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Abstract—Models for thrust-bend folding of an isotropic medium are used to predict initial basement thrust sheet
geometries and sub-surface thrust fault shapes from final basement thrust sheet structure. Predicted strains and
strain rates from these models are compared with data on deformation fabrics in an example of a basement thrust-
bend fold in order to characterise the deformation response to thrust-bend folding. The Glencoul thrust sheet in the
Moine Thrust Zone of north-west Scotland is restored to an initial thrust sheet geometry. Spatial and orientation
distribution data of syn-emplacement fractures and cataclastic fault zones from within the Glencoul thrust sheet are
then compared with the strain and strain rate histories predicted by thrust-bend folding models. A different set of
cataclastic fault seams is demonstrated to have been generated at each frontal thrust bend. Cataclastic failure is
restricted to portions of the thrust sheet that have moved over frontal bends with smaller radii of curvature. From

model thrust-bend geometries and an assumed slip rate of 1 x 10" ms™

!, estimated minimum (critical) strain

rates ren}uired for fracture failure of the Lewisian basement are 10~ ! to 10~ '* s~ for shear strain rates and 10~ '

to 10~!

INTRODUCTION

This paper addresses the basic relationships between the
geometry of the thrust surface and the operative
deformation mechanisms within a basement thrust
sheet. Numerous reviews of thrust geometries (Boyer
and Elliott, 1982; Butler, 1982a; McClay, 1992) discuss
how and why thrusts are typically not planar, but follow
datum parallel flats (often weak lithological horizons
such as shale or evaporite), before climbing up through
more competent units in the stratigraphic section as
ramps to link with a higher flat to result in a ‘staircase
geometry’. A thrust sheet deforms as it is emplaced over
such bends in the thrust surface (Wiltschko, 1979; Berger
and Johnson, 1980; Fischer and Coward, 1982; Sander-
son, 1982; Suppe, 1983; Knipe, 1985; Mitra, 1992b). This
produces thrust-bend folds, or folds between hanging
wall ramps and hanging wall flats.

The purpose of this paper is to relate the distribution of
deformation and deformation mechanisms within base-
ment thrust sheets to the evolution of geometry, strain
and strain rate in thrust-bend folds. In order to do this,
other causes of syn-emplacement thrust sheet deforma-
tion need to be considered, so that their possible roles in
contributing to the generation of structures may be
invoked or eliminated. In addition to fault-bend folding
(Rich, 1934; Suppe, 1983; Mitra, 1992b), these include:
(1) fault propagation folding (Dahlstrom, 1969; Suppe
and Medwedeff, 1984; Mitra, 1990; Mosar and Suppe,
1992), (2) detachment folding (Dahlstrom, 1970; Jami-
son, 1987), (3) buckle folding due to initial ramp
resistance (Serra, 1977; Hedlund et al., 1994), (4) fault-
parallel shear (Elliott, 1976a; Coward and Kim, 1981;
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Wojtal, 1992; Mitra, 1994) and (5) layer-parallel short-
ening (McNaught and Mitra, 1996). These and many
other authors have described diagnostic characteristics of
the deformation fabrics and thrust sheet geometries
which allow the causative deformation processes to be
identified. Deformation fabrics from basement thrust
sheets have been described and often attributed to one or
more of the above causes, the most frequently documen-
ted one being basement faulting associated with fault
propagation folding (Erslev and Rogers, 1993; Narr,
1993). Whilst fruitful work has stemmed from comparing
basement deformation geometries and fabrics to those of
the cover (Dominic and McConnell, 1994), few detailed
accounts exist of deformation mechanisms operating in
basement during the synchronous evolution of frontal
and lateral thrust-bend folds. The current paper aims to
rectify this by evaluating the deformation fabrics in terms
of the incremental strains and strain rates associated with
thrust-bend frontal and lateral folding.

Previous investigations of the deformation mechan-
isms operating within basement thrust sheets have
revealed a wide range of brittle to ductile mechanisms
(Mitra, 1979, 1984, 1992a; Choukroune and Gapais,
1983; Bertini et al., 1985; Evans, 1988, 1993; Hatcher and
Hooper, 1992). However, in the foreland thrust zones of
orogenic belts, where relatively low temperatures and
confining pressures have accompanied deformation
(Ernst, 1973; Frey et al., 1974, 1993; Knipe, 1990;
Meyre and Puschnig, 1993), cataclasis generally dom-
inates (Evans, 1988, 1990; Spang and Evans, 1988; Mitra,
1992; Wibberley, 1995). This paper investigates the
operative deformation mechanisms during emplacement
of a basement thrust sheet within the foreland thrust zone
of the Moine thrust belt, NW Scotland.

Geometric/strain models for deformation of isotropic
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thrust sheets due to movement over footwall ramps are
discussed and used to predict restored basement thrust
sheet shapes, i.e. pre-emplacement ‘retrodeformed’ thrust
sheet templates. The models are also used to predict
quantified strain and strain rate histories of different
regions within the thrust sheet. Data are presented on the
orientation and spatial distributions of syn-emplacement
fabrics within the Glencoul thrust sheet, and these data
are used to interpret the deformation mechanisms
operating in basement during thrust-bend folding. This
paper also addresses the deformation mechanisms and
the 3-D kinematics associated with lateral and frontal
thrust-bend folding.

GEOMETRIC AND KINEMATIC MODELS OF
THRUST-BEND FOLDING

This section shows how models for thrust sheet
deformation may be used to estimate parameters such
as original ramp dip, ramp length, shear strains and
extensional or shortening strains from field data. These
parameters may be used to place a thrust sheet in a simple
restored or ‘retrodeformed’ shape and restore localities in
the thrust sheet into their pre-emplacement position.

Thrust surface geometry and strain paths

A thrust surface may cut up-section along strike
(perpendicular to the transport direction) at a lateral
ramp (Fig. 1a). Cross-sections of a thrust sheet drawn
perpendicular to the transport direction (lateral cross-
sections) will change shape in the region around the
lateral ramp, during movement over the frontal ramp.
This shape change is illustrated in Fig. 1(b) which shows
how the locus of deformation within the hanging wall
lateral ramp moves outwards with time. This is because
the ‘corner’ bend between the lateral and frontal ramps is
orientated such that up-dip of the thrust ramp surface it is
closer to the lateral cut-off line (Fig. 1a). Three regions
can be defined within a thrust sheet which have been
emplaced over different sequences of thrust bends, and
therefore have different strain histories (Fig. 1a). The
hanging wall ramp (initially overlying region 1 (Fig. 1a))
has moved over only the upper ramp/flat bend. The
hanging wall flat (initially overlying region 2) has moved
over both the lower flat/ramp and the upper ramp/flat
bends. The hanging wall lateral ramp (initially overlying
region 3) moved firstly over the frontal ramp/lateral ramp
‘corner’ bend, then moved over the upper frontal ramp/
flat bend.

Strains and strain rates involved in thrust-bend folding

Previous models for strain evolution and accommoda-
tion within hanging wall ramp anticlines generally rely on
simple bedding anisotropies. These include the ‘bending’
or vertical shear model of Sanderson (1982), the bedding-
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Fig. 1. (a) Cartoon of thrust surface geometry showing three different

regions which have different histories of emplacement over thrust bends.

(b) Geometric evolution of a thrust sheet lateral ramp during

emplacement on an upper footwall flat, illustrated by hanging wall
sequence diagrams (strike-parallel cross-sections).

parallel flexural shear model of Suppe (1983), and the
model of inclined shear bisecting the ramp/fiat angle with
strains partitioned into bedding-parallel flexural shear
and rotations (Fischer and Coward, 1982 and the
‘flexural flow’ model of Sanderson, 1982). The Suppe
(1983) model is particularly reliant on bedding, con-
structed for the special case of no bed length extension,
and is therefore considered inappropriate to models of
basement deformation.

Most 2-D models for deformation above thrust bends
envisage thrust sheet deformation by shear along a steeply
inclined plane or zone (Fischer and Coward, 1982;
Sanderson, 1982; Knipe, 1985), so that within the thrust
sheet, relative movement is parallel to this plane only (Fig.
2a). Such deformation may be represented by a shear
transformation, which is illustrated in terms of a relative
velocity vector diagram (McCaig, 1988). This is identical
to the technique used to analyse the kinematics of plate
boundaries at triple junctions (Cox and Hart, 1986). A
criticism of applying this technique to mesoscale fault
zones is that wall rock adjacent to a fault may not behave
rigidly in the same way as the macroscopic behaviour of
the oceanic lithosphere (Apotria, 1989). Yet we may still
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a thrust bend. (b) Use of relative velocity vector diagrams to assess the

kinematics of internal thrust sheet deformation due to emplacement
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magnitudes experienced by a thrust sheet due to motion over a ramp/flat

thrust bend. (d) Graph of shear strain versus angle of shear zone, for a
thrust sheet deforming above a thrust bend.

use relative displacement vectors (for any one time
increment) to predict how a thrust sheet behaves non-
rigidly (Fig. 2b). For an increment of time, Fig. 2(b)
illustrates that for any given ramp dip (6), the ratio of
thrust sheet displacement at the ramp (BC) (relative to the
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footwall) to thrust sheet displacement at the flat (AC)
(relative to the footwall) is interdependent with the
magnitude of the displacement vector of internal defor-
mation within the thrust sheet (AB) and the angle of the
shear plane («). The shear strain (y) may be derived (Fig.
2c¢) in terms of ramp dip (8) and shear plane angle («):

y = tan (¢ — 90°) + tan (90° + 6 — ). ¢))

Using equation (1), the relationship between shear
strain (y) and angle of the shear plane («) is plotted in Fig.
2(d) for a given ramp dip (8). Figure 2(d) shows that for
an isotropic medium moving over a ramp/flat bend, the
induced shear strain (y) is at a minimum when o =90° + 6/
2, i.e. when the shear plane bisects the ramp/flat angle. In
this case, y=2-tanf/2 (Fischer and Coward, 1982,
Sanderson, 1982). This is a simplification of equation
(1), with 90° + /2 substituted for «. The mathematical
transformations which represent these steep shear strains
are equivalent to layer-parallel flexural shear strains and
rotations by 6°. This note shows how a velocity vector
analysis is compatible with the layer-parallel shear
models of Fischer and Coward (1982), Sanderson (1982)
(‘flexural flow’ model) and Suppe (1983).

Knipe (1985) describes how bends in a thrust surface
may not be sharp corners, but relatively smooth arcs,
with a definable distance over which the thrust sheet is
strained. Knipe also shows that the strain rate is a
function of the curvature of the bend arc, and expresses
this curvature in terms of the straining distance, (w): the
higher the arc curvature (lower the straining distance),
the faster the strain rate generated in the thrust sheet, and
vice versa (for a given ramp dip, 8, and displacement rate,
d). Hence an evaluation of thrust surface geometry is
important in understanding the relative strain rate
histories within the thrust sheet.

Prediction of initial thrust sheet geometries

Initial thrust sheet geometries may be obtained by
‘retrodeforming’ the thrust sheet (McNaught and Mitra,
1996). In this case only thrust-bend folding is considered
in the process. The process restores the thrust sheet shape
by steep simple shear in a manner described in Wibberley
(1995), using relationships between initial ramp dip (6)
the final cut-off angle (6') and angle of dip of the shear
plane («) (Suppe, 1983).

Because crystalline basement is generally either iso-
tropic, or so heavily anisotropic that no preferred
orientation of fabrics exist to give rise to any particular
mechanical layering within the thrust sheet, basement
thrust sheets are here treated as mechanically isotropic.
Assuming that they will deform by the minimum shear
strain possible, equation (1) shows that basement thrust
sheets are most likely to deform by simple shear along
a plane bisecting the ramp/flat transition, where
a=90°+6/2. In this case, Wibberley (1995) showed that
the relationship between final hanging wall ramp cut-off
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angle (0') and ramp dip (6) can be expressed as:

1
2- tan £+ 1

tan 6

@)

tan ¢ =

Estimation of original vertical ramp height and the
calculated original ramp dip may be used to create a
restored thrust sheet geometry.

A similar exercise may be carried out for lateral cross-
sections through a thrust sheet which has experienced
shape changes due to emplacement of a hanging wall
lateral ramp over a frontal ramp (Fig. 1b), forming a
hanging wall lateral ramp monocline (Harris, 1970;
Elliott and Johnson, 1980; Butler, 1982a). Investigations
of the exact geometric evolution of thrust sheet lateral
ramps are beyond the scope of this paper. For the
purposes of restoring the Glencoul thrust sheet to its
pre-emplacement geometry, a vertical shear model was
used for the lateral cross-section because it maintained
strain compatibility along strike. This model provides
only approximate restored geometries, due to the possi-
bility of more complex, non-plane strains (Apotria et al.,
1992; Apotria, 1995). Strains due to lateral folding are
not modelled quantitatively here because of uncertainties
in geometric evolution of the lateral fold.

In the following sections, the concepts detailed above
are applied to the Glencoul thrust sheet of the Moine
Thrust Zone.

THE GLENCOUL THRUST SHEET

Regional context

The Moine Thrust Zone (Elliott and Johnson, 1980;
McClay and Coward, 1981) is a relatively narrow NNE-
SSW trending linear thrust belt exposed for a length of
200 km on mainland NW Scotland (Fig. 3a). Within the
evolution of the Moine Thrust Zone, the Glencoul thrust
emplaced Lewisian basement west-northwest-wards
along a basement lower flat, over a ramp within basement
and Lower Cambrian Eriboll quartzite, and along an
upper flat at the top of the quartzite (Figs 3¢ & 5a) with an
estimated displacement of 25-35 km (Coward et al., 1980;
Elliott and Johnson, 1980). This process occurred at
deformation conditions of approximately 250-300°C and
5-9 km depth of burial (Knipe, 1990).

The structure of the Glencoul thrust sheet

Lewisian basement in the middle of the Glencoul
thrust sheet is overlain by Cambrian quartzites. The
base of the quartzites was a planar unconformity prior
to thrusting, and is important in defining thrust sheet
structure (Elliott and Johnson, 1980). Figure 3(c)
shows a map of the Glencoul thrust sheet, whose
structure has been determined by structure contouring
the thrust surface and the basement/cover contact
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(Elliott and Johnson, 1980; Wibberley, 1995) as
shown in Fig. 4(a).

The Lewisian basement is exposed in the middle of the
thrust sheet in a culmination. Cross-sections drawn
through the middle of the basement culmination parallel
to the emplacement direction illustrate that the thrust
sheet has been folded through an angle of 20°, with a
NNE-SSW trending horizontal fold axis (Fig. 5a) (Elliott
and Johnson, 1980), in the style of a hanging wall ramp
anticline (Rich, 1934). A final cut-off angle of 20° is much
lower than that considered likely to have resulted from
fault-propagation folding (Suppe and Medwedeft, 1984;
Mitra, 1990; Mosar and Suppe, 1992), but is consistent
with thrust-bend folding (Suppe, 1983; Mitra, 1992a).

Within most of the Glencoul thrust sheet, the base-
ment/cover contact trends NNE-SSW, which is perpen-
dicular to the emplacement direction of the thrust sheet.
On the northern side of the basement outcrop, however,
it trends parallel to the emplacement direction. This
change in orientation has been interpreted (Peach et al.,
1907; Elliott and Johnson, 1980; Butler, 1984) as a lateral
fold formed by emplacement of an initial hanging wall
ramp onto a higher footwall flat. This lateral fold model
predicts that the fold axis and the cut-off line of the
bedding against the Glencoul thrust will both trend
parallel to the bulk emplacement direction (Butler,
1982a,b). An original oblique ramp will result in an
oblique cut-off line and an oblique fold-axis trend. The
structure of the region is shown in Fig. 4, showing that
the cut-off of the basement/cover contact by the Glencoul
thrust surface (where determined from contour intersec-
tions) trends 060° and the fold axis of the folded
basement/cover contact trends 080°. Given that the
emplacement direction of the Glencoul thrust sheet is to
the WNW (Elliott and Johnson, 1980), this suggests that
the region is a hanging wall oblique ramp in the Glencoul
thrust sheet, which changes east-wards into a hanging
wall lateral ramp.

The Lewisian basement of the area comprises acidic to
intermediate gneisses, with a centimetre scale gneissic
banding cross-cut by pink 0.5-3 m wide pegmatite sheets.
The presence of a lateral or oblique hanging wall fold in
the basement can be tested by examining the geometry of
the basement structures. Wibberley (1995) presents a
detailed map of the Lewisian basement, based on 1:2000
scale mapping and foliation form tracing, which illus-
trates that the gneissic foliation is gradually folded over
the same scale as the cover (~1km on a NNE-SSW
transect). There are also metre to tens of metres scale
open folds of the gneissic foliation in each part of the
area. Data on the gneissic foliation orientations are
presented here in Fig. 4. The data presented in Fig. 4(b)
suggest that the Lewisian basement was folded through
60° about an axis plunging 02° towards 112°. Similar
effects of frontal hanging wall ramp anticline are not
observed because the regional attitude of the Lewisian
gneissic foliation is at a high angle to the frontal hanging
wall ramp anticline.
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Restored thrust sheet geometry

Figure 5(ai) is a strike normal (WNW-ESE) cross-
section through the Glencoul thrust sheet, illustrating the
location of the basement/cover cut-off by the Glencoul

thrust. The positions of sample localities are also shown.
The cut-off angle is 20° (see also Elliott and Johnson,
1980, section G—G’) and the thickness of basement in the
hanging wall flat is approximately 800 m. Assuming that
the Glencoul thrust ramp climbs to the top of the Eriboll
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Sandstone (135m thick) and becomes a detachment
within the Fucoid beds (Elliott and Johnson, 1980), the
vertical ramp height is approximately 935 m. From the
procedures described in the previous section, parameters
for a restored template are: §=23°, ramp length (BC)
=2200 m, and y =0.41 (equation 1).

For the lateral cross-section of Fig. 5(bi) the cut-off
angle is 45° and the thickness of basement is also
approximately 800 m. In this case only restoration by
vertical shear is applied, so that the final cut-off angle (0")
is equivalent to the initial ramp dip (), and the scale of
the fold equals the horizontal span of the original lateral
ramp.

The division between the hanging wall ramp regions
and the flat region is found using ramp lengths and the
position of the cut-off line of the basement/cover contact
by the Glencoul thrust. This dividing line between
hanging wall flat region and hangingwall ramp regions,
shown in Fig. 6, is a curved line, similar to the cut-off line
of the basement/cover contact at the Glencoul thrust
surface. This line is equivalent to the fold hinge line of a
linked hanging wall frontal ramp and lateral ramp
anticline. From Fig. 6, the strain history due to
emplacement over different thrust bends may be ascer-
tained for any locality in the thrust sheet.
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SYN-EMPLACEMENT FABRICS WITHIN THE
GLENCOUL THRUST SHEET

This section describes the data obtained from 10m
long line samples through the thrust sheet, and from
detailed outcrop scale mapping (30 m x 20 m window
samples).

Cataclastic seams

The Lewisian basement of the Glencoul thrust sheet
between Loch Glencoul and Beinn a’Bhutha (Fig. 3c)
contains cataclasite seams (Fig. 7) which are absent from
the Lewisian in the foreland. These are seams of
cemented ultracataclasite fault rock which generally
strike normal to the emplacement direction of the thrust
sheet (Fig. 8a), although a wide scatter in orientation
range about this mean direction occurs. They cross-cut
the gneiss as either single seams (e.g. Fig. 7a), 0.5-20 mm
thick, or in 100 mm-5 m thick clusters (e.g. Fig. 7b),
where individual seams are usually 0.5-5mm thick.
Individual seams vary in length from 100 mm to > 10
m, and show apparent shear displacements of 0-0.5 m,
with typical values being 1-10 mm where discernible.

Evidence that the cataclasite seams are syn-thrust
emplacement deformation fabrics (Wibberley, 1995)
include:

— They occur in the Glencoul thrust sheet, but not in
the foreland.

— They cross-cut all Lewisian features.

— They are nowhere observed to cross-cut the
Glencoul thrust zone.

— They are rotated by post-emplacement thrust
processes, such as breaching of the Glencoul thrust and
footwall collapse along the underlying Sole thrust
system.

Microstructural evidence (Wibberley, 1995) shows that
cataclasite seams in the Lewisian basement originated as
quartz/epidote-rich veins (Fig. 7d). These underwent one
or more episodes of shearing, which resulted in cataclas-
tic breakdown of the vein material (Fig. 7¢c, ¢ & f),
localised around a central fracture in the vein. Quartz
microveins with various orientations cross-cut earlier
cataclastic structures within the seams (Fig. 7¢). No
quartz/epidote veins which have not undergone cataclasis
were observed, implying that the generation of these
veins is inherently linked to subsequent shearing and
cataclasis.

The following model of cataclasite seam evolution in
the Lewisian basement accounts for the observed micro-
structural features:

(1) Fracturing within the Lewisian occurred as a
response to either bending or extension (or a
combination) within the Glencoul thrust sheet.

(2) Precipitation of epidote and quartz occurred
within these fractures to form veins.
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(3) Shearing of these veins resulted in cataclastic
breakdown, often localised in the centre. Later quartz
cementation and micro-veining occurred either during
continued shearing, or during later events. A later
multistage history of shearing events is indicated by the
range in cross-cutting quartz microveins.

The Lewisian basement therefore accommodated
deformation during the emplacement of the Glencoul
thrust sheet by a possibly continuous sequence of
fracturing, precipitation and shearing processes which
resulted in cataclasite seams formation.

Cataclasite seams rarely show evidence of their slip
directions, such as fault surface lineations, hindering
kinematic analysis. They do however show offsets of

SG 19-3/4-K

gneissic foliations, and it is often possible to correlate
the gneissic banding across a seam. Displacement data
is therefore in the form of apparent offsets only.
Cataclasite seams from the Glencoul thrust sheet that
showed visible offsets were categorised as either ‘west
side up’ (or at least must have had a west side up
component) or ‘east side up’. The orientations of each
of these categories is illustrated in Fig. 8(b) which
shows that no systematic relationship between orienta-
tion and apparent slip direction is determinable. The
presence of cross-cutting seams at any one location
allows a comparison of the orientation of earlier
cataclasite seams and that of later seams. Figure 8(c)
shows the orientations of the earlier (cross-cut) seams
and later (cross-cutting) seams for 92 pairs of cross-
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cutting seams throughout the Glencoul thrust sheet.
The lack of significant difference in overall orientation
suggests there is no systematic relationship for the
whole of the Glencoul thrust sheet between the timing
of cataclastic seam generation and cataclasite seam
orientation.

Data on the frequency distribution of cataclasite seams
were collected by line sampling along a frontal (WNW-—
ESE trending) traverse throughout the Glencoul thrust
sheet (line A~A" on Fig. 3c). The frequency variations
reflect variations in syn-emplacement bulk strain rather
than cataclasite seam thickness, for example, because
cataclasite seam frequencies do not show an inversely
proportional relationship to seam thickness (Wibberley,
1995). Frequency data (number of cataclasite seams per
metre) are averaged from 10 m intervals, for each of the
localities in Figs 5(a) and 8(d & e€). The results are
presented in Fig. 8(d). They show that:

— The highest frequencies are close to the Glencoul
thrust in the hanging wall ramp region.

— Similarly high frequencies are not present in
hanging wall flat localities relatively close to the
Glencoul thrust.

— Frequencies are heterogeneously distributed
throughout the Glencoul thrust sheet: some of the
higher frequency values occur at relatively large
distances from the thrust, whilst small minima occur in
the middle of the thrust sheet.

The orientation distribution of cataclasite seams is
presented in Fig. 8(d), showing that they are generally
steep to sub-vertically dipping, and strike normal to the
WNW emplacement direction of the Glencoul thrust.
They appear to show a fanning orientation distribution
across the traverse, with the exception of the hanging wall
ramp region, which possibly reflects rotation by develop-
ment of the footwall duplex beneath the Glencoul thrust.

The distribution of cataclasite seams was also studied
along a lateral (NNE-SSW) traverse across the hanging
wall oblique/lateral fold. The orientation and frequency
distribution of cataclasite seams is shown in Fig. 9. The
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Fig. 7. (a) Photograph of a single cataclasite seam within Lewisian gneissic basement. (b) Photograph of a cluster of
cataclasite seams within Lewisian gneissic basement. (c) Backscattered (atomic number contrast) scanning electron (BSE)
micrograph of a cataclasite seam, with epidote (light) and quartz (dark), showing intense shearing and multiple microveining.
(d) BSE micrograph of needle-like epidote (light) which grew into a pore space, later infilled with quartz (dark). This is
interpreted as reflecting early vein-type growth of epidote. (¢) BSE micrograph of cataclastic epidote with a wide range of grain
sizes. (f) Transmission electron micrograph of cataclastic fault material showing hexagonal quartz grains typical of
compacted/cemented cataclasites, where irregular grain boundaries of adjacent quatz fragments have undergone dissolution
or grain boundary adjustments to remove porosity (Knipe, 1989, 1990). Width of view: 4 um.

frequency data show that twice the number of cataclasite
seams are present in the hanging wall flat as in the
hanging wall lateral ramp. This suggests a significantly
different deformation response for the different strain
paths (Fig. 1). Orientations show non-systematic varia-
tion across the traverse. The orientation data both for
area D and for locality GPS within area D, have a tight

clustering. For areas A and B there is a wide scatter, and
for area C and GP4 within area C the data appear to
exhibit a bimodal orientation pattern. This bimodality
for the area C and GP4 data is verified by a statistical test
of unimodality versus bimodality of poles to planes on
the sphere (Wibberley ez al., in prep.). All other data sets
were deemed unimodal by the test.
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Fig. 9. Spatial and orientation distributions of cataclasite seams along the lateral traverse across the Beinn a’Bhutha lateral
monocline, shown in relation to the predicted strain fields within the Glencoul thrust sheet.

Fractures

Fractures which do not contain an epidote cataclasite
fill were also sampled in the lateral traverse across the
hanging wall oblique/lateral fold. Figure 10(a) shows the
orientation and frequency distributions of these frac-
tures, which are mostly joints. There is no direct evidence
for the chronological relationship between them and the
cataclasite seams. The data reveal the following points:

— Two sets of fractures are present: a ‘frontal’ set,
striking NNE-SSW, perpendicular to the emplacement
direction, and a ‘lateral’ set, striking WNW-ESE,
parallel to the emplacement direction.

— The density of the frontal set of fractures is
constant across the fold.

-— The density of the lateral fractures decreases across
the fold from the lateral cut-off line in towards the middle
of the basement culmination.

The relationship between lateral fracture density and

position in the lateral fold indicates that fracturing was
an important deformation mechanism during folding.
The distribution of fractures is summarised in Fig. 10(b).
Distance from the thrust is shown not to be a factor
affecting lateral fracturing, by examination of lateral
fracture frequencies from the frontal traverse (Wibberley,
1995).

INTERPRETATION

The presence of syn-emplacement cataclastic seams
suggests that the Lewisian basement in the Glencoul
thrust sheet did not behave rigidly during emplacement.
Data on the orientation and spatial distributions of these
cataclasite seams in the Glencoul thrust sheet were
collected from areas within the hanging wall ramp,
hanging wall flat, and hanging wall lateral ramp. Figure
1(a) shows how these three regions have different
histories of movement over bends in the thrust surface.
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The hanging wall flat region, which moved over two
frontal thrust bends, has twice the density of cataclasite
seams as the region that moved over the lateral ramp-
to-frontal ramp ‘corner’ bend and one frontal thrust
bend. This is evidence that cataclasite seams formed as
a response to thrust sheet deformation during move-
ment over frontal bends in the thrust surface (Fig. 11),
and implies that movement over a lateral ramp-to-
frontal ramp corner bend did not generate cataclasite
seams within the thrust sheet. Additionally, this
relationship between cataclasite seam density and
location on the lateral traverse is inconsistent with
cataclasite seam formation by other possible thrust
sheet deformation processes. Other possible causative
mechanisms introduced earlier may also be ruled out as
follows.

a)
Bimodal
orientations

My

7%
4 GP3,
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(1) Basement response to deformation in the cover by
thrust-propagation folding is typically by splay faulting
close to the basement cover contact, where the splays
form at low angles to the thrust surface (Erslev and
Rogers, 1993; Narr, 1993; Schmidt et al., 1993) with
essentially little or no rotation occuring within the
basement (Narr, 1993). Distributions of cataclastic
seams are too widespread throughout the thrust sheet
for this.

(2) The final fold geometry of the Glencoul thrust
sheet (Fig. 5ai) is a much more open fold than that typical
of fault detachment folds described in the literature
(Jamison, 1987, 1992). This does not rule out the
possibility of small-scale thrust detachment folding
localised close to the thrust surface. However, the data
are inconsistent with fault detachment folding, because
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Fig. 11. (a) Schematic diagram of thrust surface geometry showing larger straining distances at the lateral ramp/frontal ramp

bend than at the frontal flat/ramp and ramp/flat bends. This schematic diagram illustrates how the orientation range of

cataclasite seams is explained by the geometry of the linked frontal/lateral ramp. (b) Theoretical graph of shear and
extensional strain rates versus straining distance of the thrust bend, used in determining critical fracture strain rates.
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the distribution of cataclasite seams is not at a maximum
close to the thrust surface along the hanging wall flat,
such as in a zone up to ~ 100 m above the thrust, which
has a zone of rotated dykes close to some parts of the
Glencoul thrust (Maobing, 1984).

(3) Initial resistance at the ramp, leading to buckling,
may be one cause of the cataclasite seam frequency peak
in the hanging wall ramp close to the thrust. However,
this mechanism does not explain the persistence of
cataclasite seams throughout the thrust sheet flat, nor
the orientation and density distributions of the lateral
traverse. The frequency peak in the hanging wall ramp is
instead considered to be due to additional faulting during
movement over a second smaller ramp in the An-t-Sron
Formation. Moving over a ramp whose height is much
smaller than the thickness of the thrust sheet may induce
strains only in a relatively narrow zone adjacent to the
thrust surface, rather than throughout the thrust sheet
(Wibberley, 1995).

(4) The lack of a universal correlation between
cataclasite seam frequency and distance from the thrust
suggests they do not reflect a simple strain profile,
eliminating thrust parallel shear as a causative
mechanism.

(5) Layer-parallel shortening has been invoked as a
cause of ductile structures within basement thrust sheets
in the Blue Ridge anticlinorium (Mitra, 1979) and in the
Aar massif (Choukroune and Gapais, 1983; Wibberley,
1995), with the heterogeneous development of
anastomosing deformation zones reflecting bulk
flattening (Bell, 1981; Choukroune and Gapais, 1983).
Similar geometric and kinematic fault arrangements to
these anastomosing patterns have been described by
Reches (1983) and Reches and Dieterich (1983), and are
consistent with the broad scatter in cataclasite seam
orientations about a steep bisector perpendicular to the
emplacement direction. Layer-parallel shortening would
not, however, give rise to the spatial density distributions
described above in the lateral traverse. Orientation
scatter may instead be ascribed to the complicated
small-scale pre-existing heterogeneities within the
Lewisian.

Frontal folding of the hanging wall lateral ramp region
has contributed to the generation of structures within the
lateral monocline. The cataclasite secams, formed at the
upper ramp-to-flat bend, must have formed after lateral
folding and have therefore formed in their current
orientations (corrected for foreland tilt). This is corrobo-
rated by the orientations of cataclasite seams, which vary
across the fold more than predicted by the simple
rotation of pre-existing planes during lateral folding. A
comparison of the cataclasite seam orientations with the
pattern of thrust bends (Fig. 11a) suggests that this swing
in orientations is a result of thrust sheet emplacement
over a curved ramp-to-flat bend, so that cataclasite seams
form strike-parallel to the trend of the bend. This
explains the bimodality of cataclasite seam orientation

C. A. J. WIBBERLEY

data for region C and GP4, at the edge of the fold, whilst
all the other localities have unimodal orientation dis-
tributions. Emplacement over an oblique ramp may
result in movement over two bends of different strikes.
If cataclasite seams form strike-parallel to the trend of the
thrust bend, this will result in two orientation groups of
cataclasite seams (Fig. 11a).

Given that the curvature on the lateral ramp-to-frontal
ramp corner bend is much broader (larger straining
distance, w) than on the frontal thrust bends (Wibberley,
1995) (Fig. 1la), the dependence of cataclasite seam
densities on thrust bend sequence suggests that the
straining distance at thrust bends dictates the generation
of cataclasite seams. Knipe (1985) shows how the
straining distance of a thrust bend controls the strain
rate associated with movement over that thrust bend. If
the strain rate controls cataclasite seam formation,
estimates of the straining distance at the frontal and
lateral ‘corner’ bends in the thrust surface can be used to
place constraints on the strain rates necessary for
cataclasite seam generation. As cataclasite seam forma-
tion is a fracture process, these strain rates are interpreted
as maximum and minimum estimates of the critical strain
rate required for fracture failure in the Lewisian base-
ment. A straining distance (w) of 1000 m+ 500 m is
estimated for the lateral ramp-to-frontal ramp bend,
based on lateral ramp curvature (Fig. Sbii), and the
curvature of the basement/cover cut-off (Fig. 6). Esti-
mates of frontal thrust bend curvature are more difficult
to obtain, but for a ramp angle of 23° and a vertical ramp
height of 800 m, straining distances are considered
unlikely to be less than 1-2 m or greater than 100-200 m
for each bend. If the displacement rate on the Glencoul
thrust is in the order of 1x107 " ms™ ! Gmmyr )
(Knipe, 1990), the outside limits in the estimates of
critical strain rates for fracture failure would have been
3.5x107"s™! (w=1m at which fracture failure
occurred) to 3.5x107'¥s™' (w=1000m at which
fracture failure did not occur) (Fig. 11b). Shear-related
extensional strain rates may similarly be calculated, using
the geometric relationship between shear strain and
maximum line length extension within a homogeneous
shear zone (Ramsay and Huber, 1983). Extensional
strain rates derived are 6x 1075 ' to 6x 107" s™ 1.
These estimates apply to Lewisian basement at lower
greenschist facies conditions of 250-300°C and 5-9 km
depth (Knipe, 1990).

The set of fractures striking parallel to the fold axis and
fanning across the fold is evidence that the Lewisian
basement responded to lateral folding or vertical shear, at
least in part, by fracturing.

CONCLUSIONS

Models have been analysed for thrust sheet deforma-
tion by steep shear above thrust bends. The prediction of
strains associated with thrust-bend folding indicate that
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the shear strain is at a minimum when the shear plane
bisects the ramp/flat angle. This is considered most
important in isotropic rocks or for thrust sheets with
highly irregular anisotropic structure (e.g. Lewisian
basement).

Strain associated with deformation during thrust sheet
movement over each frontal bend was accommodated in
the Lewisian basement of the Glencoul thrust sheet by the
generation of epidote- and quartz-filled cataclasite seams.
These cataclasite seams formed with a strike which is
perpendicular to the trend of the thrust bend. A model for
their generation in relation to frontal ramp deformation
is presented in Fig. 12. The orientations and kinematics
of these predicted faults in this model are similar to those
intuitively suggested by Elliott (1976b). Emplacement of
the Glencoul thrust sheet over a lateral ramp/frontal
ramp ‘corner’ bend did not generate sufficiently high
strain rates within the thrust sheet for this mechanism of
deformation. Estimation of the straining distances of the
thrust bends which did, or did not, generate sufficiently
high strain rates for cataclasite seam formation, leads toa
determination of the minimum (critical) strain rates
required for fracture failure in the Lewisian basement.
These are in the order of 10! to 10~ s~! for shear
strain rates and 10~ % to 10" s~! for extensional strain
rates at the conditions under which the Glencoul thrust
sheet was emplaced (250-300°C, 5-9 km burial depth).
Lateral folding of the hanging wall lateral ramp during
emplacement on the higher footwall flat was accommo-
dated in the Lewisian basement at least in part by
fracturing.

This paper presents a method for estimating critical
strain rates required for fracture failure. The method
does not rely on extrapolation from experimental to
geological time scales, and demonstrates the power of
integrating field data with theoretical modelling. Due to
this approach, the conclusions drawn here on strain rates
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and deformation mechanisms are of broader interest to
structural geologists in general than only to those
interested in fault-related folding.
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