and vein depo-
sition. Since quartz filling of boudin veins is rarely deformed
or recrystallised, lozenge and fishmouth boudins must form
before veins are filled, e.g. when the boudin veins were
open, water-filled cavities. Since some of them contain cubic
meters of quartz, cavities of this size can apparently open dur-
ing ductile deformation of gneiss and micaschist at greenschist
to amphibolite facies conditions. This may have interesting
consequences for volumes of stored fluid and patterns of fluid
migration in metamorphic rocks.

Completely closed fishmouth veins, as observed in the
Furka area, probably also form by closure of open fluid-filled
voids. The fact that these structures are more common in the
Furka area than in the Çine Massif can be an effect of the
higher ductile strain in the Furka area and the different rock
types. Theoretically, closed fishmouth structures could also
form by dissolution of material in more open lozenge-shaped
veins. However, we did not find any evidence for such a mech-
anism such as deformation in the veins, stylolites or enrich-
ment of insoluble material on vein edges or in the veins.

The presence of brittle fractures at low to medium meta-
morphic grade implies that fluid pressure must have been
lithostatic. Although the name ‘‘foliation boudinage’’ implies
that such structures can only form in foliated rock, e.g. due
to its mechanical anisotropy, we find that the best foliation
boudins are actually formed in weakly foliated gneiss rather
than in strongly foliated micaschist or mylonite. Apparently,
fluid pressure is more critical than fabric strength, although
the fabric may play a role in determining the orientation of
fractures. Therefore, the name ‘‘foliation boudin’’ is actually
misleading.
5.1. Development of the main types of FBSs
Under pure shear condition layer normal shortening and fo-
liation-parallel extension can cause the development of Mode I
fractures if fluid pressure in the rock is high (Figs. 13 and 14).
During further progressive deformation, the fractures can open
and develop a lens or lozenge shape. If associated minor faults
occur along the foliation planes, triangular veins can form in
pure shear (Figs. 8e,f, 13 and 14). FLAC experiments indicate
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that lens-shaped veins form in the case of non-propagating
fractures, while lozenge-shaped ones form when Mode I frac-
tures propagate. The reason is probably that propagating Mode
I fractures cause the tip sections of the fracture walls to rotate
outwards passively, remaining relatively straight and concen-
trating most ductile deformation in cusps in the centre of the
fracture walls. If a fracture does not propagate, the walls
deform more uniformly. This model seems to be supported
by the observation that lens-shaped fractures in FBSs are
narrow and have only been observed if FBSs are weakly devel-
oped. Wide-lens-shaped veins do form in necks of boudinaged
layers in other areas, but this may be due to lack of propaga-
tion of fractures beyond the affected layer.

Rotation of fracture walls leads to development of flanking
structures around veins; since the fracture walls are bound by
fluid on one side, they must be planes of zero shear stress, and
can only support shortening or extension in that direction. In
the far field, this does not apply and the resulting difference
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in the orientation of the stress field will lead to development of
flanking folds in foliation boudins (Fig. 14).

Several types of symmetric and more or less closed loz-
enge-shaped FBSs can form depending on when vein filling
occurs. If no vein filling occurs, closed fishmouth shapes
form. Lozenge-shaped FBS veins only form in pure shear
if both limbs of the former fracture bend outwards
(Fig. 14). Crescent-type veins are interesting because they
have two vein walls that curve in the same direction.
They probably form if fractures are initially not straight,
for example because the rock is inhomogeneous or because
fracturing does not occur in tension, but in shear due to rel-
atively high differential stress (Mode II fractures). If an ini-
tial fracture is curved, both fracture walls may curve out in
the direction of the initial bend in the fracture. An alterna-
tive is that an initial Mode I fracture is folded into an open
crescent shape before it starts opening. Theoretically, one
would expect that such curved fractures could lead to trian-
gular, arrow shaped veins like half lozenge-shaped veins,
with only one cusp (Fig. 13). In fact, the triangular veins
that we found have other geometries and do not seem to
form in this way (Fig. 14). Instead, crescent-shaped veins
form that have the smooth geometry of disc-shaped veins.
The reason may be that if fracture walls bend out in two
directions, the separating walls cause enhanced tension in
the fracture tip and outward fracture propagation; if both
walls curve in the same direction, such tension is less pro-
nounced and fractures may not propagate outward at all,
forming smooth curving veins instead (Fig. 13).

If a fracture forms in non-coaxial flow, it will rotate with
progressive deformation and a slip component will develop
along the open fracture; this will lead to asymmetric outward
bulging on both sides of the fracture, and ultimately to X-
shaped veins if the fracture continues to propagate (Fig. 14).
Possibly, X-shaped veins can also form if the rock is heteroge-
neous and initial cusps do not develop opposite (Figs. 13 and
14). If lozenge-shaped veins develop in non-coaxial flow, dif-
ferent types of flanking folds will develop on both sides, and
asymmetric lozenge-shaped veins or asymmetric fishmouth
FBSs can form. Double crescent veins may form as a special
type of X-veins where the fault tips do not propagate;
alternatively, they could form in coaxial flow if a fracture
has originally a double curvature, or if it is folded into two
opposite-facing folds before it starts opening.

Summarising, Fig. 13 shows the types of veins that could
theoretically form out of straight or curved veins in pure shear
and non-coaxial flow. Those in grey circles are the ones that
we actually observed, while oval and arrow veins may not de-
velop in natural FBSs for reasons given above. Fig. 14 shows
the envisioned models for development of each of the ob-
served types of FBSs.
5.2. Development of other varieties of structures in the
Selimiye shear zone
Some types of mostly triangular FBSs are only found in the
metasediments of the Çine Massif in the Selimiye shear zone
and are not observed at all in the orthogneisses with coarser
fabric. We suggest that they are restricted to micaschists in
the shear zone and that strong anisotropy planes defined by
micas, which provide easy slip planes, play an important
role in their development (Fig. 14). After the development
of a set of fractures at high fluid pressures in the shear zone,
the stress field around the fractures changes. Combination of
slip along the fractures and rotation leads to opening of the
neck veins and development of various flanking structures
around them (Fig. 14).
6. Conclusions

From our observations of natural examples in the studied
areas four main types of foliation boudinage structures can
be distinguished; lozenge-, crescent-, double crescent- and
X-type. All these types occur as open, vein filled structures
but also show transition to a fishmouth geometry.

Foliation boudinage structures form by ductile deforma-
tion adjacent to brittle fractures and open fluid-filled cavities
in metamorphic rocks. Fluid pressure in the rock must be
high in order to form foliation boudinage, and seems to
be a more important factor to determine whether foliation
boudinage will form than the actual presence of a strong
planar anisotropy. As such, the term foliation boudinage
may be misleading.

The geometry of foliation boudinage structures depends on
the shape of the central vein and deflection of foliation close to
this vein into flanking folds. The shape of the boudin neck
veins in foliation boudinage depends on the initial orientation
and shape of the fracture, the propagation behaviour of the
fracture, the geometry of bulk flow, and the stage at which
mineral filling takes place. FLAC experiments show that frac-
ture propagation during ductile deformation strongly influ-
ences the geometry of developing veins. The cusps of the
veins are better developed and more pronounced in the case
of propagating fractures.

The geometry of deflected foliation in flanking folds is
directly related to the shape of the veins, since the deflection
is due to the fact that the veins are originally open fluid-filled
cavities; as a result, principal stress axes must be parallel and
orthogonal to vein walls and this defines the geometry of duc-
tile flow close to the veins. Flanking folds will therefore de-
velop during further progressive ductile deformation due to
the difference in orientation of the stress field close to open
veins and in the far field. The four main types of foliation bou-
dinage described in this paper can be explained by an interplay
of these factors. Complete collapse of non-mineral-filled open
cavities formed by foliation boudinage allows the formation of
closed fishmouth structures.
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