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Abstract – A variety of host-fabric elements (HE) cut by cross-cutting elements (CE) in rocks defines
flanking structures (FS) on mesoscopic and microscopic scales. There has been renewed interest in
studying and classifying the FS for their morphologies, useful as shear sense indicators and geneses.
Existing non-genetic morphologic parameters for the FS are reviewed, and two new classification
schemes are presented. One of these is based on the nature of the CE and whether HE penetrates it.
The other scheme takes account of all the potential combinations of drag/no drag and slip/no slip of
the HE. Deciphering the shear sense of the rock body from FS is complicated because the angular
relationship between the CE and the primary shear planes might be opposite to what is found between
S- and C- ductile shear fabrics. Further, single CEs can curve and several similar FS occur in reverse
forms. As with mineral fish, the shape asymmetries of microscopic CEs indicate the shear sense.
Conjugate FS (with non-parallel CEs) with interfering perturbation fields around the CEs are more
reliable shear-sense indicators than FS with single CE. During low but increasing bulk strains, FS may
evolve from one type to another, e.g. from a- to s-type. At high strain, FS can resemble intrafolial or
sheath fold. Whether the drag is normal or reverse depends fundamentally on the initial angle between
the HE and the CE and the relative magnitudes of throw and vertical separation.
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1. Introduction

Structures where cross-cutting elements (CEs; or tran-
secting elements or TEs as per Grasemann & Stüwe,
2001) cut across host-fabric elements (HEs) and drag
the HE near the CE in rocks have been described col-
lectively as flanking structures (FS; Passchier, 2001).

These structures have also been described as drag
folds (Hills, 1953), roll-over anticlines (Hudleston,
1989; Reches & Eidelman, 1995; Kocher & Manckte-
low, 2005; Spahić, Grasemann & Exner, 2013), fringe
folds (Grasemann, Fritz & Vannay, 1999) and flanking
folds (Grasemann & Stüwe, 2001). Additional points
regarding the concept of FS are: (1) the CE can rotate
by bulk deformation (Grasemann, Stüwe & Vannay,
2003; Exner, Mancktelow & Grasemann 2004; Wies-
mayr & Grasemann, 2005); (2) drag folds can occur
in the footwall blocks; (3) drag folds of FS do not re-
quire ramp and flat geometry of the CE (Wiesmayr &
Grasemann, 2005); (4) these structures were used to
determine shear sense with caution (Grasemann, Fritz
& Vannay 1999; Passchier 2001; Mukherjee & Koyi,
2009; Mukherjee, 2010a, b, 2013a–d); and (5) FS can
also be used to deduce shear strain (e.g. Mulchrone &
Walsh, 2006; Xypolias, 2010). Furthermore, footwalls
to natural faults need not always be rigid (Grasemann,
Martel & Passchier, 2005). The concept of flanking
structures therefore explores deformation of the foot-
wall blocks.

All combinations of drag and slip of the HE near the
CE are possible (Fig. 1; Exner & Grasemann, 2010). A
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reverse fault-like shear of HE along the CE is called
an s-type FS, and a normal fault-like shear an a-type
(Grasemann, Stüwe & Vannay, 2003). Shear bands were
also considered as FS (Grasemann, Stüwe & Vannay,
2003). Along the direction of the half arrows for in-
dividual FS in Figure 1b, if convex HE is reached, the
sense of drag is referred to as normal; in the oppos-
ite case, it is referred to as reverse (Grasemann, Stüwe
& Vannay, 2003). This work follows the terminolo-
gies of FS as presented in Passchier (2001) and Grase-
mann, Stüwe & Vannay (2003). Notice that s-type FS
are also described as contractional, and a-types and
shear bands as extensional (e.g. Grasemann, Stüwe &
Vannay, 2003). When the shear sense on the CE corres-
ponds with that of the regional shear sense, the FS has
been described as co-shear slipped. Mismatched shear
senses have been referred to as counter-shear slipped
(Grasemann & Stüwe, 2001; Grasemann, Stüwe & Van-
nay 2003; Coelho, Passchier & Grasemann, 2005). For
example, in Figure 1b the two s-type FS and the two
shear bands are co-sheared. By contrast, the a-type FS
are counter-sheared.

Drag of geological layers around cross-cutting ob-
jects is possible in several tectonic contexts, for ex-
ample structurally controlled extrusion of low-density
materials (Hudec & Jackson, 2007) and folds associ-
ated with faults (Nemčok, Schamel & Gayer, 2005).
Koyi et al. (2013) recently drew attention to examples
where the CE (their ‘wake’) moves en mass and leaves
behind a local wake of dragged markers. However, the
present review is restricted to papers that specifically
describe flanking structures (FS), and where the CE are
mainly faults, fractures and veins.
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Figure 1. (a) Internal HE: dragged host-fabric element in contact with the cross-cutting element (CE). Away from the internal HE
is the undeformed external HE. Reproduced with permission from Passchier, C.W. 2001. Flanking Structures. Journal of Structural
Geology 23, 951–962, Elsevier. The internal HE is restricted within the internal HE zone. (b) Slip and drag senses of the HE where a
top-to-right shear prevailed. Reproduced with permission from Grasemann, B. et al. 2003. Sense and non-sense of shear in flanking
structures. Journal of Structural Geology 25, 19–34, Elsevier.
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Figure 2. An n-type FS. Refracted HE across CE. Top-to-right
sheared CE. A trace of HE is visible inside the CE. Reproduced
with permission from Gomez-Rivas, E. & Griera, A. 2012. Shear
fractures in anisotropic ductile materials: an experimental ap-
proach. Journal of Structural Geology 34, 61–76, Elsevier.

The CE can be thin fractures, primary- (C-) and sec-
ondary shear planes (C′-, C′′- as per Passchier & Trouw,
2005), veins, cavities, leucosomes in migmatites, bur-
rows in soft sediments, inclusions of minerals within
other minerals and boudinaged clasts or dykes. The CE
can also be a ductile fault zone where the HE are merely
dragged or ‘refracted’ but not slipped (Fig. 2; Gomez-
Rivas & Griera, 2012) or brittle fault zones where brec-
ciated rocks may contain remnant HE. The HE can be
sedimentary bedding, metamorphic and magmatic fo-
liations/bands/layers and cleavage planes of minerals
(Grasemann, Fritz & Vannay, 1999; Passchier, 2001;
Grasemann, Stüwe & Vannay, 2003; Coelho, Passchier
& Grasemann, 2005; Mukherjee & Koyi, 2009; Exner
& Dabrowski, 2010; Grasemann, Exner & Tschegg,
2011; Arslan et al. 2012; Mukherjee, 2013a).

The first FS described were generally of submetre
scale (Passchier, 2001). Later, the concept was ex-
tended to include microscale examples (fig. 3.9 in X.
Maeder, unpub. PhD thesis, Johannes Gutenberg Uni-
versity of Mainz, 2007; S. Mukherjee, unpub. PhD
thesis, Indian Institute of Technology Roorkee, 2007;
Mukherjee & Koyi, 2009; Mukherjee, 2011a, b) and
further to back-scattered images (Grasemann, Exner &
Tschegg, 2011).

Passchier (2001) inspired field geologists to describe
FS from a large number of rock types and tectonic
settings. For example, Passchier et al. (2002) and
Goscombe, Hand & Gray (2003) described a-type
FS from the south Kaoko belt (Namibia) within
marble and used them as shear sense indicators. V.M.J.
Heesakkers (unpub. Diploma thesis, Utrecht Univer-
sity, 2003) and X. Maeder (unpub. PhD thesis, Johannes
Gutenberg University of Mainz, 2007) described FS
from a Namibian shear zone. Osmundsen et al. (2003)
documented FS from Devonian rocks in the Norwe-
gian Caledonides where quartz veins act as CE. Pa-
tel & Kumar (2006) documented quartz veins and
fractures that cross-cut mylonitic foliations within the
Kumaon region of Lesser Himalayan rocks. Patel &
Kumar (2006) reported open drag folds near veins
and fractures at higher angles to the foliations and

isoclinal folds near low-angle CEs. Similar observa-
tions were made by Goswami, Baruah & Baruah (2012)
from Greater Himalayan Crystalline (Arunachal Pra-
desh, India). Passchier & Coelho (2006) presented
photographs of FS where anatectic melts act as CE
within migmatitic rock at Minas, Brazil. Rajesh &
Chetty (2006) referred to secondary shear planes within
Proterozoic gneisses from the south Indian shear zone
as CE and mylonitic foliations as HE. FS of a similar
sense was also described by Gillam et al. (2013) from
Alpine mylonites. Sartini-Rideout, Gillotti & McCle-
lland (2006) identified deformed pegmatite bodies as
CE and foliations within as HE from the Caledonides
in Greenland. Likewise, Roberts & Zwaan (2007) de-
scribed marble dykes as CE inside carbonate rocks
at Troms, Norway. Sand injections in soft sediments
are known to curve nearby bedding planes (Brandes &
Winsemann, 2013). This results in flanking structures
where the sand acts as a cross-cutting element and the
curved bedding counts as the host-fabric element.

Along the HE, strain intensifies towards the CE
(fig. 8.32 of Fossen, 2010). FS are easier to decode
from layered than non-layered rocks. However, FS do
form in non-foliated rocks when ductile shear rotates
any circular/elliptical/rectangular object (Grasemann,
Stüwe & Vannay, 2003). The sense of slip and drag
cannot be identified if no single HE can be designated
as a marker (i.e. unique in some way). The FS described
by Mukherjee & Koyi (2009) are on microscopic scales
where the cleavage of the host minerals act as the HE
and nucleated minerals as the CE. CE that are fractures
or faults may propagate during the bulk deformation
(Grasemann, Stüwe & Vannay, 2003).

This work reviews and proposes classification
schemes for FS, indicates how the bulk shear sense
can be derived from them and compiles views on their
geneses.

2. Morphology and existing classification schemes

Before deformation, the HE is commonly straight.
However, FS can also be defined by initially curved
and/or unevenly spaced HEs (Kocher & Mancktelow,
2005), although these are not considered in the mod-
els by Grasemann & Stüwe (2001), Grasemann, Stüwe
& Vannay (2003), Exner, Mancktelow & Grasemann
(2004), Exner, Grasemann & Mancktelow (2006) and
Mulchrone (2007). HE layers usually thicken on ap-
proaching their contact with the CE (e.g. Gomez-Rivas
et al. 2007, fig. 3). However, they can also retain the
same thickness or thin towards the CE (Gomez-Rivas
et al. 2007, fig. 1).

Drag-folded HEs near the CE are abundant in de-
formed metamorphic rocks of medium to high grades.
The intensity of drag and the magnitude of slip of these
HEs vary considerably even along the same margin of
the CE (Grasemann, Stüwe & Vannay, 2003). The drag
is maximum near the middle of the length of a fault,
and diminishes along its length towards its tips (Fossen,
2010). Likewise, displacement (slip) profiles of the HE
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Figure 3. Three kinds of vein–matrix boundary relation: (a)
massive vein with fuzzy boundaries; (b) fibrous vein with sharp
boundaries; and (c) massive vein with sharp boundaries. Repro-
duced with permission from Passchier, C. W. & Trouw, R. A. J.
2005. Microtectonics. 160 pp., Springer-Verlag.

along the CE for all types of FS are usually elliptical.
Maximum slip therefore occurs at the central portion
of the CE, and diminishes to zero at its ends (Grase-
mann, Martel & Passchier, 2005; Grasemann, Exner &
Tschegg, 2011). For this reason, Exner, Mancktelow &
Grasemann (2004) emphasized that the slip and drag
patterns of the HE should only be considered near the
central portion of the CE (also see Reches & Eidelman,
1995) when defining drag and slip types.

Drag folds range from open to isoclinal with axial
traces subparallel to the CE; some with the same style
form trains. The CEs may have parasitic folds associ-
ated with them (Passchier, 2001) which may vary in
geometry from one CE to another (Maeder, Passchier
& Koehn, 2009). The CEs may not be of uniform thick-
ness (compare Fig. 3a and b). They may taper and/or
plunge in opposite directions (e.g. Passchier, 2001,
fig. 5b). Their irregular geometries may indicate in-
ternal deformation (Grasemann, Fritz & Vannay, 1999,
fig. 3a).

Fault planes are usually described as having drag
of opposite senses on either side. Interestingly, Hills
(1953) described ‘cylindrical faults’ where foliations
drag in the same sense during their slip on either side
of listric faults (Fig. 4a). Such drags could form by
simultaneous flow of two high-viscosity fluids along
brittle planes where the two fluids exerted differential
drag on the HE (‘a’ of Fig. 4b). Had there been a single
fluid, the degree of drag of the adjacent layers would
presumably have been equal (‘b’ of Fig. 4b; similar
to Philpotts & Ague, 2009, fig. 4.77A). However, this
is not the case of the cylindrical faults. Hills (1953)
did not describe the role of fluids in dragging along
cylindrical faults.

To fully characterize the geometries of the FS,
Coelho, Passchier & Grasemann (2005) defined the
following non-genetic parameters: ‘slip’, ‘lift’, ‘tilt’
(Fig. 5) and ‘roll’ (Fig. 6). They classified FS into
11 subtypes. ‘Slip’ is the displacement of the HE across
the CE. ‘Tilt’ is the angle between the CE and the
horizontal x-axis (parallel to the HE in Fig. 5). ‘Lift’

Figure 4. (a) Two fluids of high viscosities passing through a
brittle plane can differentially drag the adjacent layers leading
to their faulting and (b) a single fluid can drag layers uniformly.

measures the displacement of the external HE perpen-
dicular to the x-axis (Fig. 5); the folded internal HE
zone should be avoided when measuring this para-
meter. ‘Roll’ quantifies the magnitude and the direction
of curvature of the HE (Fig. 6). Coelho, Passchier &
Grasemann’s (2005) classification scheme has the ad-
vantage of being independent of the progressive strain
history of the FS (Wiesmayr & Grasemann, 2005).

Passchier & Trouw (2005) classified FS into: (1)
shear bands, where the secondary shear plane defines
the CE (Fig. 7a); (2) flanking folds, where features
other than shear planes denote the CE (Fig. 7b); and
(3) false shear bands, presumably uncommon and more
difficult to establish. In this case, CE is the secondary
shear plane and the HE slips towards the concave sides
of the dragged HE. Classical shear bands are normal-
and reverse-dragged a-type FS. Of these two types,
normal shear bands at 25–30° with the primary shear
planes were modelled (Grasemann, Stüwe & Vannay,
2003).

To explain the kinematics of FS, Mulchrone (2007)
classified them into nine types based on various com-
binations of positive (+), negative (−) and zero (0)
slip and positive, negative and neutral varieties of roll
(Fig. 6). Reverse-faulted HE defines a positive slip and
normal-faulted HE a negative slip. Mulchrone’s (2007)
model could not however explain FS without any drag,
that is, the case of straight foliation planes cut by
straight fault planes.

Maeder, Passchier & Koehn (2009) defined a few
more parameters to describe FS. These are maximum
elevation (ME), bulge B and the angle β between the
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Figure 5. Definitions of tilt, roll, slip and lift. Reproduced with permission from Coelho, S. et al. 2005. Geometric description of
flanking structures. Journal of Structural Geology 27, 597–606, Elsevier.

Figure 6. Possible flanking structures presented in a matrix format. Question marks denote impossible cases. Reproduced with
permission from Mulchrone, K. F. 2007. Modelling flanking structures using deformable high axial ratio ellipses: Insights into finite
geometries. Journal of Structural Geology 29, 1216–1228, Elsevier.
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Figure 7. (a) Normal shear band and (b) reverse shear band.
Reproduced with permission from Passchier, C. W. & Trouw,
R. A. J. 2005. Microtectonics. 154 pp., Springer-Verlag.

Figure 8. Maximum elevation (ME), bulge B and angle β are
defined for flanking structures; top-to-right sheared CE. Repro-
duced with permission from Maeder, X. et al. 2009. Modelling
of segment structures: Boudins, bone-boudins, mullions and re-
lated single- and multi-phase deformation features. Journal of
Structural Geology 31, 817–830, Elsevier.

near-horizontal shear plane and the tangent drawn at
the folded HE where it touches the CE (see Fig. 7 for
details).

Maeder, Passchier & Koehn (2009) pointed out that
folds near boudins have cylindrical geometries. Pro-
gressive pure shear increases the maximum elevations
(Fig. 8) of drag-folded HEs. On the other hand, in-
creasing pure shear need not involve any significant
changes in bulge and β (Fig. 8). Bulge is independent
of layer thickness, but depends on the relative compet-

ency of the layers (Maeder, Passchier & Koehn, 2009).
X. Maeder (unpub. PhD thesis, Johannes Gutenberg
University of Mainz, 2007) predicted that positive el-
evations of asymmetric flanking folds would imply a
more competent CE.

Mukherjee & Koyi (2009) classified all FS in meso-
scopic and microsopic scales into two types. Type I
varieties consist of an HE–CE system inside a ductile
shear zone (e.g. Fig. 1b). The microsopic HEs are
commonly parallelogram-shaped (see also S. Mukher-
jee, unpub. PhD thesis, IIT Rookree, 2007; Jain &
Mukherjee, 2009; Mukherjee, 2011a). Type II FS are
those where CEs move along a uniform direction and
drag the HE across in a uniform manner (e.g. Fig. 4).
Drag on sedimentary layers by burrowing organisms,
extruding salt domes, magma plumes, wakes and cyl-
indrical faults are examples of such flanking structures
on different scales. The direction of movement of the
CE can be deciphered from the convex towards the
concave side of the HE.

Mukherjee & Koyi (2009) noted several important
features of flanking structures on microscopic scales.
The most common among them exhibit: (1) different
degrees and senses of drag across the same margins
of the CE; (2) the HE is defined only along one side
of the CE; and (3) the HE–CE contacts may appear
‘hazy’. Under a very high magnification, such hazy
zones were found to be penetrated by the HEs (similar
to Fig. 3a). Sharp contacts between HE and CE do
exist in natural examples (e.g. Mukherjee & Koyi 2009,
fig. 3b; Grasemann, Exner & Tschegg, 2011, fig. 2b;
Figs 3b, c).

3. Shear sense

A number of different kinematic histories can give
rise to nearly identical FS morphologies (Passchier
& Trouw, 2005); interpretation of their shear senses
is therefore not straightforward. For example: (1) if
only the HE geometry across the CE is considered and
compared to an S-fabric, the shear sense may be cor-
rect (Fig. 7a) or not (Fig. 7b); and (2) reverse a-type
flanking structures and reverse shear bands (Fig. 1b;
Grasemann, Stüwe & Vannay, 2003) and contractional
s-type flanking structures (Wiesmayr & Grasemann,
2005) look similar. Notice that all s-type FS are com-
pressional and all a-type FS are extensional whatever
the drag, normal or reverse. Despite many restrictions,
field geologists have been deducing shear sense taking
all drags to be of normal types (e.g. Mukherjee, 2013b)
by considering a number of FS instead of single ex-
amples. However, Grasemann, Stüwe & Vannay (2003)
cautioned that this simplified approach may lead to
incorrect tectonic interpretations. Mukherjee & Koyi
(2009) avoided these complications as their micro-
scopic examples had sigmoid- and, more commonly,
parallelogram-shaped CE of micas that indicated the
ductile shear sense independently. In other words, they
only used FS to decipher shear sense indirectly.
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Figure 9. A sheath/intrafolial fold produced by pronounced top-
to-right shear on the CE of a flanking structure. Reproduced with
permission from Exner, U. & Dabrowski, M. 2010. Monoclinic
and triclinic 3D flanking structures around elliptical cracks.
Journal of Structural Geology 32, 2009–2021, Elsevier.

4. Genesis

4.a. General aspects

Passchier (2001) described and listed six ways in which
FS can form: (1) CEs develop during or after folding,
either as fractures or melt intrusions; (2) folds related
to faults, where slip occurs along fractures as the sur-
rounding HE folds; (3) drag and slip around alteration
rim, where both the rim and the matrix rotate but at
different rates during a single deformation; (4) deform-
ation at the margin of the CE, where boundaries of a
CE (e.g. a dyke) softer than the rock matrix behave as
ductile shear zones; (5) an initial fold around a CE as
the CE intrudes; and (6) FS related to boudins. The CE
material could therefore be intruded prior to, during or
after shear (Passchier & Trouw, 2005). If the CE in-
truded after shear, any internal strain variation does not
correlate with its genesis. If the CE developed before
or during shear heterogeneous flow forms around it,
leading to drag folds (Passchier, Mancktelow & Grase-
mann, 2005).

Grasemann, Stüwe & Vannay’s (2003) analogue
model indicated that the CEs associated with normal
shear bands are expected to be sigmoidal, whereas those
for the normal a-type FS are straight. An s-type FS in-
dicates a simple shear regime. Note that here ‘simple
shear’ means shear induced by relative movement of
straight and parallel boundaries of ductile shear zones
(Ramsay, 1980). This does not apply to shear zones with
a component of Poiseuille flow (Mukherjee, 2012) or
with curved boundaries (Mukherjee & Biswas, 2013).

As a low-strain structure, s-type FS evolves into in-
trafolial folds/sheath folds at a very high strain (Fig. 9;
Exner, Mancktelow & Grasemann, 2004; Kocher
& Mancktelow, 2006; Exner & Dabrowski, 2010;
Reber, Dabrowski & Schmid, 2010; Reber et al. 2013).
Analogue models by Exner, Mancktelow & Grasemann
(2004) demonstrate pronounced rigid body rotation of
the CE along with slip of HE led to opposite senses of
drag (normal changing to reverse) even at the same
side of the CE (Fig. 10). This effect can be appre-
ciated by comparing the senses of drag for the FS
between 180–160° and 160–140° fields in Figure 10.
Exner, Mancktelow & Grasemann (2004) showed that
a number of a-type FS might evolve into s-type FS.
In between, there should be transitional phases of n-
type FS (also see X. Maeder, unpub. PhD thesis, Jo-
hannes Gutenberg University of Mainz, 2007). Exner &

Dabrowski’s (2010) figure 5 shows similar cases where
pure shear rotated the CE significantly. Along the same
side of the CE, reverse-dragged HE may therefore sur-
vive as relict along with a few straight and other nor-
mal drag-folded HE. Grasemann, Martel & Passchier’s
(2005) figure 6d shows such an example at a meso-
scopic scale and figure 3c of Mukherjee & Koyi (2009)
in microscopic scale. Reverse drag does not require
either initial curvature of the CE or rigidity of the fault
blocks (Grasemann, Martel & Passchier, 2005).

If two adjacent CEs are subject to the same bulk
shear, the deformation fronts superimpose and a new
pattern of deformed HEs develop. The result is a flank-
ing structure system with a triclinic symmetry (Ex-
ner, Grasemann & Mancktelow, 2006). Exner, Grase-
mann & Mancktelow (2006) considered five such pos-
sible systems defined by non-parallel CEs as follows
(Fig. 11): (1) high- and low-angle normal faults; (2)
graben; (3) half-grabens; (4) extruding wedges; and
(5) duplexes. Different combinations of no-slip/slip and
drag senses of the HE were simulated in the five cases.
These mesoscopic equivalent structures bear the addi-
tional constraint of rotation of bounding fault planes
that has not been considered by any pre-existing mod-
els. Rigid body rotation of the CE was simulated in the
general-shear/sub-simple-shear regime of both thin-
ning (Grasemann, Stüwe & Vannay, 2003) and thick-
ening types (Wiesmayr & Grasemann, 2005). The CEs
could parallel each other and define a parallel flanking
structure system of monoclinic symmetry. The most
common examples are synthetic (C′) and antithetic (C′′)
ductile shear zones that indicate general shear (e.g. Platt
& Vissers, 1980; Exner, Grasemann & Mancktelow,
2006). By compiling different views, we find that dif-
ferent senses of drag on or along the same side of C′/C′′

planes implies significant rotation of these planes un-
der a general shear regime. Fletcher (2009) modelled
deformation around thin, weak inclusions that could be
applied to the genesis of FS.

Various kinematic information can be extracted from
the geometries of the FS. For example, Kocher &
Mancktelow (2005), Exner, Grasemann & Mancktelow
(2006) and Gomez-Rivas et al. (2007) presented ana-
lytical methods of obtaining vorticity from drag folds
associated with FS of single and conjugate types (re-
viewed by Xypolias, 2010). Information on strain from
a number of FS is likely to be more reliable than from a
single example (Mulchrone, 2007). The kind of FS gen-
erated depends on the vorticity number (Wk), the initial
angle between the CE and the HE and the deforma-
tion intensity (Kocher & Mancktelow, 2005). A weaker
CE inside a stronger matrix on simple shear always
produces an a-type FS (Grasemann, Stüwe & Vannay,
2003). The a- and s-type FS develop in transtensional
zones and shear bands in transpressional zones (Grase-
mann, Stüwe & Vannay, 2003; Wiesmayr & Grase-
mann, 2005). Depending on the different orientations
and rigidities of their CEs, several types of flanking
structures develop in the same rock during a single
deformation.
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Figure 10. Transition from one flanking structure into another with progressive top-to-right simple shear. Reproduced with permission
from Exner, U. et al. Progressive development of s-type flanking folds in simple shear. Journal of Structural Geology 26, 2191–2201,
Elsevier.

The thickness of the CE and the stress exponent of
the rock type have insignificant roles in shaping the fol-
ded HE (Maeder, Passchier & Koehn, 2009). Where the
CE is an object and not just a plane of anisotropy, the
a-type flanking folds indicate a pure-shear-dominated
general shearing (Grasemann & Stüwe, 2001; Grase-
mann, Stüwe & Vannay, 2003) and/or that the CE is
less competent than the matrix (Maeder, Passchier &
Koehn, 2009). The relative abundance and geometry of
types of FS can be used to decipher qualitatively the de-
gree of anisotropy of real rocks (Hudleston & Treagus,
2010). The a-type FS with normal drag are expected to
be less numerous than the s-type FS with reverse drags,
as the former evolves into the latter in modelled pro-
gressive deformations (Grasemann, Stüwe & Vannay,
2003). The fact that the evolution from one FS type
into the other is facilitated by anisotropy of rocks was
also resolved from mathematical models (Kocher &
Mancktelow, 2006). Progressive shear in models reveal
that reverse s-type FS evolve into normal s-type (Grase-
mann, Stüwe & Vannay, 2003). Analogue modelled s-
type FS are otherwise also dominant in transtensional
general shear regime (Exner, Mancktelow & Grase-
mann, 2004). To summarize, the initial orientation of
the CE with respect to the HE and the bulk deformation
nature (pure, simple or general shear) control the kind
of FS generated (Exner, Mancktelow & Grasemann,
2004).

Hairline fractures in sheared ductile rock bodies
might open cavities (Koehn & Sachau, 2012). Such
cavities or fractures behave like passive markers un-
der shear (Kocher & Mancktelow, 2006; Exner &
Dabrowski, 2010). In a series of new analogue models
(Bons et al. 2008), a rectangular parallelepiped-shaped
void in a Newtonian viscous medium became a paral-
lelogram as pure shear was applied to it. The HE reverse
dragged and slipped (Fig. 12). Bons et al. conjectured
that the void could later be filled by secondary minerals

such as quartz or leucosomes in migmatites. Second-
ary minerals occupying an already deformed CE should
therefore be unstrained and cannot quantify the degree
of pure shear; however, their parallel margins can.

The CE was considered as an ellipse of a high aspect
ratio in recent models (Mulchrone, 2007). When de-
formed, four elliptical perturbation flow fields develop
around each CE (Passchier, Mancktelow & Grasemann,
2005; see also Mulchrone, 2007, fig. 4). Perturbation
strain closer to the CE folded HE locally even un-
der a bulk homogeneous strain (Kocher & Manckte-
low, 2005). The length of the CE determined the zone
of influence i.e. the perturbation field of deforma-
tion around the CE (Exner, Grasemann & Mancktelow,
2006). Such deformations follow Anderson’s theory of
stress in three dimensions (Passchier, Heesakkers &
Coelho, 2008).

4.b. Flanking structures related to boudins

That the foliation planes deflect locally near boudins
has been well known for the more than 100 years.
Such deflections are observed for boudins at metre-
up to kilometre-scale (Corvino, 2010). After Passchier
(2001) introduced the concept of flanking structures,
these deflections were attributed to the former struc-
tures. Passchier (2001) recognized three kinds of
boudin-related flanking structures based on the geo-
metry of the folded HE in contact with the central
boudin (his fig. 6, reproduced here as Fig. 13). He
recognized boudins where the central HE is folded
(Fig. 13a), straight (Fig. 13b) and has a shear band
geometry (Fig. 13c). Goscombe & Passchier (2003)
recognized flanking folds to be associated with dom-
ino boudins and not with shear band boudins. They
explained these FS by limited rotation of the boud-
ins compared to their matrices. Reverse drag may
also develop in fracture openings beside micro-faults
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Figure 11. Conjugate flanking structures produced in analogue
models. Similar regional structures: (a) high- and low-angle nor-
mal faults (shear strain: 0.1.3); (b) graben (shear strain: 0.6);
(c) half-graben (shear strain: 0.6); (d) extruding wedge (shear
strain: 0.1.3); and (e) duplex (shear strain: 0.1.3). Reproduced
from Exner U. et al. 2006. Multiple faults in ductile simple shear:
analog modeling of flanking structure systems. In: Buiter, S. J.
H. & Schreurs, G. (Eds) Analogue and Numerical Modeling
of Crustal-Scale Processes. Geological Society London, Spec
Publication 253, 381–395, Geological Society, London. These
figures represent different analogue models at various strains;
they do not imply any progressive structural evolution.

Figure 12. Voids of different shapes: parallelogram and square
are pure sheared. Markers slipped and reverse dragged. Repro-
duced from Bons et al. 2008. Finding what is not there anymore:
Recognizing missing fluid and magma. Geology 36, 851–854,
Geological Society of America.

(Blenkinsop, 2000) or near the CE of mesoscopic fo-
liation boudins (as mentioned in Grasemann, Stüwe &
Vannay, 2003).

One of the three possibilities where flanking shear
band geometry develops around boudins (Fig. 13c) has
not yet been observed in nature (Maeder, Passchier
& Koehn, 2009). Note that Passchier’s (2001) typ-
ical boudin (Fig. 13c) resembles one of the Goscombe,
Passchier & Hand’s (2004) variety, here Figure 14a.
Goscombe, Passchier & Hand (2004) emphasized that
both synthetic (normal) and antithetic (reverse) drag
can be associated with different boudins (Figs 14b, c)
or even within the same boudin train (Fig. 14d). The
boudin in Figure 14d has no flanking shear band geo-
metry of HEs around it. Goscombe & Passchier (2003)
also reported a boudinaged clast that changes inclin-
ation with progressive simple shear. In this case, the
clast acted as the CE (Fig. 15).

For various shapes of CEs, flanking folds on the two
sides are not mirror images except for lozenge-shaped
CEs. Secondly, the style of the folded HE depends on
the geometry of the CE (Arslan, Passchier & Koehn,
2008; Blenkinsop, 2000, fig. 13). Secondary minerals
such as quartz usually define CEs in boudins. The CE
can be of various complicated shapes (Arslan, Passchier
& Koehn, 2008). Dynamic modelling by Arslan et al.
(2012) showed that when several layers of different
competency are stretched, fractures concentrate within
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Figure 13. Three types of boudin-related flanking structures:
(a) flanking folds against the centre of each CE boudin; (b)
undeflected HE against the centre of each CE boudin; and (c)
flanking shear band geometry against the centre of each CE
boudin. Reproduced with permission from Passchier, C.W. 2001.
Flanking Structures. Journal of Structural Geology 23, 951–962,
Elsevier.

the more competent layers (as expected) and then rotate
and develop foliation boudins and associated flanking
structures. Foliation boudins and the related FS indic-
ate relatively higher strain (Wiesmayr & Grasemann,
2005). Maeder, Passchier & Koehn (2009) presented
boudinaging of CE coeval with folding of HE around
CE in a transpressional regime (Fig. 16, their fig. 4).
Their modelled boudinage propagated along the direc-
tion of simple shear.

4.c. Normal and reverse drags

What determines the style of drag – normal or reverse
– has long been studied (e.g. de Margerie & Heim,
1888). Passchier (2001) recently rekindled an interest
on the dragging patterns and the FS. For any deforma-
tion regime, simple, pure or general shear-normal drag
develops if the CE is oriented at a low (0–25°) or a
high angle (155–180°) with respect to the bulk shear
sense (Wiesmayr & Grasemann, 2005). Reverse drag
is more common with single synthetic and antithetic
faults in homogeneous rocks at any angle with the bulk
shear direction (Gomez-Rivas et al. 2007). If the CE
is extremely rigid, an n-type FS (Fig. 6) develops with
drag but no slip (Grasemann & Stüwe, 2001; Exner,
Mancktelow & Grasemann, 2004).

Based on 3D attribute analyses, Lohr et al. (2008)
correlated drag with dip of the fault plane. The geo-
metry of drags associated with FS or faults in 3D is not
well known (Grasemann and Wiesmayr, 2006) and we
need better descriptions (Spahić, Exner & Grasemann,
2010).

Reches & Eidelman (1995) explained reverse drag
by reduced friction at the CE boundaries. They expec-
ted such drag to be most intense around the central
marginal portion of the CE. The HE–CE contact in
natural FS might be lubricated by either recrystalliz-
ation, leading to grain size reduction, or a subtle dif-
ference in composition (Exner, Mancktelow & Grase-
mann, 2004). In other words, a CE with recrystallized
margins is expected to be either an s- or an a-type
FS, but not an n-type. However, Grasemann, Martel &
Passchier’s (2005) recent mathematical models indic-
ate that the kind of drag is independent of the friction
between the CE and the matrix. This was also sup-
ported by Passchier & Trouw’s (2005) conclusion that
deformation of the HE near the CE is governed by slip
with or without rheological weakening by fluids along
the CE. If drag is favoured by friction of the CE, then
it should be best developed where maximum friction
and least slip occurs. The maximum drag in many nat-
ural examples is found near the central portions of CEs
(Grasemann, Martel & Passchier, 2005), although few
reverse cases are known (e.g. Fig. 13b; Mukherjee &
Koyi, 2009, fig. 3c). In addition, there are examples
where the intensity of drag of HEs along the CE re-
mains the same (e.g. Fig. 14a). The role of fluids or
recrystallization as lubricants in determining the type
of drag was therefore negated (Grasemann, Martel &
Passchier, 2005). Philpotts and Ague (2009, fig. 4.77A)
postulated that convective circulation of magma inside
dykes can drag foliations at the adjacent country rock
into flanking folds.

A radically different view on reverse drag was ad-
vocated by Katz & Reches (2006). This was that reverse
drag occurs on pre-existing non-propagating faults of
finite lengths that undergoes loading and promotes slip.
Matrix rheology was not considered in this model. The
style of drag, whether reverse or normal, could be re-
lated to the length of the CE. However, this model was
questioned by Grasemann, Martel & Passchier (2005).

Grasemann, Stüwe & Vannay (2003) demonstrated
that the initial angle between the CE and the HE funda-
mentally determines the kind of drag. For example, if
the HE meets the CE at an initial low angle, slip/shear
will always generate normal drag. If the initial angle is
high, slip/shear will always impart reverse drag (Grase-
mann, Stüwe & Vannay, 2003; Wiesmayr & Grase-
mann, 2005). In their subsequent work, Grasemann,
Martel & Passchier (2005) explained that: (1) normal
drag occurs where the vertical separation exceeds the
throw; (2) reverse drag occurs if the throw exceeds the
vertical separation; and (3) drag does not develop where
the throw equals the vertical separation. Note that what
Coelho, Passchier & Grasemann (2005) defined as
‘lift’ in a morphologic context does not correspond to
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Figure 14. Different types of boudin geometries and nearby deflected foliations that define flanking structures. Top-to-right shear.
Reproduced with permission from Goscombe, B. et al. 2004. Boudinage classification: end-member boudin types and modified boudin
structures. Journal of Structural Geology 26, 739–763, Elsevier.

genetic implication here. As corollaries, Grasemann,
Martel & Passchier (2005) stated that all faults with
zero vertical separation must have drag-folded HEs and
there must have been some vertical separation for faults
devoid of drag folds. Moreover, the central portion of
the CE is expected to develop maximum slip and re-
verse drag. At the two ends of the CE, lower slips and
normal drag are anticipated. Drag along the CE follows
a smooth bell-shaped curve (Fig. 17; Grasemann, Mar-
tel & Passchier, 2005). Normal drag could develop by
differential compaction of sediments across the fault
planes (Mandl, 2000, fig. 6.36B). It can also develop
by synthetic dip panels, leading to kinked drag folds
(Ferrill et al. 2005, fig. 1).

5. New classifications of flanking structures

Naturally occurring FS are classified by two new
schemes. The scheme depicted by Figure 18 is based on
whether the CE consists of rock(s) and/or mineral(s),
or is just a sharp plane of discontinuity. The former
types of FS can be subdivided depending on whether
the HE penetrates the CE at their contacts (see Fig. 3).
Figure 19 shows all combinations of drag and slip along
the CE margin(s). Both these classifications cover s-,
a- and n-type FS with normal, reverse and no drag.
Figure 19 shows the CE to be merely a plane, i.e. type

1.2 of Figure 18. However, the classification holds well
if the CE consists of rock(s)/mineral(s), which is type
1.1 in Figure 18. Conversely, Figure 18 exemplifies the
two subtypes of 1.1 in terms of opposite senses of drag
of HE across the CE. These two subtypes (1.1.1 and
1.1.2) can be either of the b.1.2.1 variety of Figure 19
if there is slip, or the a.1.2 variety if there is no slip.
Figure 19 also incorporates other cases, namely b.1.1
(drag at single side of the CE with slip), b.1.2.2 (same
sense of drag across the CE) and a.1.1 (drag at a single
side of the CE and no slip).

Mulchrone (2007) presented a combination of vari-
ous slips and drags in FS (Fig. 6). He described no drag
as ‘neutral roll’. However, that classification lacked the
following combinations: (1) drag along only one side
of the HE; (2) a fault plane CE with the same sense
of drag across it; and (3) opposed senses of drag along
the same side of the HE. The classification offered in
Figure 19 recognizes these as subtypes b.1.1, b.1.2.2
and a.ii, respectively. Interestingly, variety b.1.1 was
attributed by Mukherjee & Koyi (2009) to different de-
grees of bonding between the margins of the CE with
the matrix.

The CE can develop pre-, syn- or post-tectonically in
different subtypes of FS (Passchier, 2001; Passchier &
Trouw, 2005). Whether CE penetrated by HE (subtype
1.1.1 in Fig. 18) indicates any relative time relation
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Figure 15. A typical boudin with strongly curved CE. A
top-to-left shear. Reproduced with permission from Gos-
combe & Passchier, 2003. Asymmetric boudins as shear sense
indicators—an assessment from field data. Journal of Structural
Geology 25, 575–589, Elsevier.

between ductile shear of the CE and its growth has not
yet been determined.

The type I and II FS of Mukherjee & Koyi (2009) can
fall within either of the subtypes of FS in Figures 18
and 19. The FS of type b.1.2.2 in Figure 19 is equi-
valent to the type II FS of Mukherjee & Koyi (2009).
Figure 19 shows drag can exist without slip (subtype
a.1.1) and vice versa (subtype b.2). As well as numerous
mesoscopic examples (e.g. Davis, Reynolds & Kluth,
2012, fig. 6.119), subtype b-2 (i.e. slip without drag)
also incorporates the microscopic example of figure 2d
in Mukherjee and Koyi (2009). These detailed classi-
fications were not available at the time of publication
of Mukherjee & Koyi (2009).

Passchier’s (2001) figure 1 presents s- and a- type
FS as b.1.2.1 subtype of FS of Figure 19. Similarly, the
a.1 subtype of FS without any slip and only drag is
the n-type FS of Passchier (2001). Type b in Figure 19
includes both s- and a-type FS. Slip, lift, tilt and roll
in FS presented in Figures 18 and 19 remain uncon-
strained. Note that to classify FS using the scheme
depicted by Figure 18, the HE marker does not need to
be deciphered. This was also the case for the classific-
ations schemes of Grasemann, Stüwe & Vannay (2003;
Fig. 1b) and Mulchrone (2007; Fig. 6).

The new classifications of FS can be illustrated using
natural examples (Figs 20, 21). Most of these examples
(Figs 20a, b, d, 21a–d) are from Archean–Proterozoic
greenschist-amphibolite facies (migmatitic) gneisses
of the Greater Himalayan Crystalline rocks from the

Figure 16. Propagation of boudinage due to a top-to-left simple
shear. Reproduced with permission from Maeder, X.et al. 2009.
Modelling of segment structures: Boudins, bone-boudins, mul-
lions and related single- and multiphase deformation features.
Journal of Structural Geology 31, 817–830, Elsevier.

Figure 17. Variation of drag along the CE is presented as a bell-
shaped graph. Reproduced with permission from Grasemann
et al. 2005. Reverse and normal drag along a fault. Journal of
Structural Geology 27, 999–1010, Elsevier.

western Indian Himalaya (see Mukherjee 2013c for
regional geology). Figure 20c depicts a Precambrian
granite gneiss body of the Delhi Supergroup at Ambaji,
Gujarat, India (Deb, 1980). Figures 20a–c and 21a–d
show quartz veins of various shapes as the CE. Of these,
Figures 20d and 21a–d are classical boudins produced
by local brittle–ductile extension parallel to the main
foliation planes (e.g. Mukherjee & Koyi, 2010a, b).
The CE itself can be ductile sheared, sigmoid-shaped
and reveal the shear sense (Fig. 20a).

The mylonitic foliations acting as HE penetrates the
CE (two arrows on Fig. 20a); this is therefore subtype
1.1.1 of Figure 18. Irregular non-linear geometry of
the CE can be defined by leucosome pods inside mig-
matites (Fig. 20b). The CE may sharply truncate some
of the HE migmatitic foliation planes defined by leu-
cosomes and melanosomes. This is equivalent to sub-
type 1.1.2 of Figure 18. At other parts however, leuco-
some HEs joined with the CE resemble a feeder rela-
tionship (full arrow 1 in Fig. 20b). The senses of drag
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Figure 18. Classification of FS based on how the CE is defined and whether HE penetrates the CE.

Figure 19. Classification of FS with combinations of (no) drag and (no) slip. Although reverse faults or s-type were used in subtypes
b.1.1, b.2, b.1.2.1 and b.1.2.2, those can also be normal faults or a-type. Examples: a.1: Mukherjee & Koyi (2009, fig. 4c); a.ii:
Grasemann, Stüwe & Vannay (2003, fig. 8b) and Mukherjee & Koyi (2009, fig. 3c); a.1.1: Passchier (2001, third case in fig. 8V); a.1.2:
Mulchrone (2007, n-type FS in fig. 2) and Passchier (2001, fig. 5b); b.2: Mukherjee (2013d, fig. 5.67); b.1.2.1: Grasemann, Stüwe &
Vannay (2003, fig. 9a), Exner & Dabrowski (2010, fig. 1b), Coelho, Passchier & Grasemann (2005, fig. 8.1a) and Mukherjee (2013d,
fig. 5.40); b.1.2.2: Mukherjee & Koyi (2009, figs 3a, 4d).

along the same side of the CE differ (compare those at
arrows 2 and 3 in Fig. 20b). This is a natural example of
subtype a.ii in Figure 19. Where leucosomes cut across
migmatitic foliations in migmatites, a marker foliation
plane is sometimes difficult to decipher. Although a
slip is understood, its sense and magnitude remains in-
determinate. The classification scheme in Figure 19 is
therefore difficult to apply in this case.

A clear convex/concave sense of curvature does
not develop in all mesoscopic FS (Fig. 20c). A cross-
cutting element as a discrete plane rather than a zone of
rocks or minerals is demonstrated in Figure 20d. Here
the inter-boudin mineral is normal faulted (a-type FS
of Passchier, 2001); this is type 1.2 of Figure 18. Fur-
ther, opposite senses of (normal) drag across the fault
plane and a clear-cut slip developed in a layer of quartz
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Figure 20. (a) A subvertical quartz vein (cross-cutting element) cut across the gneissic foliations. The vein is top-to-left (up) ductile
sheared. Greater Himalayan Crystallines, Bhagirathi section, India. Reproduced with permission from Mukherjee 2013d. Atlas of
Shear Zone Structures in Meso-scale. Springer. ISBN 978-3-319-00089-3. (b) A leucosome vein (cross-cutting element) in migmatite
cut across the migmatitic foliations. Greater Himalayan Crystallines, Sutlej section, India. (c) A deformed irregular-shaped quartz vein
(cross-cutting element) cuts host-fabric elements of quartz. Top-to-right ductile sheared. Matches with an overturned fold left to the pen.
Ambaji, Gujrat, India. Reproduced with permission from Mukherjee 2013d. Atlas of Shear Zone Structures in Meso-scale. Springer.
ISBN 978-3-319-00089-3. (d) Inter-boudin space is filled by a secondary quartz vein. A sharp short normal fault affects the lozenge
and a normal dragged quartz vein (bottom). Greater Himalayan Crystallines, Goriganga section, India. Reproduced with permission
from Mukherjee 2013d. Atlas of Shear Zone Structures in Meso-scale. Springer. ISBN 978-3-319-00089-3. (a, b, d) Observed on
subvertical planes; (c) observed on a subhorizontal plane.

below the boudin is an example of subtype b.1.2.1 of
Figure 19. Boudinaged calc-silicate layers (Fig. 21a–c)
with secondary quartz of various shapes in the inter-
boudin space acted as the CE, defining type 1.1 of
Figure 18. Shear fracture boudins (Fig. 21d) with no
minerals developed along the fault plane are classified
as type 1.2 of Figure 18. The internal foliation planes
of these boudins are not dragged; this FS is therefore
subtype b.2 of Figure 19.

Since the HE markers are either not easily decipher-
able in these boudins or non-systematic (Figs 20d, 21a–
d), Passchier’s (2001) classification of boudins (Fig. 13)
is difficult to apply to them. For the same reason, un-
like Goscombe, Passchier & Hand (2004; Fig. 14), it is
difficult to judge whether HE in most of these boudins
(Figs 20b, 21a–c) indicate a normal or a reverse drag.
A lozenge-type inter-boudin quartz vein (Fig. 20d) is
similar to that of figure 4a of Arslan, Passchier & Koehn
(2008), and a polygonal quartz pod in the inter-boudin

space (Fig. 21a) matches the X-type of figure 4c of
Arslan, Passchier & Koehn (2008).

6. Conclusions

Flanking structures (FS) are deflections of planar and
linear host-fabric elements (HE) adjacent to the cross-
cutting elements (CE) found in many sheared rocks.
The concept also includes rotating CE and any as-
sociated drag folds in their footwalls. In natural ex-
amples, the HE may be thicker near the CE. Several
morphological parameters were defined and FS classi-
fied (Coelho, Passchier & Grasemann, 2005; Passchier
& Trouw, 2005; Mulchrone, 2007; Maeder, Passchier
& Koehn, 2009; Mukherjee & Koyi, 2009). This review
adds two new FS classification schemes by considering
all possible cases of drag and slip of the HE. Neither
the HE geometry near the CE nor the asymmetric CEs
represent the bulk shear sense. Several single FS types
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Figure 21. All observations on subvertical planes. (a) Lenticular boudin of calc-silicate layer within mylonitized gneiss/migmatite
host rock. Length of photograph: 30 cm. Reproduced with permission from Mukherjee 2013d. Atlas of Shear Zone Structures in
Meso-scale. Springer. ISBN 978-3-319-00089-3. (b, c) Boudinaged calc-silicate layer with polygonal secondary quartz at inter-boudin
space. A second minor pinch is present above the folded fingers. Reproduced with permission from Mukherjee 2013d. Atlas of Shear
Zone Structures in Meso-scale. Springer. ISBN 978-3-319-00089-3. (d) Listric normal faulted calc-silicate layer within mylonitized
gneiss/migmatite. (a–d) Karcham, Sutlej section of Greater Himalayan Crystallines, Himachal Pradesh, India. Reproduced with
permission from Mukherjee 2013d. Atlas of Shear Zone Structures in Meso-scale. Springer. ISBN 978-3-319-00089-3.

which are mirror images of each other are also unsuit-
able for deducing the shear sense. However, conjugate
FS give reliable shear direction (Fig. 11). In micro-
scopic examples, parallelogram- and sigmoid-shaped
inclusions of one mineral within another represent the
correct shear sense. The CEs might develop before,
during or after the bulk shear event. Except for the
former case, heterogeneous deformation fields perturb
around CEs even during a homogeneous strain. Only
the CEs of normal shear bands are assumed to attain sig-
moid shape; such CEs resemble a kind of mineral ‘fish’
(ten Grotenhuis, Trouw & Passchier, 2003; Mukherjee,
2011b). With progressive shear, a-type FS may evolve
into an s-type. Still-higher strains might develop intra-
folial or sheath folds where the CE and the HE are too
closely spaced to be distinguished (Fig. 10).

Analogue models with two CEs were simulated to
give five regional deformation scenarios. The presence
of secondary shear planes indicates general/sub-simple
shear. The study of several FS from rocks constrains its
kinematics. Unlike (1) rigidity, (2) friction between the

HE and the CE, (3) thickness and rheology of the CE
and (4) any pre-existing structures of the HE, the style
of drag is governed by only two factors: (1) the angu-
lar relation between the HE and the CE before shear;
and (2) the relative magnitudes of throw and vertical
separation resulting from slip of the HE. Note that the
angle mentioned in the former point is different from
tilt. A too-rigid CE generates an n-type FS (drag, no
slip). Pure sheared cavities that act as passive markers
within foliated rocks and highly sheared foliation boud-
ins create reverse drags. The shape of drag folds around
boudinaged clasts depends on the shape of those clasts.
Boudinage may propagate along one of the directions
of simple shear.

Strongly foliated rocks are not necessarily aniso-
tropic (Kocher & Mancktelow, 2006). As a result, how
well foliated the rock is cannot be used to predict the
dominant kind of FS. All the models of FS describe
their developments in ductile shear zones of Newto-
nian and non-Newtonian rheologies bound by parallel
boundaries. The concept of FS can be furthered on
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shear zones with non-parallel boundaries (e.g. Mandal,
Samanta & Chakraborty, 2002).

Acknowledgements. The support of the Department of Sci-
ence and Technology (India) Fast Track project number
SR/FTP/ES-117/2009 is acknowledged. Meticulous reviews
by John Cosgrove, Arzu Arslan and an anonymous reviewer
are greatly appreciated. Chris Talbot is thanked for thor-
oughly improving English. Thanks are extended to Mark Al-
len and Susie Bloor for editorial handling and Elaine Rowan
for copy-editing.

References

ARSLAN, A., KOEHN, D., PASSCHIER, C. & SACHAU, T. 2012.
The transition from single layer to foliation boudinage:
a dynamic modelling approach. Journal of Structural
Geology 42, 118–26.

ARSLAN, A., PASSCHIER, C. W. & KOEHN, D. 2008. Fo-
liation boudinage. Journal of Structural Geology 30,
291–309.

BLENKINSOP, T. 2000. Deformation Microstructures and
Mechanisms in Minerals and Rocks. New York: Kluwer
Academic Publisher.

BONS, P. D., DRUGUET, E., CASTAÑO, L-M. & ELBERG, M. A.
2008. Finding what is not there anymore: Recognizing
missing fluid and magma. Geology 36, 851–4.

BRANDES, C. & WINSEMANN, J. 2013. Soft-sediment de-
formation structures in NW Germany caused by Late
Pleistocene seismicity. International Journal of Earth
Sciences 102, 2255–74.

COELHO, S., PASSCHIER, C. & GRASEMANN, B. 2005. Geo-
metric description of flanking structures. Journal of
Structural Geology 27, 597–606.

CORVINO, A.F. 2010. Flanking folds and boudins in the Prince
Charles Mountains. Journal of Structural Geology
32(1), doi: http://dx.doi.org/10.1016/j.jsg.2008.01.014.

DAVIS, G., REYNOLDS, S. J. & KLUTH, C. F. 2012. Structural
Geology of Rocks and Regions. New York: John Wiley
& Sons.

DEB, M. 1980. Genesis and metamorphism of two stratiform
massive sulphide deposits at Ambaji and Deri in the
Precambrian of western India. Economic Geology 75,
572–91.

DE MARGERIE, E. & HEIM, A. 1888. Dislocations de
L´ecorce Terrestre. Essai de Definition et de Nomen-
clature. Zürich: Verlag von J Wurster & Company,
154 pp.

EXNER, U. & DABROWSKI, M. 2010. Monoclinic and triclinic
3D flanking structures around elliptical cracks. Journal
of Structural Geology 32, 2009–21.

EXNER, U. & GRASEMANN, B. 2010. Deformation bands
in gravels: displacement gradients and heterogeneous
strain. Journal of the Geological Society, London 167,
905–13.

EXNER, U., GRASEMANN, B. & MANCKTELOW, N. S. 2006.
Multiple faults in ductile simple shear: analog mod-
eling of flanking structure systems. In Analogue and
Numerical Modeling of Crustal-Scale Processes (eds
S. J. H. Buiter & G. Schreurs), 381–95. Geological So-
ciety of London, Special Publication no. 253.

EXNER, U., MANCKTELOW, N. S. & GRASEMANN, B. 2004.
Progressive development of s-type flanking folds in
simple shear. Journal of Structural Geology 26, 2191–
201.

FERRILL, D. A., MORRIS, A. P., SIMS, D. W., WAITING, D. J.
& HASEGAWA, S. 2005. Development of synthetic layer

dip adjacent to normal faults. In Faults and Fluid Flow,
and Petroleum Traps (eds R. Sorkhabi and Y. Tsuji),
pp. 125–38. AAPG, Memoir 85.

FLETCHER, R. C. 2009. Deformable, rigid, and inviscid el-
liptical inclusions in a homogeneous incompressible an-
isotropic viscous fluid. Journal of Structural Geology
31, 382–7.

FOSSEN, H. 2010. Structural Geology. Cambridge:
Cambridge University Press.

GILLAM, B. G., LITTLE, T. A., SMITH, E. & TOY, V. G. 2013.
Extensional shear bands development on the outer mar-
gin of the Alpine mylonite zone, Tatare Stream, Southern
Alps, New Zealand. Journal of Structural Geology 54,
1–20.

GOMEZ-RIVAS, E., BONS, P.D., GRIERA, A., CARRERAS, J.,
DRUGUET, E. & EVANS, L. 2007. Strain and vorticity
analysis using small-scale faults and associated drag
folds. Journal of Structural Geology 29, 1882–99.

GOMEZ-RIVAS, E. & GRIERA, A. 2012. Shear fractures in
anisotropic ductile materials: an experimental approach.
Journal of Structural Geology 34, 61–76.

GOSCOMBE, B., HAND, M. & GRAY, D. 2003. Structure of the
Kaoko Belt, Namibia: progressive evolution of a classic
transpressional orogen. Journal of Structural Geology
25, 1049–81.

GOSCOMBE, B. & PASSCHIER, C. W. 2003. Asymmetric boud-
ins as shear sense indicators–an assessment from field
data. Journal of Structural Geology 25, 575–89.

GOSCOMBE, B., PASSCHIER, C. W. & HAND, M. 2004. Boudin-
age classification: end-member boudin types and mod-
ified boudin structures. Journal of Structural Geology
26, 739–63.

GOSWAMI, T. K., BARUAH, S. & BARUAH, P. 2012. Flank-
ing structures in the migmatite gneiss of the Higher
Himalayan Crystallines around Tato, west Siang district,
Arunachal Pradesh. National Seminar: Multidisciplin-
ary Approach in Sedimentary Basin Studies. Technical
Session II: Structures, Tectonics & Himalayan Geo-
dynamics. Department of Applied Geology, Dibrugarh
University, India. 15–16 March, 23 pp.

GRASEMANN, B., EXNER, U. & TSCHEGG, C. 2011. Displace-
ment length scaling of brittle faults in ductile shear.
Journal of Structural Geology 33, 1650–61.

GRASEMANN, B, FRITZ, H. & VANNAY, J.-C. 1999. Quant-
itative kinematic flow analysis from the Main Central
Thrust Zone (NW-Himalaya, India): implications for a
decelerating strain path and the extrusion of orogenic
wedges. Journal of Structural Geology 21, 837–53.

GRASEMANN, B., MARTEL, S. & PASSCHIER, C. 2005. Reverse
and normal drag along a fault. Journal of Structural
Geology 27, 999–1010.

GRASEMANN, B. & STÜWE, K. 2001. The development of
flanking folds during simple shear and their use as kin-
ematic indicators. Journal of Structural Geology 23,
715–24.

GRASEMANN, B., STÜWE, K. & VANNAY, J-C. 2003. Sense
and non-sense of shear in flanking structures. Journal of
Structural Geology 25, 19–34.

GRASEMANN, B. & WIESMAYR, G. 2006. Three-dimensional
fault drag. Geophysical Research Abstracts 8, 08982.

HILLS, E. S. 1953. Elements of Structural Geology. Bombay:
Asia Publishing House, pp. 167, 180.

HUDEC, M. R. & JACKSON, M. P. A. 2007. Terra Infirma:
Understanding salt tectonics. Earth-Science Review 82,
1–28.

HUDLESTON, P. J. 1989. The association of folds and veins
in shear zones. Journal of Structural Geology 11, 949–
57.

http://dx.doi.org/
http://journals.cambridge.org


http://journals.cambridge.org Downloaded: 13 Oct 2014 IP address: 103.21.125.76

Flanking structures of different scales 973

HUDLESTON, P. J. & TREAGUS, S. J. 2010. Information from
folds: A review. Journal of Structural Geology 32, 2042–
71.

JAIN, A. K. & MUKHERJEE, S. 2009. Cover photo: a flanking
microstructure. Himalayan Geology 30, cover photo.

KATZ, O. & RECHES, Z. 2006. Reverse drag: post-failure de-
formation along existing faults. Israel Journal of Earth
Sciences 55, 43–53.

KOCHER, T. & MANCKTELOW, N. S. 2005. Dynamic reverse
modeling of flanking structures: a source of quantitative
information. Journal of Structural Geology 27, 1346–
54.

KOCHER, T. & MANCKTELOW, N. S. 2006. Flanking struc-
ture development in anisotropic viscous rock. Journal
of Structural Geology 28, 1139–45.

KOEHN, D. & SACHAU, T. 2012. Two-dimensional nu-
merical modeling of fracturing and shear band de-
velopment in glacier fronts. Journal of Structural
Geology, published online 16 November 2012. doi:
http://dx.doi.org/10.1016/j.jsg.2012.11.002.

KOYI, H. A., SCHMELING, H., BURCHARDT, S., TALBOT, C.,
MUKHERJEE, S. & SJÖSTRÖM, H. 2013. Shear zones
between rock units with no relative movement. Journal
of Structural Geology 50, 82–90.

LOHR, T., KRAWCZYK, C. M., ONCKEN, O. & TANNER, D.
C. 2008. Evolution of a fault surface from 3D attrib-
ute analysis and displacement measurements. Journal
of Structural Geology 30, 690–700.

MAEDER, X., PASSCHIER, C. W. & KOEHN, D. 2009. Mod-
elling of segment structures: Boudins, bone-boudins,
mullions and related single- and multiphase deformation
features. Journal of Structural Geology 31, 817–30.

MANDAL, N., SAMANTA, S. K. & CHAKRABORTY, C. 2002.
Flow and strain patterns at the terminations of tapered
shear zones. Journal of Structural Geology 24, 297–309.

MANDL, G. 2000. Faulting in Brittle Rocks: An Introduction
to the Mechanism of Tectonic Faults. Berlin: Springer,
258 pp.

MUKHERJEE, S. 2010a. Structures at meso and micro-scales
in the Sutlej section of the Higher Himalayan Shear Zone
in Himalaya. e-Terra 7, 1–27.

MUKHERJEE, S. 2010b. Microstructures of the Zanskar Shear
Zone. Earth Science India 3, 9–27.

MUKHERJEE, S. 2011a. Flanking microstructures from the
Zanskar Shear Zone, NW Indian Himalaya. YES Net-
work Bulletin 1, 21–9.

MUKHERJEE, S. 2011b. Mineral fish: their morphological
classification, usefulness as shear sense indicators and
genesis. International Journal of Earth Sciences 100,
1303–14.

MUKHERJEE, S. 2012. Simple shear is not so simple! Kin-
ematics and shear senses in Newtonian viscous simple
shear zones. Geological Magazine 149, 819–26.

MUKHERJEE, S. 2013a. Deformation Microstructures in
Rocks. Berlin: Springer, pp. 1–111.

MUKHERJEE, S. 2013b. Higher Himalaya in the Bhagirathi
section (NW Himalaya, India): its structures, back-
thrusts and extrusion mechanism by both channel flow
and critical taper mechanisms. International Journal of
Earth Sciences 102, 1851–70.

MUKHERJEE, S. 2013c. Channel flow extrusion model to
constrain dynamic viscosity and Prandtl number of the
Higher Himalayan Shear Zone. International Journal of
Earth Sciences 102, 1811–35.

MUKHERJEE, S. 2013d. Atlas of Shear Zone Structures in
Meso-scale. Cham: Springer.

MUKHERJEE, S. & BISWAS, R. 2013. Kinematics of horizontal
simple shear zones of concentric arcs (Taylor-Couette

flow) with incompressible Newtonian rheology. Inter-
national Journal of Earth Sciences, published online
November 2013. doi: 10.1007/s00531-013-0973-6.

MUKHERJEE, S. & KOYI, H. A. 2009. Flanking microstruc-
tures. Geological Magazine 146, 517–26.

MUKHERJEE, S. & KOYI, H. A. 2010a. Higher Himalayan
Shear Zone, Zanskar Indian Himalaya: microstructural
studies and extrusion mechanism by a combination of
simple shear and channel flow. International Journal of
Earth Sciences 99, 1083–1110.

MUKHERJEE, S. & KOYI, H. A. 2010b. Higher Himalayan
Shear Zone, Sutlej section: structural geology and ex-
trusion mechanism by various combinations of simple
shear, pure shear and channel flow in shifting modes.
International Journal of Earth Sciences 99, 1267–
303.

MULCHRONE, K. F. 2007. Modelling flanking structures using
deformable high axial ratio ellipses: insights into finite
geometries. Journal of Structural Geology 29, 1216–
228.

MULCHRONE, K. F. & WALSH, K. 2006. The motion of a
non-rigid ellipse in a general 2D deformation. Journal
of Structural Geology 28, 392–407.
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SPAHIĆ, D., EXNER, U. & GRASEMANN, B. 2010. 3D fault drag
characterization: an import tool in a fault description.
Geophysical Research Abstracts 12, EGU2010-4127.
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