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Abstract

Curvilinear sheath folds are classically depicted as displaying symmetrical geometries about two orthogonal mirror planes centred along

the (X–Y) axial surface and the (X–Z) medial (culmination/depression) surface which bisects the fold nose. However, 10,000 geometric

analyses of minor folds and fabrics formed during ductile thrusting in the Caledonides of northern Scotland reveals that major dome and

basin sheath folds can display distinct and predictable asymmetries across both axial and medial surfaces. The strain is typically

heterogeneous so that structural fabrics and younging evidence are preserved within sheath folds at varying stages of development. This

allows an analysis of the evolution of such structures from ‘tongue’ folds to more extreme ‘tubular’ forms. Geometric relationships between

measured orientations of fold hinges, axial planes, extension lineations and foliations are compared on fabric topology plots (FTPs), which

provide an effective tool for monitoring planar and linear fabric rotations with increasing progressive non-coaxial deformation. They

consistently display systematic variation from regions of lower to higher strain on passing from upper to lower fold limbs across major axial

surfaces, and on crossing medial surfaces from short to long hinge-line segments. Axial and medial surfaces effectively therefore divide

major sheath folds into quadrants with different amounts, senses and combinations of planar and linear fabric rotation within each domain.

Such heterogeneous deformation implies that models of intense non-coaxial deformation uniformly affecting pre-existing folds may

overestimate bulk displacement and shear strain. Variable fold hinge-line rotation about medial surfaces also provides an effective

mechanism for the closure of major sheaths, which may otherwise project for unfeasible distances in the X direction. Bedding/cleavage

intersections are developed at greater angles to the transport direction than fold hinges which they transect in a consistent and predictable

sense thereby confirming the direction of fold rotation even in areas which lack information on fold facing. In cross-section, asymmetric tear-

drop eyes indicate the sense of fold hinge-line vergence, whilst fold limb and hinge-line asymmetry may be combined on 3-D vergence,

ranking and rotation grids, which allow location and relative strain states of minor structures to be accurately predicted within the overall

sheath framework. Systematic fabric analysis on FTPs may be applied to the investigation of ductile deformation across a broad range of

scenarios.

q 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Sheath folds displaying highly curvilinear fold hinge

geometries are a widespread phenomenon recognised from

high-strain zones within orogenic belts (e.g. Carreras et al.,

1977; Quinquis et al., 1978; Minnigh, 1979; Berthé and

Brun, 1980; Henderson, 1981) and have also been reported

from other settings in which heterogeneous shear occurs,

e.g. salt flows and diapirs (Talbot, 1979; Davison et al.,

1996; Velaj et al., 1999), glaciers (Hudleston, 1992),

deformed sub-glacial sediments (Van der Wateren et al.,

2000) and soft sediment slumps (Roberts, 1989). Sheath

folds are classically depicted as displaying symmetrical

geometries about two orthogonal mirror planes, the (X–Y)

axial surface and the (X – Z) medial (culmination/

depression) surface which bisects the parabolic fold nose

(e.g. Alsop, 1994 and references therein) (Fig. 1). They

have been broadly classified by Ramsay and Huber

(1987) as folds with a hinge line variation of more than

908, whilst Skjernaa (1989) further subdivides sheaths
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into tubular folds with apical angles of ,208. Sheath

folds with apical angles of between 90 and 208 may be

referred to as tongue folds owing to the original

description of “a tongue rising steeply in one place”

(Carey, 1962, p. 128) and the overall tongue-like mor-

phology of such folds (Fig. 2). These folds typically plot in

the non-cylindrical rather than domical field of the PQR

diagram (Williams and Chapman, 1979).

Sheath folds are considered to typically form by the

rotation of fold hinges that initiate at a high angle to shear

during progressive non-coaxial deformation (e.g. Cobbold

and Quinquis, 1980). Folds that originally form broadly

orthogonal to the transport direction may undergo opposing

senses of rotation at either end of their hinge-lines, thus

accentuating the gentle primary curvilinearity of the hinge.

An originally consistent fold geometry which undergoes

Fig. 1. Schematic 3-D cartoon illustrating the geometric (X–Y–Z) co-ordinates of traditional sheath folds. The sheath folds display horizontal (X–Y) axial

planes and vertical (X–Z) medial surfaces separated into culmination and depression planes which close towards and away from the viewer, respectively.

See text for further details.

Fig. 2. Schematic 3-D sketch illustrating clockwise and anticlockwise rotation domains around dome and basin sheath geometries. Increasing minor fold

rotation from upper to lower limbs is associated with a reduction in fold apical angles from tongue folds to more extreme tubular folds. Variable strain around

secondary culmination/depression (medial) surfaces is associated with a systematic variation in fold hinge-line obliquity (about Ln) resulting in fold hinge-line

vergence towards major culminations. In cross-sectional view this results in asymmetric nested tear-drop eye folds. General trends of minor folds developed on

the upper to lower limbs of the sheath folds are projected (as dashed lines) on the enveloping surface together with the extension lineation (Ln), which parallels

the trend of tectonic transport. The sense of clockwise or anticlockwise fold rotation associated with increasing strain from upper to lower fold limb is also

illustrated. Refer to text for further details.
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clockwise and anticlockwise rotations (viewed on the X–Y

plane from above) will thus display mirror image geome-

tries and reversals in minor fold vergence and facing along

its hinge length (e.g. Hobbs et al., 1976, p. 168; Holdsworth

and Roberts, 1984; Alsop and Holdsworth, 1999; Hanmer

and Greene, 2002) (Fig. 2). Sheath folds may also display

asymmetric curvilinearity of fold hinges resulting in fold

hinge-line vergence (Alsop and Holdsworth, 1999) (Fig. 2).

Portions of fold hinge-lines that have rotated in an opposing

sense are separated by transport-parallel and foliation-

normal medial surfaces that are divided into culminations

and depressions (Figs. 1 and 2). Curvilinear folds which are

convex up when viewed in the inclined (X–Y) axial surface

and closing in the direction of thrust transport are termed

culminations, whilst those which are convex down and open

in the direction of thrust transport are named depressions

(Alsop and Holdsworth, 1999) (Figs. 1 and 2). Culminations

and depressions are bisected by foliation-normal and

transport-parallel medial surfaces which may intersect

both antiformal and synformal axial surfaces. This results

in a range of configurations including domes (culmination on

antiform) and inverted saddles (culmination on synform),

whilst depressions may produce basins (depression on

synform) and saddles (depression on antiform) (see Alsop

and Holdsworth (1999) for a review) (Fig. 2). Detailed fabric

relationships (see below), coupled with the preservation of

abundant shear criteria (e.g. Holdsworth, 1989, 1990; Holds-

worth et al., 2001) suggest that fold rotation during progressive

non-coaxial deformation is the fundamental mechanism of

generating sheath folds within the present study.

Thus, this paper develops and builds on earlier

observations of sheath folding (Alsop and Holdsworth,

1999) and provides a detailed 3-D analysis of planar and

linear fabric patterns and associated rotations around natural

examples of major curvilinear fold geometries. This study

clearly documents a series of methodologies and observational

tools that enable the nature of heterogeneous deformation to be

determined, and thereby provides a qualitative guide to

combinations of fold and fabric rotations related to strain

variations and gradients across both axial and medial surfaces.

Geometric analyses of (,10,000) planar and linear fabric

relationships, collected from examples of real sheath folds in

this case study, provides a statistical consistency in different

structural domains within both end-member (domal and basinal)

sheath fold frameworks. The remarkable consistency of results

allows the techniques presented to act as a predictive

methodology thaymayhaveuniversalapplicationwithin systems

of ductile flow across a range of geological environments.

2. Mapped patterns of sheath folds in the

Melness–Sleiteil area

The well exposed areas of detailed study around the Kyle

of Tongue, on the north coast of Scotland are composed of

probable Late-Archean acidic orthogneisses (Lewisian

Complex) which forms a basement to Neoproterozoic

psammites and subordinate pelite (Moine Supergroup)

which contains weak bedding-parallel S1 fabrics and rare

minor F1 folds (see Holdsworth et al., 2001 and references

therein). The Melness region to the west of the Kyle of

Tongue is dominated by Caledonian (D2) structures which

form the focus of the present study, and in particular a

ductile thrust stack associated with the Ben Hope Thrust,

together with a WNW–ESE-trending major culmination

trace. Lewisian orthogneiss carried in the hanging wall of

WNW-directed ductile thrusts is often located in the core

regions of antiformal closures which dominate this area

(Holdsworth, 1990) (Figs. 3–5). To the north of the major

culmination trace, secondary medial surfaces with a spacing

of ,300 m are offset consistently towards the north in the

hanging wall of D2 ductile thrusts (Figs. 5a and 6a and b).

This may reflect the slight anticlockwise obliquity between

the trend of secondary medial surfaces and the major

culmination that is parallel to the thrust transport direction

and therefore displays no offset (Figs. 4a and 5a). The offset

of secondary medial surfaces by D2 ductile thrusts is

consistent with the thrusts forming during continued

shearing within an evolving progressive deformation

framework (Holdsworth, 1989, 1990; Holdsworth and

Grant, 1990).

In detail, the regional foliation (Sn) is a bedding sub-

parallel fabric that dips gently towards the east and

intensifies into zones of platy mylonite associated with the

D2 ductile thrusts (Holdsworth, 1990; Alsop and Holds-

worth, 1993). Within the plane of the foliation a well-

developed extension lineation (L2) defined by elongate

quartz and feldspar aggregates consistently plunges gently

towards the ESE, sub-parallel to tight, minor F2 folds of

bedding associated with gently east-dipping axial planes

marked by the S2 cleavage (Fig. 4). The trend of L2 and the

associated foliation (Sn) remain unaffected by subsequent

lineation-parallel open folds that plunge gently towards the

east (Fig. 4) (Alsop and Holdsworth, 1993, 2002, 2004;

Alsop et al., 1996).

The development of major culmination surfaces, coupled

with antiformal closures indicates a dominant domal pattern

(antiform on culmination) in Melness (Figs. 3–5). Within

the adjacent Sleiteil area to the east of the Kyle of Tongue

(Fig. 3), the principal arrangement is synformal F2 folds

(cored by Moine psammite) and a major depression surface

resulting in a dominant basin configuration (Alsop and

Holdsworth, 1999) (Fig. 7a–c). Thus, the Melness and

Sleiteil areas contain a major culmination and depression

surface, respectively, which enable a detailed structural

analysis of the two end member scenarios of domal and

basinal sheath folding. Secondary culminations and

depressions are associated with asymmetric fold hinge-

line vergence around both of the major culmination and

depression surfaces. The general predominance of south-

facing minor F2 folds suggests overall fold hinge-line

G.I. Alsop, R.E. Holdsworth / Journal of Structural Geology 26 (2004) 1561–1589 1563



vergence towards the north in both Sleiteil and Melness

(Alsop and Holdsworth, 1999) (see below).

Theoretical models of sheath folds generated by simple

shear demonstrate that folds verging in the direction of shear

will develop short limbs which become increasingly

attenuated as they rotate towards the shear plane and into

the extensional field during continued shear (Skjernaa,

1989; Mies, 1993). Clearly the geometry of the initial

folding, and the relative obliquity of the long and short

limbs to the shear plane will strongly influence the shape of

the resulting sheath fold. However, the typical scenario (and

that envisaged in this study) of antiformal buckle folds with

short steep limbs dipping in the direction of shear and long

limbs sub-parallel to the shear plane will ultimately generate

overturned antiforms with attenuated lower limbs (e.g.

Fossen and Rykkelid, 1990). In addition, typically upright,

open–close synformal buckles will also rotate during

simple shear deformation resulting in overturned synforms

with attenuated lower limbs (see Mies, 1993; Ez, 2000). The

relationships presented in this case study are considered to

represent the common situation encountered in evolving

systems of progressive deformation where original buckle

folds initiate at a high angle to shear and, verging in the

direction of transport, are subsequently modified by

continued shearing within the same overall kinematic

framework.

Fig. 3. Simplified geological map of the Moine and Naver Nappes in the Kyle of Tongue area highlighting the location of the Melness (M) and Sleiteil (S) study

areas (see also British Geological Survey, 1997, 2002). Major NW-to-WNW-directed Caledonian ductile thrusts that carry reworked Lewisian in the hanging

wall are shown with solid barbs. The reference grid relates to the UK National Grid with the map area falling within the NC prefix quadrangle. The inset shows

the location of the map in relation to Scotland with the Moine and Naver Nappes being carried on Caledonian thrusts.
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Fig. 4. Simplified structural map of the Melness area highlighting the location of the ductile Ben Hope Thrust, and a major ,W–E-trending culmination trace,

which together divide the region into four structural sub-areas. Equal area lower hemisphere stereographic projections of poles to F2 axial planes, together with

F2 fold hinges collected relative to this culmination and thrust are also shown. Summary facing domains (based on younging evidence) are highlighted in

stipple. Note that the intersection of the great circles representing the mean Z and S axial planes is typically parallel to the extension lineation (L2). D2

measurements in each subarea of the map represent mean data for each domain, with solid and open symbols representing north- and south-facing structures,

respectively. Refer to Fig. 3 for location.
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3. Fabric relationships associated with sheath folding

Within ductile deformed rocks, a variety of simple

structural relationships associated with obliquities between

planar and linear fabrics may be measured. Such an approach

enables a greater understanding of both the geometric

consequences of deformation, and the tectonic evolution of

the deforming system. The rationale of this geometric analysis

is based on the concept of fabric attractors (Passchier and

Trouw, 1996, p. 19; Passchier, 1997) with increasingly higher

strains resulting in planar and linear fabric rotation towards

the shear plane and X direction (respectively) (e.g. Ramsay,

1960, 1967, 1980; Escher and Watterson, 1974; Ramsay and

Huber, 1987, p. 595; Ramsay and Lisle, 2000, p. 968).

Within zones of intense simple shear (g ¼ 10), extension

lineations (Ln) will be sub-parallel (,58) to the movement

direction. Thus, with increasing non-coaxial deformation,

fold hinges rotate towards the extension lineation (e.g. Escher

and Watterson, 1974; Rhodes and Gayer, 1977; Williams,

1978; Mies, 1991), whilst axial surfaces rotate towards sub-

parallelism with the main foliation (e.g. Sanderson, 1973;

Escher and Watterson, 1974; Carreras et al., 1977; Bell, 1978;

Cobbold and Quinquis, 1980; Fossen and Rykkelid, 1990;

Alsop, 1992). Given the relationships noted above, we

consistently use the trend of the extension lineation (Ln) and

strike of the foliation surface (Sn) as the reference datum about

which the relative obliquity of the various fabric elements are

measured. We shall now examine the various structural

geometries associated with D2 sheath folding in more detail,

with each section being introduced by a positive (italicised)

statement that highlights the structural relationship under

discussion.

Fig. 5. (a) Detailed map of structural analysis within Lewisian and Moine rocks of the Melness area illustrating the vergence and facing relationships of minor

F2 folds, together with the relative obliquity between F2 hinges and the L2 extension lineation. Fold hinge obliquity of (b) all minor F2 folds, (c) north-facing

F2 folds and (d) south-facing F2 folds is measured relative to the adjacent extension lineation (L2) and is described as clockwise (Cw) (open symbols and

stipple) or anticlockwise (A-Cw) (solid symbols). A consistent (,86%) relationship exists between the direction of fold facing and sense of obliquity of minor

F2 hinges. The strike of F2 axial planes is measured relative to the trend of the L2 extension lineation for (e) F2 Z fold axial planes, (f) F2 S fold axial planes

and (g) F2 M fold axial planes. Z fold axial planes are typically (mean ¼ 608) clockwise and S fold axial planes typically (mean ¼ 748) anticlockwise of L2.

Refer to Fig. 3 for location and text for further details.
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3.1. Minor fold geometry

The sense of minor fold vergence will display distinct

reversals on crossing both major axial and medial surfaces.

Minor folds typically display predictable patterns of long

limb–short limb asymmetry or vergence about associated

major folds (Bell, 1981). When viewed down fold–plunge

such vergence relationships may conveniently be described

as Z-, S- or neutral-verging M/W fold geometries. Minor

folds display reversals in asymmetry across-strike when

crossing major fold axial traces (e.g. Figs. 6a and b and 7a

and b). However, in regions of curvilinear folding, reversals

in vergence will also occur along-strike when medial

(culmination/depression) surfaces are crossed (see Alsop

and Holdsworth, 1999). Within both Melness and Sleiteil,

reversals in minor fold vergence clearly occur across both

major fold axial surfaces and medial surfaces (Figs. 5a, 6a

and b and 7a and b). Thus, the position of a minor fold on a

major sheath fold is not uniquely located by analysis of

asymmetry alone. Additional discriminatory information is

therefore required and is provided by the study of minor fold

facing patterns.

3.2. Minor fold facing

The sense of minor fold facing will display distinct

reversals in polarity only on crossing medial surfaces which

typically define the trend of tectonic transport. Fold facing is

defined as “the direction, normal to the fold hinge, along the

fold axial plane, and towards the younger beds” (see

Holdsworth, 1988). Moine psammites locally preserve

sedimentary structures such as graded bedding and cross

bedding, which enable the ‘way-up’ to be determined and

hence the sense of minor fold facing. F2 fold hinges in both

Melness and Sleiteil define stereographic girdle patterns

over arcs of 1808 (Figs. 4b–e and 7d–f). Such arcs and

associated best-fit great circles striking normal to transport

(X) (i.e. parallel the Y axis of the bulk finite strain ellipsoid)

indicate that sheaths originated as NNE-trending buckles

which overturned towards the WNW prior to modification

Fig. 6. Detailed map (a) and transport-normal section (b) of the area to the north of the major culmination and east of the Ben Hope Thrust (refer to Figs. 3 and

4). The map and section illustrate the vergence and facing relationships of minor F2 folds, together with the relative obliquity between F2 hinges and the L2

extension lineation. Fold hinge obliquity of minor F2 folds is measured relative to the adjacent L2 and is described as clockwise (Cw) (open symbols) or

anticlockwise (A-Cw) (solid symbols). A consistent (,87%) relationship exists between the direction of fold facing and sense of obliquity of minor F2 hinges.

When viewed down-plunge, secondary culmination and depression surfaces are offset in a consistent sinistral (top-to-the-north) sense by D2 ductile thrusts

(labelled 1–4) located along pelitic units, suggesting strain localisation and continued progressive deformation within these weaker horizons.
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and rotation during D2 shear (Holdsworth, 1988, 1989, 1990).

Minor fold facing patterns will display similar variability, with

the polarity of facing dependent on the sense of minor fold

hinge rotation. As minor fold hinges are generally east-

plunging sub-parallel to L2, associated fold facing may be

divided into broadly north- or south-facing polarity. Culmina-

tion and depression surfaces marked by along-strike reversals

in minor fold vergence are also therefore associated with

reversals in the polarity of minor fold facing to define north-

and south-facing domains (Figs. 4a, 5a, 6a and b and 7a–c).

Thus, facing azimuths are directed inwards towards

depression surfaces and outwards away from culmination

surfaces (Alsop and Holdsworth, 1999).

Within the Sleiteil area, best fit great circles to south-

facing S and Z fold hinge girdles strike clockwise compared

with their north-facing equivalents which are more

orthogonal to L2 (Fig. 7d and e). Neutral-verging M folds

do not display this pattern as they are not uniquely located

with respect to the upper or lower limbs in the overall sheath

fold (Fig. 7f). This relationship reflects the location of north-

facing folds on regional short hinge-line segments (see

Section 2), and rotation paths of opposing sense between

north- and south-facing fold domains. The orientation of

minor fold axial planes is variable, with the dip direction of

south-facing Z fold axial planes and north-facing S fold

axial planes being most parallel to L2 (Fig. 7g–i). This is a

consequence of these minor folds being located on (more

highly strained) lower fold limbs in Sleiteil, i.e. the dip

direction of minor axial planes rotates towards the

transport direction with increasing dip-slip deformation

Fig. 7. Transport-normal section (a) and F2 fold hinge (b) and axial plane (c) maps of the Sleiteil area. Refer to Fig. 3 for location. The maps and section

illustrate the vergence and facing relationships of minor F2 folds, together with the relative obliquity between F2 hinges and the L2 extension lineation. Fold

hinges and associated axial planes are described as north-facing (closed symbols) or south-facing (open symbols) and typically display anticlockwise (93%)

and clockwise (90%) relationships to the adjacent L2 extension lineation (respectively). Note how minor folds define an overall divergent pattern and rotate

towards L2 in regions of greater strain adjacent to the depression trace, the lower synformal fold limb and also the Ben Blandy shear zone. In general, north-

facing fold hinges are more oblique to the trend of L2 as they are located on the regional (lower strain) short hinge-line segment. F2 axial planes on the upper

synformal limb display an overall synformal warp. A consistent (,88%) relationship exists between the direction of fold facing and sense of obliquity of minor

F2 hinges. North-facing (closed symbols) and south-facing (open symbols) F2 fold hinges are shown for (d) F2 Z folds, (e) F2 S folds and (f) F2 M folds (O)

and S0/S2 intersections (P). Poles to best fit fold hinge girdles associated with north- and south-fold facing are presented in each case, with differing poles

reflecting opposing (clockwise and anticlockwise) rotation paths. North-facing (closed symbols) and south-facing (open symbols) F2 fold axial planes for (g)

F2 Z axial planes, (h) F2 S axial planes and (i) F2 M axial planes are also given.

G.I. Alsop, R.E. Holdsworth / Journal of Structural Geology 26 (2004) 1561–15891568



(see Section 4). Thus, on stereographic projections, the

trend of tectonic transport will therefore be defined

(irrespective of lineations) by the acute bisector separating

reversals in polarity of fold facing.

3.3. Minor fold hinge/extension lineation obliquity

The sense of minor fold hinge/extension lineation

obliquity will display distinct reversals on crossing medial

surfaces. The angular obliquity between the trend of a fold

hinge relative to the extension lineation (datum) may be

described as clockwise or anticlockwise when viewed on the

axial (X–Y) surface from above. Within regions of

heterogeneous shear, increasingly large shear strains are

required to drive complete rotation of fold hinges into

parallelism with the extension (X) direction (Skjernaa,

1980). Consequently, precise co-linearity between fold

hinges and extension lineations is rarely achieved and

small but distinguishable angles of obliquity are commonly

preserved. Minor folds that rotate in an opposing sense

towards the transport direction will therefore display an

opposing sense (clockwise or anticlockwise) of fold hinge/

extension lineation obliquity. Reversals in the sense of this

obliquity about the extension lineation (datum) will develop

with along-strike reversals in minor fold vergence and

facing polarity and mark the medial surfaces (Alsop and

Holdsworth, 1999). 87% of north-facing folds preserve an

anticlockwise obliquity whilst south-facing folds are

consistently (90%) clockwise of the extension lineation

(Figs. 5a–d and 6a and b). Regions of north-facing minor

folds associated with anticlockwise obliquities are devel-

oped north of culmination traces whilst south-facing folds

clockwise of the lineation are mapped to the south of

culminations thus defining an overall convergent fold trace

pattern in the transport direction (Figs. 4a–e, 5a and 6a).

The converse is true around depressions where fold trace

patterns diverge in the transport direction (Fig. 7b). Thus,

the sense of hinge/extension lineation obliquity will display

distinct reversals on crossing medial surfaces. However, the

sense of obliquity within any facing domain always remains

the same—no matter what the fold hinge geometry and

relative position to large-scale axial surfaces.

3.4. Minor fold axial plane/extension lineation obliquity

The sense of minor fold axial planar strike/extension

lineation obliquity will display distinct reversals on cross-

ing both major axial surfaces and medial surfaces. The

angular obliquity between the strike of a fold axial plane

relative to the trend of the extension lineation (datum) may

be described as clockwise or anticlockwise when viewed

from above. Whilst obliquity of fold hinges to L2 is

dependent on the direction of fold facing, the obliquity of

fold axial planes is governed by fold geometry and is not

dependent on facing. This is a consequence of Z and S axial

planes dipping towards and converging around dome and

basin configurations, with the variation in strike reflecting

the gently-dipping (,208) nature of the dip-slip system.

When compared with the trend of the extension lineation

(L2), the strike of minor Z fold axial planes is typically

(82%) clockwise of L2, whilst S fold axial planes are

normally (74%) anticlockwise. Minor inconsistencies

largely reflect axial planes which strike broadly orthogonal

to L2, but which have passed marginally through the

transport-normal into the opposing field of obliquity

(Fig. 5e–g). As may be anticipated, neutral verging M

fold axial planes do not display distinct obliquities to L2

(51% clockwise) (Fig. 5e–g).

Axial planar traces of minor folds define an overall

synformal pattern across the depression surface in Sleiteil,

with axial traces converging towards basin intersections

(depression on synforms) and diverging from associated

saddles (depression on antiforms) (Fig. 7c). Thus, overall

geometry dictates that minor fold axial planes define

convergent traces towards end-member basins and domes,

and divergent traces around the intermediate saddles and

inverted saddles, respectively. Such patterns are most

clearly observed in lower strain settings such as the upper

limbs of sheath folds (see Section 4 below). North of the

major culmination trace in Melness, mean S and Z axial

planes display greater obliquity in strike and are bisected by

M fold axial planes (compare Fig. 4b and c with Fig. 4d

and e). This may reflect their location on a regional short

hinge-line segment possibly associated with lesser rotations

(see Section 5). Both S and Z axial planes display bimodal

peaks at 40–508 and 80–908 from L2 in an anticlockwise

and clockwise sense, respectively (Fig. 5e and f). The more

orthogonal peaks correspond to data from lower fold limbs,

whilst oblique (40–508) peaks reflect data from upper

(lower strain) limbs. A consequence of S and Z fold axial

planes striking in an anticlockwise and clockwise sense

(respectively) about the L2 trend is that the intersection of

the stereographic great circles representing the mean S and

Z axial planes is parallel to the direction of tectonic

transport (Fig. 4b–e). Such relationships are also recorded

in the later flow perturbation folds observed in the region

(Alsop and Holdsworth, 2002), and are obviously of value in

determining the trend of tectonic transport where lineations

are absent or ambiguous.

3.5. Minor fold axial plane/foliation obliquity

The sense of minor fold axial planar strike/foliation

obliquity will display distinct reversals on crossing both

major axial surfaces and medial surfaces. As exact

colinearity of fold hinges with lineations is difficult to

achieve (see above), so fold axial planes and foliations

marking the dominant (long) fold limbs are also rarely

co-planar. Minor folds within the study area typically

display tight geometries and associated axial planes are

oblique to foliation surfaces (Sn) that mark the fold limbs.

The angular obliquity between the strike of a fold axial
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plane relative to the strike of Sn (datum) may be described

as clockwise or anticlockwise when viewed from above. S

fold axial planes are 85% clockwise of Sn strike whilst Z

fold axial planes are 92% anticlockwise of Sn strike

(Figs. 4a–e and 7g and h). Thus, the sense of axial plane/

Sn obliquity for S and Z folds always remains fixed and is

therefore independent of both facing and structural position

on larger folds. However, as the geometry of minor folds

switches on crossing both major axial surfaces and medial

surfaces, the sense of axial plane/foliation obliquity

observed in each domain will also reverse accordingly.

3.6. Summary

Minor fold hinges and axial planes display differing

degrees of rotation relative to datum as defined by the L2

trend and Sn strike, respectively. Whilst no simple planes of

symmetry necessarily exist in major sheath folds, two

important geometric parameters remain fixed. Firstly, the

sense of hinge/extension lineation obliquity for facing

domains always remains the same both on the upper and

lower limbs of major folds. Secondly, the sense of axial

plane/foliation obliquity for S and Z folds always remains

fixed—no matter what the position relative to medial

surfaces or large-scale axial surfaces.

4. Geometric elements of deformation and sheath folding

Having described the general characteristics of minor

structures associated with sheath folding, we now consider

in greater detail the inter-relationships between these

various factors. A suite of structural parameters are

established, which collectively relate to variations in

structural position (and hence strain) on larger-scale sheath

folds.

4.1. Fabric topology plots—a new structural tool

Topology refers to the invariant properties of a figure

under deformation, and may be applied to the study of fold

and fabric patterns by defining a series of structural

parameters that maintain a constant relationship during

deformation. Seven such topological parameters are defined

here, which collectively undergo progressive and predict-

able modification from regions of lower to higher strain

(Fig. 8). Detailed analyses of such systematic patterns are

presented on traditional frequency distribution histograms

(Fig. 9) and also on fabric topology plots (FTPs) (Fig. 10).

Any two parameters may be directly compared and

contrasted with one another on FTPs, which effectively

monitor fabric relationships and evolution, and thereby

enable a clearer understanding of deformation behaviour

(Figs. 8 and 10). FTPs may thus be used to directly compare

the typical structural field recordings of fold vergence and

facing, together with measurements of the fold hinge, axial

plane, extension lineation and foliation orientations making

this technique simple, effective and easy to apply. The

statistical consistency of our dataset developed from natural

sheath folds suggests that a predictive methodology can be

confidently applied in areas with poor exposure and/or

fewer data. In addition, such techniques may be applied to

all terranes in which heterogeneous deformation results in

the rotation of planar and linear structural elements towards

the fabric attractor (Passchier, 1997).

The various structural associations and their relation-

ships to increasing deformation from lower (designated

2ve) to higher (designated þve) strains in each case are

illustrated in Fig. 8. Note that as the reference frame of the

parameters frequently refers to variations about a horizontal

datum, e.g. extension lineation trends and foliation strike,

they are best suited to dip-slip dominated systems of

deformation, although conversion into angles of plunge and

pitch in sub-vertical strike-slip dominated systems is clearly

possible. The angles of hinge and lineation pitch are

extremely valuable in steeply dipping axial planes where

fold rotations may produce little change in hinge trend.

Following convention, values of pitch (rake) are calculated

from the horizontal strike and within the plane of the axial

surface in each case, whilst the trend of the extension

lineation (Ln) and strike of the foliation (Sn) form the

reference datum for calculating relative obliquities. The

section below provides a commentary on structural

relationships summarised in Table 1 and Fig. 8, and

presented on FTPs (Fig. 10) to which the reader is referred

for further details.

4.2. Fabric topology plots and sheath folding

Within the dome-dominated setting of Melness, south-

facing Z fold hinges and north-facing S fold hinges are

located on the upper limbs of major antiformal sheaths

and, respectively, define 908 clockwise and anticlockwise

arcs about L2 (Table 1a; Figs. 8a and 9b and c).

Conversely, north-facing Z fold hinges and south-facing

S fold hinges are developed on the lower limbs of

sheaths and display distinct anticlockwise and clockwise

clusters (respectively) within 208 of L2 (Fig. 9a–c).

Similar obliquities are also recorded in Sleiteil where

93% of north-facing folds are anticlockwise of L2, whilst

south-facing folds are typically (90%) clockwise of the

L2 trend. The sense of F2 hinge pitch is directly linked

to the strike of the associated Z or S axial plane

(Table 1b; Figs. 8b and 10a and e). Within Melness,

minor folds from the lower limbs of sheaths display

consistently greater values of hinge pitch compared with

folds on the upper limbs (Figs. 10a and 11a and c). Data

from the basin-dominated Sleiteil area displays a similar

pattern with F2 pitch being greatest to the north of the

major depression surface on the long hinge-line segment

(Figs. 10e and 11f and h). The sense of L2 pitch is also

directly linked to the strike of the associated Z or S axial
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plane (Table 1c; Figs. 8c and 10b and f). Greater values of L2

pitch are recorded on the lower limbs of domal sheaths

(Melness) (Figs. 10b and 11a and d), and also long hinge-line

segments (Sleiteil) (Figs. 10f and 11f and i). Within both

dome- and basin-dominated settings, the sense of antic-

lockwise or clockwise obliquity between the pitch of a fold

hinge and lineation (datum) is dependent on north- or south-

facing (respectively) (Table 1d; Figs. 8d and 10c, g, k and o).

Minor fold hinges from the lower limbs of domal sheaths

(Melness) (Figs. 10c and l and 11a and d), or long hinge-line

segments (Sleiteil) (Figs. 10g and p and 11f and i) display

smaller angles of obliquity to L2.

A reversal in the sense of axial planar strike about the

extension lineation is a geometrical necessity of folds

displaying opposing vergence within non-isoclinal, curvi-

linear fold systems (Section 3.4). Both S and Z axial planes

display bimodal peaks at 40–508 and 80–908 from L2 in a

anticlockwise and clockwise sense, respectively (Table 1e;

Figs. 8e and 9e–g). The more orthogonal peaks correspond

to data from lower fold limbs, whilst oblique peaks reflect

data from upper limbs (Fig. 9e). Neutral verging M fold

axial planes are symmetrically distributed about L2

(Fig. 9h). The sense of obliquity between axial planar strike

and the adjacent foliation (Sn) trend marking the long limb

of the fold is also dependent on Z or S fold geometry and is

irrespective of the sense of fold facing (see Section 3.5)

(Table 1f; Figs. 8f, 10d and h and 12c). The axial planes of

minor folds on the lower limb (Melness) and long hinge line

segment (Sleiteil) of major sheath folds display smaller

differences in trends relative to foliation strike (Fig. 11a, e, f

and j). The acute angle between axial planes and long-limb

foliation is typically ,208 with the sense of obliquity

controlled by Z or S fold geometry (Table 1g; Figs. 8g and

9i–k and m–o). Folds from the lower domal limb (Melness)

and long hinge-line segment (Sleiteil) typically display

more acute angles, whilst M folds are more evenly

distributed (Fig. 9l and p).

4.3. Summary

Topological relationships associated with the sense of

obliquity are governed by the fact that S and Z axial planes

are typically NE- and SE-striking, respectively, resulting in

associated east-trending fold hinges and extension linea-

tions pitching with a clockwise and anticlockwise sense

relative to the axial planar strike. Variable trends of S and Z

axial planes also accounts for their respective clockwise and

anticlockwise obliquity relative to the ,N–S striking

foliation (Sn). Obliquities between trends (or pitch values)

of fold hinges and extension lineations (representing datum)

are controlled by the sense of hinge rotation with north-

facing hinges displaying anticlockwise obliquities, whilst

south-facing hinges are clockwise of the extension lineation

(see Table 1).

Topological relationships associated with the amount of

obliquity are governed by the fact that the lower limbs and

long hinge-line segments of major sheath folds are marked

by (a) smaller angles between fold hinges and extension

lineations, greater values of (b) hinge and (c) extension

lineation pitch, (d) smaller angles of pitch between fold

hinges and extension lineations, (e) greater angles between

the strike of axial planes and the extension lineation, (f)

smaller differences in trend between axial planar and

foliation strike, and (g) reduced acute dihedral angles

between axial planes and foliation. These relationships are

directly compared in Fig. 11, where mean measurements

from upper and lower limbs in Melness (Fig. 11a–e),

together with short and long hinge-line segments in Sleiteil

(Fig. 11f–j) are especially highlighted. We interpret all of

these relationships to be related to increasing strain from the

upper to lower limbs, and from the short to long hinge-lines,

of major sheath folds (Table 1; Fig. 8).

5. Geometric interplay between medial and axial surface

grids

The preceding section has clearly demonstrated that

planar and linear fabrics undergo ordered and sequential

rotation and modification during deformation. In summary,

the sense of obliquity between fold hinges and the lineation

relates to the sense of fold facing, whilst the sense of

obliquity between axial planar strike and L2 trend or Sn

strike is dependent on Z or S fold geometry. FTPs

displaying these parameters may thus be divided into

quartiles on this basis, e.g. Fig. 10i, j, m and n, and are now

explored in more detail via the application of geometric

grids that effectively divide sheath folds into four separate

analytical domains or quadrants.

5.1. Vergence grids

Reversals in both fold hinge-line and fold limb vergence

across medial and axial surfaces effectively divide sheath

folds into 3-D asymmetric quadrants as analysed on

vergence grids. Fold limb vergence is typically described

using S, Z and M terminology (when viewed down the fold

plunge). Fold hinge-line vergence may also be described

using this classification when viewed on the X–Y surface

from above. It is possible therefore to define 3-D fold

vergence around both axial and medial surfaces by

combining both hinge and limb asymmetry on a vergence

grid (Fig. 12a). Such a grid illustrates the range of possible

configurations and demonstrates that fold limb and hinge-

line vergence are typically the same (i.e. Z on Z, etc.) on the

upper limbs of domes and become opposite to one another

(i.e. Z on S, etc.) on the lower fold limbs. Conversely, the

lower limbs of basins are marked by identical fold limb and

fold hinge-line vergence, which reverses on the upper limb

(Fig. 12a). Within both the dome and basin setting, the

upper limb typically displays lower relative strain (2ve),

whilst lower fold limbs undergo greater (þve) strain.
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Similarly, long hinge-line segments typically trend closer to

the transport direction and show greater (þve) strain,

compared with (2ve) short hinge line segments. Thus,

vergence grids allow rapid assessment of 3-D vergence and

strain patterns and are therefore of value in predicting and

locating structural relationships that may be encountered in

poorly exposed or less well constrained terranes.

5.2. Ranking grids

Reversals and reductions in both planar and linear

obliquities across medial and axial surfaces effectively

divide sheath folds into ranked quadrants as analysed on

ranking grids. As noted in Section 4, strain variations across

medial surfaces and large-scale axial surfaces result in

differing degrees of fabric/fold deformation in each domain.

Comparison of fold and fabric geometries, facing and

amounts of rotation thus enables position on major

structures to be accurately predicted (Fig. 12b). The

structural parameters that display angular variations on

passing from lower to higher strain may thus be measured

and calculated from across axial surfaces and medial

surfaces. The position on the major upper (2ve) or lower

(þve) fold limb is followed by location on either short

(2ve) or long (þve) hinge-line segments (Fig. 12b).

Parameters may then be directly compared for each of the

four quadrants (see Fig. 8 and Table 1), such that the highest

strain relationship for any given parameter is ranked 1,

whilst the lowest relative strain is designated 4 (Fig. 12b).

Greatest fabric rotations (and hence deformation) are

developed on the lower limbs forming the long hinge-line

segments i.e. þve and þve end member of the ranking grid,

whilst the lower strains are observed on the upper limbs

forming short hinge-line segments (2ve and 2ve scenario)

(Fig. 12a and b). The greatest angular variation between

north- and south-facing fold hinge trends and axial planar

strikes is observed in 2ve and 2ve situations, whilst the

least variation is in the highest strain scenarios (þve and

þve). Thus, ranking grids provide a predictive statistical

mechanism to determine overall relative strain patterns

within and between structural domains as defined by medial

and axial surfaces.

5.3. Rotation grids

Reversals in the sense of both axial planar and hinge

rotations across medial and axial surfaces effectively divide

sheath folds into antithetic and synthetic rotating quadrants

as analysed on rotation grids. Within dome or basin

settings, Z fold axial planar strike will display a clockwise

rotation towards the foliation with increasing strain, whilst S

fold axial planes display anticlockwise rotations (Fig. 12c)

(see Section 3.5). The sense of fold hinge rotation is

governed by position on major sheath folds, such that folds

preserved in a clockwise sense to the extension lineation

have undergone (incomplete) anticlockwise rotation, whilst

anticlockwise hinges have suffered a clockwise rotation

(Fig. 12c). The interplay of Z and S axial planes coupled

with clockwise and anticlockwise rotating fold hinges

therefore results in combinations of rotations which may

be either in the same (synthetic) or opposing (antithetic)

sense to one another in different structural quadrants of

dome and basin geometries (Fig. 13). With increasing strain

on the upper limbs of antiforms, fold hinges and axial

surfaces on either side of the culmination surface consist-

ently show antithetic senses of rotation, whilst synthetic

rotations are observed on the lower fold limbs (Fig. 13a;

Table 2). With increasing strain on the upper limbs of

synforms, fold hinges and axial surfaces on either side of the

depression surface consistently show synthetic senses of

rotation, whilst antithetic rotations are observed on the

lower fold limbs (Fig. 13b; Table 2). Thus, rotation grids

enable distinct and diagnostic relationships between the

variable senses of axial planar and fold hinge rotation to be

clearly appreciated and analysed in 3-D.

6. Variation in structural relationships around major

sheath folds

In addition to looking at the relative sense of obliquity

between fabric elements, absolute amounts of deviation

(irrespective of sense) between structural parameters may

also be examined. Such an approach has the advantage of

allowing total variations in fabric rotations to be directly

compared both across axial surfaces and medial surfaces,

which may otherwise display opposing obliquities.

6.1. Variation in fabrics across axial surfaces of major

sheath folds

Attenuated (lower) limbs of sheath folds are marked by

increasing rotation of planar and linear fabrics towards the

shear plane and transport direction, respectively, and are

thus not symmetrical about axial surfaces. Buckle folds that

originally verged in the direction of shear may undergo

Fig. 8. Schematic sketches and summary text explaining the geometric consequences of fold and fabric rotations associated with increasing deformation. For

each topological parameter ((a)–(g)), plan-view sketches illustrate the lower strain (2ve) and higher strain (þve) relationship, whilst the adjacent notes

summarise controls on the amounts and senses of fabric obliquity. Angular relationships between parameters may become greater or smaller with increasing

deformation, whilst the sense of obliquity (viewed from above) is related to the reference datum as defined by the trend of the transport-parallel lineation (Ln)

or strike of foliation (Sn). Refer to text and Table 1 for further discussion.
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severe modification during progressive shear resulting in

highly attenuated lower fold limbs (Mies, 1993). On passing

across the axial surface from an upper limb to a lower limb

setting, both antiformal (Melness) and synformal (Sleiteil)

dominated geometries display a systematic and predictable

increase in strain reflected in the topological parameters

(Fig. 13; Tables 3 and 4). Overall, a greater strain gradient

appears across the axial surface in the antiformal (Melness)

setting, possibly reflecting the geometry and orientation of

the original buckle folds undergoing progressive shear.

Thus, fabric patterns and relationships across both anti-

formal and synformal axial surfaces consistently indicate

that upper fold limbs have undergone least rotation from

original NNE-trending buckle fold hinges. As recognised by

Fossen and Rykkelid (1990), such patterns, when combined

with the direction of sheath closure, allow the relative shear

sense to be determined.

6.2. Variation in fabrics across medial surfaces of major

sheath folds

Attenuated (long) hinge-line segments of sheath folds are

marked by increasing rotation of planar and linear fabrics

towards the shear plane and transport direction, respect-

ively, and are thus not symmetrical about medial surfaces.

Sheath folds may display strain variations associated with

asymmetric fold hinge-line vergence across culmination/

depression surfaces (Alsop and Holdsworth, 1999). On

passing across the medial surface from a short hinge-line to

a long hinge-line setting, both culmination- (Melness) and

depression- (Sleiteil) dominated settings display a systema-

tic and predictable increase in strain reflected in the

topological parameters (Tables 3 and 4). Note that such

variations across medial surfaces are developed on both the

upper and lower limbs of major sheath folds. This pattern is

most obvious in Sleiteil and may reflect the original

geometry and asymmetry of fold hinge-lines defining

irregular synformal folding. The preservation in Melness

of secondary medial surfaces trending marginally anti-

clockwise of the major culmination may reflect lower strains

on the northern short hinge-line segment (Section 2). Thus,

fabric patterns and relationships across medial surfaces

associated with overall north-directed fold hinge-line

vergence consistently indicate that short hinge-line seg-

ments have undergone least rotation from original NNE-

trending buckle fold hinges.

6.3. Variation in elliptical eye-shaped patterns around

major sheath folds

Classic elliptical sections through the nose of sheath

folds may be asymmetric across both the axial surface and

medial surface resulting in tear-drop eye folds. When sheath

folds are viewed in the plane normal to both the axial

surface and the medial surface (i.e. the Y–Z plane—see

Fig. 1), pronounced hinge curvilinearity is marked by

nested, eye-shaped rings representing cross-sections

through the noses or caps of individual sheath folds.

Where the extension lineation (X) acts as the bisector to

the apical angle of the sheath fold (see Section 6.6 below),

then such elliptical patterns are broadly symmetrical about

the medial surface resulting in the classic eye-fold pattern

frequently considered diagnostic of sheath folding. If the

observed sections are oblique to the Y–Z plane then

apparently asymmetric ellipses may be created by the

variable oblique cut through each constantly orientated fold

hinge-line segment.

Mies (1993) noted, however, that nested inner and outer

elliptical rings through precise Y–Z sections of sheath folds

were eccentric (i.e. without a common centre). The

calculated centre of each successive outer elliptical ring

was observed to transfer along the plane of bilateral

symmetry (the medial surface) towards the thicker fold

limb. This migration was considered a consequence of

the relative thickening and/or thinning of individual fold

limbs (measured parallel to the medial surface) across

the axial surface. This interpretation of Mies (1993) can

now be extended to variations in fold hinge thickness

(measured parallel to the axial surface) across medial

surfaces.

Where pronounced fold hinge-line vergence is associated

with non-parallel fold hinges on either side of a medial

surface, nested, asymmetric tear-drop eye folds are

developed which are attenuated at one end and non-

elliptical in section (Figs. 2, 14 and 15). Skjernaa

(1989), describing detailed sheath fold geometries in the

Scandinavian Caledonides, also notes that cross-sections

through the noses of sheath folds may be attenuated at

one end of the axial surface, whilst Lacassin and

Mattauer (1985, their fig. 3) also clearly illustrate

kilometre-scale Alpine examples of tear-drop eye folds.

Within the nested eye pattern, the sense of migration of

the centres of outer eyes compared with the inner rings

Fig. 9. Frequency distribution histograms of F2 fold hinges and axial planar strikes from Melness ((a)–(l)) and Sleiteil ((m)–(p)) orientated either clockwise

(Cw) or anticlockwise (A-Cw) relative to the trend of the adjacent L2 extension lineation (X) ((a)–(h)) or foliation (Sn) strike ((i)–(p)). Data from north-facing

domains is shown in solid whilst data from south-facing domains is stippled. Histograms show the trend (relative to X) of (a) all Melness F2 fold hinges,

subdivided into (b) F2 Z fold hinges, (c) F2 S fold hinges, and (d) F2 M fold hinges. Histograms show the strike (relative to X) of (e) all Melness F2 axial

planes, subdivided into (f) F2 Z axial planes, (g) F2 S axial planes, and (h) F2 M axial planes. Histograms show the acute angle and trend (relative to foliation

(Sn) strike) of (i) all Melness F2 axial planes, subdivided into (j) F2 Z axial planes, (k) F2 S axial planes, and (l) F2 M axial planes. Histograms show the acute

angle and trend (relative to foliation (Sn) strike) of (m) all Sleiteil F2 axial planes, subdivided into (n) F2 Z axial planes, (o) F2 S axial planes, and (p) F2 M

axial planes. Overall in Melness and Sleiteil, S fold axial planar strike is 85% clockwise (Cw) of the foliation (Sn) trend, while Z fold axial planes are 92%

anticlockwise of Sn. See text for further discussion.
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(or ‘pupils’) is along the axial surface and towards the

major culmination surface in domal sheath folds

(Fig. 15c), and towards the major depression surface

in basinal sheaths (Fig. 15d). Thus within tear-drop eye

folds which have undergone layer attenuation across

both axial surfaces and medial surfaces, the centres of

inner eyes are located off-centre compared with outer

rings. The lack of a common centre coupled with a

consistent sense of offset (within the Y–Z plane)

provides a means of determining patterns of minor fold

limb/fold hinge-line vergence and the location of major

axial and/or medial surfaces.

Fig. 10. Fabric topology plots of F2 fold and fabric data from a high strain dome-dominated setting (Melness, upper row) and a lower strain basin-dominated

scenario (Sleiteil, lower row). South-facing data is shown by open symbols whilst north-facing data is shown by closed (solid) symbols. In each case, structures

associated with Z (circles), S (squares), or M (triangles) folds are shown with þve clockwise (Cw) or 2ve anticlockwise (A-Cw) relationships. Whilst strike

values are given between 0 and 1808, values of pitch are taken beyond 908 (i.e. down-dip) up to 1208, in order to show the continuation of geometric trends

across the dip-direction. Plots show how the strike of the F2 axial plane controls the relative pitch of the F2 fold hinges on the associated axial planes in (a)

Melness and (e) Sleiteil (below). Plots show how the strike of the F2 axial plane controls the relative pitch of the L2 extension lineation on the associated axial

planes in (b) Melness and (f) Sleiteil (below). Plots show how the strike of the F2 axial plane varies in relation to the acute angle between the pitch of the F2

hinge and L2 as measured on the axial plane in (c) Melness and (g) Sleiteil. Plots show how the strike of F2 axial planes varies with the angle between the strike

of the axial plane and the adjacent foliation (Sn) surface in (d) Melness and (h) Sleiteil (below). Plots show how the angle between F2 fold hinges and L2 varies

in relation to the acute angle between the axial plane and Sn in (i) Melness and (m) Sleiteil. Plots show how the angle between F2 hinges and L2 varies with the

angle between F2 axial planar strike and L2 in (j) Melness and (n) Sleiteil. Plots show how the pitch of F2 hinges on the associated axial plane varies in relation

to the pitch of the L2 in (k) Melness and (o) Sleiteil (below). Plots show how the acute angle between the pitch of F2 hinges and L2 varies with the pitch of L2

on F2 axial planes in (l) Melness and (p) Sleiteil (below).

Fig. 11. Transport-normal sections and analyses of dome-dominated deformation patterns in Melness (a) and basin-dominated patterns in Sleiteil (f). In each

case, north-facing folds are shown by the solid symbols whilst south-facing structures are given by the open symbols. Dominant fold geometries developed on

long hinge-line segments are shown with larger symbols in each case and correspond to the orientation of the mean data sets shown on the summary fabric

topology plots. Plots showing the mean strike of F2 axial planes are compared with ((b) and (g)) the mean angle between F2 hinges and L2 and ((c) and (h)) the

pitch of the F2 hinge. (d) and (i) The pitch of mean F2 hinges on associated F2 axial planes compared with the pitch of L2 on F2 axial planes. (e) and (j) Angle

between mean F2 hinges and L2 compared with the angle between F2 axial planar strike and Sn. Note that the mean data from the lower fold limbs and/or the

long hinge-line segments is highlighted in stipple and consistently plots in higher strain relationships.
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6.4. Variation in bedding/cleavage intersections around

major sheath folds

Bedding-cleavage intersection lineations transect minor

folds trending clockwise and anticlockwise of transport with

consistent relative obliquities, thus confirming the sense of

hinge rotation and polarity of fold facing in sheath folds. The

angle of transection is measured between the trend of the fold

hinge (datum) and the associated bedding/cleavage intersec-

tion lineation. Gentle transection of sheath folds by the S2

cleavage is a consequence of the major fold limbs and axial

surfaces of minor sheath folds being mildly curviplanar about

the transport (X) direction and preserving incomplete rotation

into the foliation (X–Y) plane. As noted previously (Section

3.4; Figs. 6b, 7a–c and 11a and f), the limbs of major sheath

folds remain parallel or ‘bow-out’ around dome and basin

configurations, whilst S2 parallels the axial surfaces of minor

folds which ‘converge’ towards domes and basins (Fig. 13a

and b). Axial planar S2 therefore displays an opposing

obliquity to the ‘bowed’ regional foliation about the medial

surface, thereby resulting in a small but consistent sense of

transection on either margin of the sheath fold.

Fig. 12. (a) Schematic 3-D vergence grid illustrating the interplay between fold hinge-line vergence and fold limb vergence. The relative location of

culmination/depression surfaces and antiformal/synformal axial planes results in the range of dome and basin scenarios depicted. The upper limbs of folds

display lower strain (2ve) than the adjacent lower limb (þve). Note that the long hinge-line segments of curvilinear fold hinge lines display greater (þve)

strain than adjacent short hinge line segments (2ve). The major culmination labelled on the diagram is associated with long hinge-line segments (and therefore

higher (þve) strain) on both margins. Adjacent (secondary) culmination and depression surfaces separate long and short hinge line segments associated with

greater and lower strain on each margin. (b) and (c) Analysis of dome-dominated and basin-dominated end-member scenarios from Melness and Sleiteil,

respectively. In each location, the upper limb consistently represents lower (2ve) strain, whilst the north-facing fold hinge-line is the short segment and also

represents (2ve) strain. Relative strain for fold limbs is consistently followed by relative strain for short or long hinge-lines resulting in the (22), (2 þ ),

(þ 2 ) and (þþ) scenarios. For each case, strain parameters (a) 2 (g) have been ranked from 1 (greatest strain) to 4 (lowest strain). Fabric parameters

consistently indicate greater strain in (þþ ) scenarios and lower strain in (22) situations. (c) Plots showing the orientation of Z and S fold hinges and axial

planes relative to mean L2 trends and strike of F2 axial planes. Note how Z and S fold axial planes are consistently anticlockwise and clockwise of the mean Sn

trend, whilst north- and south-facing fold hinges are anticlockwise and clockwise of L2 (respectively). Data from the higher strain lower fold limb are

highlighted in stipple in each case.
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Table 1

Summary table highlighting the various causes and controls between the seven topological parameters and their relationships to increasing deformation. When viewed from above, fold hinges and axial planes

may rotate in a clockwise (Cw) or anticlockwise (A-Cw) sense towards the reference datum defined by the trend of the lineation (Ln) and strike of foliation (Sn). Refer to Fig. 8 and text for further details
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Fig. 13. Schematic summary figure of fabric rotations associated with (a) a dome (antiform on culmination) geometry and (b) a basin (synform on depression)

configuration. Strain, and hence fold hinge and axial planar rotation, increases from the upper to lower limbs of sheath folds. The rotation of an axial plane is

measured through variations in strike and is governed by the Z or S fold geometry, whilst the sense of rotation of fold hinges is dependent on the fold facing

direction and position relative to medial surfaces. In each case, anticlockwise rotations are highlighted in grey tone. Fold hinges may thus rotate with increasing

strain in either the same (synthetic) or opposing (antithetic) sense to the associated axial plane depending on structural setting.
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The lineation generated by the intersection of the axial

planar S2 cleavage with the foliation (Sn) displays a

greater deviation from L2 than associated minor fold

hinges (Figs. 4 and 7f). The intersection lineation within

north-facing domains is developed anticlockwise of the

mean north-facing folds, and within south-facing domains

is clockwise of south-facing folds. The bedding cleavage

intersection lineation also shows the greatest angular

variation between long and short hinge-line segments.

This is especially pronounced on the upper limbs of

sheath folds in short hinge-line segments, i.e. in the

lowest strain (2ve and 2ve) scenarios (see Fig. 12b).

Greater angles of S2 transection are typically developed

in these lower strain settings as axial surfaces of minor

folds and foliation preserve the greatest obliquity and

curviplanarity. In addition, bedding/S2 intersections on

long hinge line segments display smaller angles between

S2 intersection/L2 trends, smaller angles between S2

intersection/L2 pitches, and larger angles of S2 intersec-

tion pitch all of which support greater deformation on the

long hinge-line segments.

In summary, the bedding-cleavage intersection lineation

demonstrates consistent senses of transection across fold

hinges and therefore indicates (and predicts) the sense of

fold rotation within that domain. In the absence of younging

criteria, the sense of cleavage transection may thus be

analysed in order to confidently determine the direction of

fold rotation in much the same way as fold facing is

typically employed.

6.5. Variation in neutral verging folds around major sheath

folds

Neutral verging M folds developed along the axial

surface of sheath folds accurately portray fabric rotations

across medial surfaces, thereby defining patterns of

asymmetric fold hinge-line vergence. In higher strain

scenarios, the overturned limbs of folds are rotated sub-

parallel to the extension lineation and angular obliquities

may be increasingly difficult to measure. In addition, S and

Z folds ‘switch’ positions from upper to lower limbs across

axial surfaces and also on passing across medial surfaces,

thus complicating comparisons of rotation (e.g. Fig. 13).

However, neutral-verging M folds maintain a ‘fixed’

relative position along axial surfaces and are clearly better

suited to direct comparisons of deformation and rotation

across the medial surfaces.

On passing across the medial surface from short hinge-

line to a long hinge-line setting, neutral verging folds in both

culmination- (Melness) and depression- (Sleiteil) domi-

nated settings display systematic and predictable variation

in the structural parameters (Tables 3 and 4). Short hinge-

line segments undergo less rotation and deformation than

long hinge-line sections (Table 4). Thus, analysis of neutral

verging M fold geometries provides valuable information

on the geometry of curvilinear hinge-lines associated with

asymmetric fold hinge-line vergence, and thereby provides

a means of consistently and accurately determining

deformation about medial surfaces.

Table 2

Summary table of fabric rotation grid associated with a dome (antiform on culmination) geometry (top) and basin (synform on depression) configuration

(bottom). In each case, incomplete clockwise rotation (relative to the Ln trend) will result in the preservation of anticlockwise obliquities and visa versa. The

rotation of an axial plane is measured through variations in strike and is governed by the fold geometry, whilst the sense of rotation of fold hinges is dependent

on the fold facing direction and position relative to medial surfaces. Fold hinges may thus rotate with increasing strain in either the same (synthetic) or opposing

(antithetic) sense to the associated axial plane depending on structural setting
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6.6. Variation in apical angles around major sheath folds

Apical angles of sheath folds are found to systematically

reduce from upper to lower limbs across the axial surface,

and also from short hinge-line to long hinge-line segments

around medial surfaces of sheath folds. The apical angle of

a sheath fold is the acute angle between sections of a

curvilinear hinge-line which have undergone an opposing

sense of rotation, and hence display a reversal in the polarity

of facing on the axial (X–Y) surface. Apical angles

systematically reduce across the axial surfaces of major

sheath folds (in both Melness and Sleiteil), with the upper

limbs characterised by the largest apical angles which

undergo a progressive reduction to the lower fold limb

Table 3

Summary table of angular obliquities associated with topological parameters in the Melness (top) and Sleiteil (bottom) areas. Each table summarises mean data

across the axial surface of major folds (upper and lower limbs), together with mean data from short and long hinge-line segments across the major culmination

(Melness) or depression (Sleiteil) surfaces. In each case, data refers to the angular difference (rather than sense of obliquity) and indicates that lower fold limbs

and long hinge-line segments have undergone greater deformation. Structural parameters: (a) angle between trend of fold hinge and lineation, (b) angle of fold

hinge pitch on axial plane, (c) angle of lineation pitch on axial plane, (d) angle between pitch of fold hinge and lineation, (e) angle between axial planar strike

and lineation trend, (f) angle between axial planar strike and trend of foliation, and (g) acute angle between axial plane and long-limb foliation

Table 4

Summary table highlighting variations in topological parameters between upper and lower limbs of sheath folds and short and long hinge-line segments. The

table also summarises variations in neutral verging M fold geometries and the apical angles of sheath folds. Refer to text for further discussion
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where the apical angle is symmetrically bisected by the

medial surface (Table 5) (Figs. 2 and 14). Apical angles on

the lower limb of the dome-dominated Melness setting are

consistent with curvilinear hinge-lines defining sub-iso-

clinal (28) hairpin (or tubular) geometries, whilst the upper

limb of the short hinge-line segment in Sleiteil records an

apical angle of 728 reflecting a tongue fold morphology.

Thus, extreme variations in the curvilinearity and apical

angles of fold hinge-lines are observed within different

structural positions of major individual sheaths.

Apical angles also systematically vary on either margin

of major medial surfaces (Table 5). The major culmination

surface in Melness displays a smaller mean apical angle as it

juxtaposes two (higher strain) long hinge-line segments

(Table 5). L2 acts as the bisector of the apical angle

associated with the major culmination, with long hinge-line

segments displaying more acute apical angles than the

adjacent short hinge-lines although an overall symmetry is

maintained. Contrary to the broadly symmetrical patterns

developed across the culmination at Melness, south-facing

folds on either margin of the depression at Sleiteil have

undergone consistently greater rotations thereby resulting in

L2 and the depression surface asymmetrically bisecting the

apical angle (Table 5). Thus, asymmetric fold hinge-line

vergence associated with variable apical angles is clearly

developed across the major depression surface in Sleiteil

(Table 5). In sheath folds marked by such pronounced fold

hinge-line vergence, the long hinge-line segments are

preferentially rotated into sub-parallelism with the exten-

sion lineation that thus asymmetrically bisects the apical

angle. Apical angles may therefore be symmetrically or

asymmetrically bisected by the extension lineation depend-

ing on the degree of fold hinge-line vergence about major

medial surfaces (Fig. 15).

Thus, the sense in which the apical angle is asymme-

trically bisected by the transport-parallel medial surface is

dependent on the sense of long hinge-line rotation, whilst

the amount of apical angle will decrease (with increasing

strain) across axial surfaces from the upper to lower limbs

and also across medial surfaces from short hinge-line to

long hinge-line segments of sheath folds.

7. Discussion

The intensive study of minor sheath folds has enabled a

detailed analysis of the factors that influence the geometry

and evolution of individual folds (e g. Skjernaa, 1989;

Crispini and Capponi, 1997). Large (kilometre-scale)

sheath folds have been investigated (e.g. Vollmer, 1988;

Goscombe, 1991; Beunk and Page, 2001; Hanmer and

Greene, 2002), whilst general structural patterns within

Fig. 14. Schematic 3-D cartoon illustrating asymmetric fold hinge-line vergence and increasing deformation towards a major culmination on the right of the

sketch. Increasing deformation also results in pronounced attenuation on the lower fold limb and reduction in the apical angle of the sheath fold from tongue

folds on the upper limb to tubular folds on the lower limb. Refer to text for further details and Fig. 12a for structural symbols.
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major sheath folding have also been documented (e.g. Alsop

and Holdsworth, 1999). However, despite the general

interest and possible economic benefits of understanding

sheath geometries associated with mineralisation (e.g. Park,

1988; D’el-Roy Silva and Barros Neto, 2002), the precise

mechanisms and kinematics of sheath folds, together with

the geometry and orientations of folds which act as

precursors to sheaths remain debateable and poorly

understood.

7.1. Mechanisms of sheath folding

Whilst it is not the primary intention of this paper to

discuss in detail the various mechanisms for the formation

of sheath folds, it is noteworthy that traditionally, they are

considered to form by the rotation of fold hinges which

initiate at a high angle to shear during progressive non-

coaxial deformation (e.g. Cobbold and Quinquis, 1980).

However, generation of sheath folds by a simple shear

mechanism necessitates large shear strains (g in excess of

10; Hudleston, 1986), with apical angles of ,208 producing

X–Y aspect ratios of 35:1 (Skjernaa, 1989). Possible

alternative mechanisms for generating sheath folds have

therefore been considered and include constrictional

deformation (e.g. Ez, 2000), constrictional non-coaxial

deformation (e.g. Fletcher and Bartley, 1994; Fletcher

et al., 1995), and general shear associated with shortening

across the shear zone (e.g. Ghosh et al., 1999) (see Jiang and

Williams, 1999). In addition, fold hinges that trend parallel

to the direction of shear and initiate oblique to the shear

plane, may subsequently undergo extension and have also

been suggested as precursors to sheath folds (Skjernaa,

1989; Fletcher and Bartley, 1994; Boettcher and Mosher,

1998).

The preservation within this case study of variable angles

of obliquity between fold hinges and the extension lineation,

marked by stereographic distribution arcs of up to 1808 in

lower strain settings, indicates that the sub-parallelism and

clustering of fold hinges and lineations observed on the

higher strain lower limbs has been achieved through

significant rotation of originally transport-normal hinges

towards the shear direction. In addition, sheath folds display

Fig. 15. Plan views (X–Y sections) across asymmetric fold hinge-line vergence forming a major culmination (a) and depression (b). Closely stippled unit

represents the axial surface thickness of a bed bounded on each side by adjacent hinge-lines. Y–Z sections through domes (c) and basins (d) illustrate the

relative migration of the eccentric centres of the tear-drop eye folds towards the major culmination and depression surfaces, respectively. In each case, the

centre of the outer ring has migrated relative to the inner ring, and towards the associated major culmination (c) and depression surface (d). Neutral hinge-line

vergence in both domes and basins is marked by migration of the eccentric centres towards the thicker fold limb. 3-D cartoons illustrate the overall asymmetry

of domes (e) and basins (f) generated by variable amounts of rotation associated with fold hinge-line vergence. Refer to text for further details.

G.I. Alsop, R.E. Holdsworth / Journal of Structural Geology 26 (2004) 1561–15891584



larger apical angles on upper limbs which may be

asymmetrically bisected by the medial surface and exten-

sion lineation, whilst the lower limbs define more acute

apical angles which are symmetrically disposed about the

extension lineation, thus confirming that pronounced fold

rotations have generated the observed sheath morphology.

The systematic reduction in the apical angle from the upper

to lower limbs is interpreted to be a consequence of

increasing fold rotation associated with significant strain

gradients and non-coaxial deformation (Figs. 2 and 14).

Marked variability in deformation across the axial surface of

sheath folds (thus preserving sedimentary details for facing

analysis) also suggests that simple models of intense non-

coaxial shear uniformly affecting pre-existing fold geome-

tries may overestimate bulk displacements and shear strain.

The amplification and growth of major nappes, which

may display sheath geometries is poorly understood and

relates to two principal models (e.g. Platt, 1982). The first

model relates to rolling fold hinges in which the major hinge

migrates with respect to the limbs, resulting in material and

minor structures progressively passing around the hinge

from the upper to lower limb in a ‘conveyor belt’ fashion.

Minor folds would thus pass around the major hinge,

resulting in an apparent reversal in asymmetry across the

axial surface (S to Z, etc.), whilst the facing polarity remains

the same. Such a process would also result in the sense of

hinge/lineation obliquity reversing from upper to lower

limbs when viewed from above. However, this study has

shown that the sense of hinge/lineation obliquity consist-

ently corresponds to the direction of fold facing on both the

upper and lower limbs of sheath folds, thus making the

rolling hinge model inapplicable. The alternative model

assumes that the fold hinge remains fixed with respect to the

limbs and that increasing fold amplitude is achieved via

attenuation of the lower limb during intense non-coaxial

deformation. The patterns of increasing deformation on

overturned limbs accord well with this model, which is

therefore preferred. It has thus been possible to unequi-

vocally demonstrate using FTPs that sheath geometries

within this study are the product of variable fold hinge

rotation during heterogeneous and progressive non-coaxial

deformation.

Table 5

Summary table of hinge/lineation obliquities and associated apical angles of sheath folds from the dome-dominated Melness setting (top) and the basin-

dominated Sleiteil setting (bottom). Each table summarises mean fold/lineation data and apical angle data (bold) across the axial surface of major folds (upper

and lower limbs), together with mean data from hinge zones. Data is also summarised from north and south of the major culmination (Melness) or depression

(Sleiteil) surfaces. In each case, fold hinges trending clockwise (Cw) or anticlockwise (A-Cw) of the extension lineation (datum) are described as þ ve and

2ve respectively. Apical angle data refers to the angular difference between the north- and south-facing domains and indicates that lower fold limbs and long

hinge-line segments have undergone greater deformation
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7.2. Original geometries of sheath folding

The original geometry and orientation of buckle folds

that subsequently undergo shearing to create sheath folds is

frequently difficult to decipher due to the intensity of the

ensuing progressive deformation. As noted above, the

preservation of NNE-trending fold hinges broadly ortho-

gonal to shear within some lower strain settings clearly

suggests that significant hinge rotations have occurred in the

higher strain settings where hinges are now sub-parallel to

the WNW transport direction. In addition, the reduction in

apical angles from the upper to lower limbs of major sheath

folds also demonstrates that the preserved apical angle is

largely a product of variable hinge rotation, rather than

variable initial buckle fold trends on each major fold limb.

Comparison of fold hinge/extension lineation angles with

axial planar/foliation angles enables FTPs to be divided into

quadrants with clustering of data towards the central

intersection reflecting overall greater strain (and rotation)

on the lower fold limb (Fig. 10i and m). The absence of any

such relationship with lineation parallel fold hinges

displaying highly variable axial planar attitudes may

suggest that folding initiated at variable angles to the

transport direction (Fossen and Rykkelid, 1990; Alsop and

Holdsworth, 2002). Detailed analysis of geometric relation-

ships on FTPs may thus permit sheath folds generated from

a range of original fold orientations varying from either

transport-normal to transport-parallel end members to be

distinguished (see discussion in Skjernaa, 1989; Fossen and

Rykkelid, 1990). In addition, FTPs may also be used to

discriminate sheath folds which have undergone significant

planar and linear fabric rotations from those transport-

parallel folds which are generated either sub-parallel to

transport due to existing linear anisotropy (e.g. Watkinson

and Cobbold, 1981) or differential shear (e.g. Hansen, 1971;

Coward and Potts, 1983; Ridley, 1986; Alsop and Holds-

worth, 2002).

The wavelength of fold hinge-line vergence is typically

greater for larger folds of thicker units (e.g. Ghosh and

Sengupta, 1984), while experimental studies suggest more

pronounced non-cylindricity is generated in mechanically

heterogeneous materials (Ghosh and Ramberg, 1968; Dubey

and Cobbold, 1977). Variable deformation across medial

surfaces will to some extent reflect the original orientation

of the fold hinge relative to the direction of shear. Greater

rotation and strain within the long hinge-line segments may

suggest that they were originally orientated at a higher angle

to the shear direction than the short hinge-line segments

(which suffered less deformation). Consistent discrepancies

in the amount and sense of fold hinge-line rotation around

medial surfaces are indicative of the original systematic

variation in the attitude and obliquity of hinge-lines around

the transport direction as may be anticipated in a gently-

curvilinear system of ‘porpoising’ folds (e.g. Wood and

Oertal, 1980). S and Z folds displaying different trends on

the upper limbs of sheaths have previously been used to

define the transport direction via the ‘separation arc method’

(e.g. Hansen, 1971). However, this study demonstrates that

such an arc need not be symmetrically bisected by the

transport direction, and may result in significant inaccura-

cies in calculating transport where broad gaps in data exist.

Alternatively, symmetrical hinge-line rotations and fabric

relationships on either margin of a medial surface indicate

that the extension lineation has acted as an acute bisector of

originally symmetrical whaleback folding (see fig. 10 in

Alsop and Holdsworth, 1999).

Classical simple-shear generated models of sheath

folding, with smooth parabolic hinge-lines defining hair-

pin closures, results in extreme hinge elongation defining

tubular folds. The X axis of such ‘test tube’ geometries will

display a high ratio when compared with Y–Z axes, and will

therefore encourage ‘eye-shaped’ (Y–Z) sections through

the noses of sheaths. Major sheath folds marked by

pronounced fold hinge-line vergence may also display

acute apical angles and tear-drop eye folds, but need not

extend so dramatically in the X-direction owing to

mesoscopic reversals in hinge obliquity about the extension

lineation (Fig. 14). Such geometries provide an effective

means of closing major, kilometre-scale tubular sheaths in

which fold hinges are consistently sub-parallel to the

extension lineation, and which otherwise may extend for

unfeasible distances in the X direction, e.g. a sheath fold

with a 1-km-long Y axis and apical angle of 58 (similar to

values in Melness) would extend for more than 11 km in the

X direction using the simple trigonometry of Lacassin and

Mattauer (1985). This problem is further exasperated on

overturned limbs where apical angles of tubular folds may

be even more acute and dimensions along the X axis

become untenable (,30 km!) without recourse to fold

hinge-line vergence. Original patterns of mildly curvilinear

folding thus provide a fundamental control on the geometric

evolution of sheath systems.

7.3. Kinematics of sheath folding

The analysis of sheath fold geometries as an aid to the

interpretation of the gross kinematics and determination of

shear sense within shear zones has long been discussed.

Microstructural studies demonstrate that asymmetric quartz

c-axis patterns frequently display an apparent reversal in

sense around fold hinges, suggesting that c-axis patterns

have been folded around hinges which range from transport-

normal (Carreras et al., 1977) to transport-parallel (Shelley

and Bossière, 1999). Such reversals suggest a lack of

marked fold hinge rotation and recrystallization, which

would destroy pre-existing fabrics. However, within sheath

folds that have undergone marked hinge rotations, quartz

c-axis fabric patterns frequently display the same sense of

asymmetry on either limb of the fold (e.g. Carreras et al.,

1977; Crispini and Capponi, 1997). This reflects continued

dynamic recrystallization during fold hinge rotation associ-

ated with progressive non-coaxial deformation.
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Important distinctions should be drawn between the bulk

kinematics of high strain zones, and localised zones of high

strain developed around sheath fold closures in which the

local sense of shear reflects variable differential displace-

ment about the fold nose. The relative sense of shear within

these enveloping high strain zones may reverse on crossing

both axial surfaces and medial surfaces (see e.g. Alsop,

1994). These relationships demonstrate that reversals in

shear sense about transport-parallel fold hinges can be

generated during a single progressive deformation. They

may not therefore simply be a consequence of refolding of

pre-existing high strain foliations and shear criteria, and

details of fabric overprinting relationships should be care-

fully examined (see Goscombe and Trouw, 1998).

Several textbooks have recently suggested that sheath

folds consistently close in the direction of movement and

are therefore of value in determining overall shear sense

(e.g. Van der Pluijm and Marshak, 1997, p. 280; Davis and

Reynolds, 1996, p. 534; Passchier and Trouw, 1996, p. 124;

Twiss and Moores, 1992, p. 63). However, this study clearly

demonstrates that both domal and basinal sheath end

members that close in opposing directions are generated

within the same (top-to-the-west) kinematic regime. The

sense of sheath closure is thus governed by the geometry of

the original antiformal/synformal buckle folding, coupled

with variable amounts and senses of planar and linear fabric

rotations between the upper and lower limbs (across the

axial surfaces) of major domal and basinal sheath folds.

The direction of sheath closure is therefore not diagnostic of

the sense of shear, although clearly the trend of movement

will bisect the sheath closure (Fig. 2). This study illustrates

that sheath folding may only be used to determine the sense

of shear if the direction of sheath closure is combined with

the systematic analysis of patterns of fold facing coupled

with minor fold and fabric attenuation.

8. Conclusions

1. A suite of seven geometric parameters, which during

progressive non-coaxial deformation undergo sequential

and ordered modification, may be used to identify

regions of lower and higher strain. Detailed analysis of

such systematic relationships on FTPs provides a new

structural tool that effectively monitors planar and linear

fabric rotations and thereby enables a clearer under-

standing of deformation behaviour. The statistical

consistency of our results also allows the predictive

methodology developed and tested in this study to be

confidently applied in areas with poor exposure and/or

fewer data. Such techniques may be applied in all

terranes in which heterogeneous deformation results in

the rotation of planar and linear structural elements

towards the fabric attractor.

2. Distinct strain gradients exist from both the upper and

lower limbs of sheath folds which are thus asymmetric

across the axial surface, and also from the short hinge-

line to long hinge-line segments of sheath folds which

are thus asymmetric across the foliation-normal and

transport-parallel medial (culmination/depression) sur-

faces. Major sheath folds may thus be effectively

divided into quadrants with different amounts and

combinations of planar and linear fabric rotations within

each domain, which may be systematically analysed via

a ranking grid.

3. Axial surfaces of sheath folds are curviplanar about the

transport direction. The sense of axial plane/foliation

obliquity for S and Z folds always remains fixed—no

matter what the position relative to medial surfaces, i.e.

facing, or position relative to large-scale axial surfaces,

i.e. on the lower or upper limbs. However, the acute

angle will reduce as strain increases. On stereographic

projections, Z and S axial surfaces intersect parallel to

L2, thus enabling the transport to be determined in areas

where the lineation is absent or ambiguous.

4. Minor fold axial planes show consistent patterns of

rotation irrespective of facing, with Z fold axial planes

rotating clockwise and S fold axial planes anticlockwise.

Minor Z and S fold hinges will display either clockwise

or anticlockwise rotation depending on facing direction

and position relative to medial surfaces, and may

therefore rotate in the same (synthetic) sense or in an

opposing (antithetic) sense relative to their axial plane.

Lower limbs of domes display synthetic rotations whilst

the lower limbs of basins show an antithetic sense, which

may be analysed on a rotation grid.

5. Bedding-cleavage intersection lineations transect clock-

wise rotating (north-facing) folds in an anticlockwise

sense and anticlockwise rotating (south-facing) folds in a

clockwise sense. The sense of transection thus indicates

the sense of fold rotation (and hence facing!) and is

consistent with patterns of fold rotation around culmina-

tions and depressions. In areas devoid of younging

evidence, the sense of cleavage transection may thus be

used to determine the sense of fold rotation and hence

infer the direction of fold facing.

6. Apical angles of sheath folds diminish from the upper

limb to the lower limb, and from short hinge-line to long

hinge-line segments reflecting greater hinge rotation in

these higher strain settings. Analysis of lower strain

situations, such as that observed in Sleiteil where tongue

folds display apical angles of .708, allows the structural

evolution of sheath folds to be fully examined and

demonstrates that the apical angle may not be symme-

trically bisected by the extension lineation in lower

strain settings.

7. Higher strain settings (lower fold limbs and long hinge-

line segments) are marked by transport sub-parallel

folds associated with bi-polar facing patterns, whilst

lower strain scenarios are marked by variably orientated

fold hinges and a greater distribution arc of facing

directions. Patterns of hinge rotation between the upper
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and lower fold limbs thus suggest that sheath fold

geometries have been generated by increasing rotation

of variable transport-normal hinges towards the shear

direction.

8. Nested, asymmetric tear-drop eyes are developed where

pronounced fold hinge-line vergence is associated with

variably orientated and non-parallel fold hinges on either

side of a medial surface. The sense of offset of the centres

to inner and outer non-elliptical rings permits fold limb

and fold hinge-line vergence to be deduced. The

development of a vergence grid, which combines fold

limb and fold hinge-line vergence data enables relative

strain states to be accurately predicted across both medial

surfaces and axial surfaces.
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