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Abstract

Sheath folds are developed in a broad spectrum of geological environments in which material flow occurs, including gravity-driven surficial
deformation in ignimbrites, unconsolidated sediments and salt, together with deeper level ductile shear zones in metamorphic rocks. This study
represents the first geometric comparison of sheath folds in these different settings across a wide range of scales. Elliptical closures defining eye-
folds represent (y—z) cross sections through highly-curvilinear sheath folds. Our analysis of the published literature, coupled with field obser-
vations, reveals remarkably similar ellipticities (R,.) for sheath folds in metamorphic shear zones (R,. 4.23), salt (R,. 4.29), sediment slumps
(R,. 4.34), glaciotectonites (R,. 4.48), and ignimbrites (R,. 4.34). Nested eye-folds across this range of materials (N = 1800) reveal distinct
and consistent differences in ellipticity from the outer- (R,.) to the inner-most (Ry,.) elliptical “rings” of individual sheath folds. The variation
in ratios from outer to inner rings (R' = R,./R.’) in gravity-driven surficial flows typically displays a relative increase in ellipticity to define cats-
eye-folds (R’ < 1) similar to those observed during simple and general shear in metamorphic rocks. We show that sheath folds develop across
a range of scales within these different environments, and display elliptical ratios (R,.) that are remarkably constant (R* > 0.99) across 9 orders
of magnitude (sheath y axes range from ~0.1 mm to >75 km). Our findings lead us to conclude that the geometric properties of sheath folds are
scale invariant and primarily controlled by the type and amount of strain, with R’ also reflecting the rheological significance of layering asso-
ciated with original buckle fold mechanisms. The scaling pattern of sheath folds reflects the length scales of the precursor buckle folds (and
width of deformation zones) across a broad range of materials and environments. With continued deformation, the layering marking the original
folds may become increasingly passive to define sheath folds. These empirical relationships suggest sheath folding is a fundamental mode of
viscous response across a broad spectrum of materials, strain rates and scales encompassing a variety of deformation settings.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Sheath folds are increasingly recognised in high-strain zones
across a broad range of geological settings and environments in-
cluding mid-crustal shear zones (see Alsop and Holdsworth,
2004a,b), salt diapirs and flows (e.g. Talbot and Jackson,
1987; Davison et al., 1996; Alsop et al., 2000), soft-sediment
slump sheets (e.g. Roberts, 1989; Strachan and Alsop, 2006),
sub-glacially sheared sediment (e.g. Van der Wateren, 1999)
and ignimbrite flows (e.g. Branney et al., 2004). The dimensions
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of recorded sheath folds may vary through several orders of
magnitude in each of these settings. In addition sheath folds
have also been recorded from ice sheets (e.g. Hudleston,
1992; Goodsell et al., 2002), from syn-magmatic slumps within
layered igneous complexes (e.g. Clarke et al., 2005) and on the
sub-millimetre scale within flow patterns associated with injec-
tion of pseudotachylyte veins (e.g. Berlenbach and Roering,
1992; Theunissen et al., 2002; Rowe et al., 2005) and tremolitic
glass (e.g. Shao et al., 1989). They have also been described
from within shallowly-buried inter-bedded coals and shales
upon which gravity has operated (e.g. Wang et al., 1994). Sec-
tions through sheath-like tongues of pahoehoe lava have also
been recorded (e.g. Guilbaud et al., 2005) and result in classic
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elliptical or eye-shaped closures. Sheath folds have been de-
scribed from Quaternary sediments whilst the oldest dated
sheath is defined by an intensely folded tonalite sheet that yields
an age of 3640 Ma within the Palacoarchean of Greenland
(Hanmer et al., 2002).

Sheath folds form a specific sub-group of highly curvilinear
folds with hinge-line angles varying through >90°. They are typ-
ically considered to form in high strain zones due to the sequen-
tial rotation of fold hinges that initiate at high angles to the
direction of shear during progressive non-coaxial deformation
(Cobbold and Quinquis, 1980). Gentle curvilinearity of the
initial fold hinge is generally believed to be accentuated during
subsequent shearing to create highly curvilinear structures.
Despite the apparent ubiquity and scale range exhibited by sheath
folds developed within a wide range of geological environments
involving material flow, there are no published comparative stud-
ies or detailed analyses of their geometric properties. This study
presents the first systematic and comprehensive geometric anal-
ysis of sheath folds developed across a broad range of differing
lithologies, settings, strain rates and scales. It will thus help iden-
tify and constrain fundamental deformation processes operating
across such a range of scales and environments.

2. Analysis of sheath folds

Sheath folds are best described with reference to a simple
Cartesian reference frame. An x axis can be defined lying along
the length of the tube or tongue, whilst cross sections normal to
the x axis display elliptical eye-folds whose long and short axes
lie parallel to the y and short z axes, respectively (Fig. 1a). The x,
yand z geometric axes of sheath folds are typically considered to
lie sub-parallel to the X, Y and Z axes of the finite strain ellipsoid
(e.g. Quinquis et al., 1978; Minnigh, 1979). The x axis of the
sheath fold is thus considered to be broadly parallel with the
mineral elongation lineation (X), which marks the transport
direction during intense non-coaxial deformation, whilst the
sheath y axis lies in the axial plane (X—Y surface) with the
z axis forming the normal to that plane.

In order to obtain reliable and consistent y—z ratios associated
with elliptical eye-folds, sections across the apex (nose) of the
outer-fold should be avoided as this will contain only limited in-
ternal elliptical patterns (nested closures), whilst the base of the
fold will be complicated and influenced by the onset of double-
vergence geometries. Our analysis of the published literature
concerning serially sectioned sheaths (e.g. Minnigh, 1979;
Crispini and Capponi, 1997), together with our own observa-
tions, suggest that this nose region comprises <20% of the length
of the sheath x axis. Viewed sections should thus avoid the apex
(marked by limited internal ellipses) and base (marked by double
vergence) of the outer-fold and cut directly across the main body
of the sheath (see Alsop and Holdsworth, 2006 for details). We
have measured the intermediate (y) and short (z) axes from
sheath fold eye-shaped cross-sections using a variety of sources
including photographs, maps and plans. These published data
were analysed as they clearly illustrate completely closed, nested
elliptical patterns and lack of double-vergence geometries noted
above. Although most authors specifically state that photos of
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Fig. 1. (a) Schematic diagram illustrating the x, y and z axes of a sheath fold
together with the inter-limb angle («) and apical angle (8) of the curvilinear
fold hinge-line. Elliptical ratios of the outermost ring (R,.) and innermost
ring (Ry.) are also given. Y—Z orientated cross sections across the sheath
fold result in eye-fold geometries. Elliptical ratios of the outermost ring (R,.)
and innermost ring (Ry ) are also given. The thickness of any individual layer
may be measured along the y axis (#,) and at 90° to this along the z axis (t.) to
provide a ratio (T,.) of layer thickening/thinning. (b) Schematic diagram illus-
trating the variation in elliptical ratios (R") within Type A, analogous-eye-fold
(R' 1), Type B, bulls-eye-fold (R’ >1) and Type C, cats-eye-fold (R’ <1). Down-
plunge sketches illustrate typical examples of sheath folds developed in meta-
morphic rocks displaying analogous-eye-fold (Hansen, 1971), bulls-eye-fold
(Kelly et al., 2000), and cats-eye-fold patterns (Harms et al., 2004).

eye-folds are taken looking down the transport (X) direction,
in some cases the cross-sectional view may be oblique to the
Cartesian reference frame. Clearly the hinges of sheath folds
lie sub-parallel to the mineral lineation (X) which typically
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bisects the nose of the fold, and this may be used as an approxi-
mation for restoring the plunge of the sheath x axis. The axial
(x—y) planes of sheath folds will form sub-parallel to the folia-
tion. Thus, simple calculations have been made when necessary
to correct for plunging hinges and inclined axial surfaces. Dome
and basin interference patterns generated by refolding and poly-
phase folding are excluded from our data set.

Nested closures defining eye-folds may display consistent dif-
ferences in ellipticity from the outer- (R,.) to the inner-most (Ry/.’)
eye-shaped rings of individual sheath folds (Fig. 1a) (Alsop and
Holdsworth, 2006). The outer-most ellipse (R,.) may be defined
as the largest complete elliptical ring which is observed. It is nor-
mally bounded on the outer margin by a surface which displays
incomplete elliptical closures characterised by double-vergence
geometries. The inner-most elliptical ring (R,/.") forms the small-
est observed elliptical pattern situated within the outer-most el-
lipse. The variation in overall aspect ratios from outer to inner
rings of eye-folds is defined as R’ (where R’ =R,./Ry./) and
may display Type A or analogous-eye-fold (R’ 1), Type B or
bulls-eye-fold (R’ >1) or Type C and cats-eye-fold (R’ <1) geom-
etries (Fig. 1b). From an analysis of sheath folds developed within
metamorphic shear zones, Alsop and Holdsworth (2006) have
shown that more than 98% of sheath folds formed during simple
or general shear (see Simpson and De Paor, 1993 for definitions)
display cats-eye-fold geometries (R" < 1). By contrast, >90% of
sheaths generated during constriction (associated with shortening
along both the Y and Z axes) display bulls-eye-fold geometries
(R’ > 1). Criteria used to distinguish the different deformation re-
gimes are fully explained by Alsop and Holdsworth (2006). Layer
thicknesses may also be measured along the y axis (parallel to the
axial surface) (#,) and at 90° to this along the z axis (z.) to define the
ratio of T, (Fig. 1a). This ratio displays a progressive increase
from sheaths developed during constriction (T, 2.94), simple
shear (T, 3.31), and general shear (T, 4.35) deformation. The
empirical relationships and correlations noted above led Alsop
and Holdsworth (2006) to suggest that the nature of simple shear,
general shear or constrictional deformation imposes fundamental
constraints on the geometry of sheath folds within metamorphic
rocks.

The present study builds on the descriptive framework es-
tablished by Alsop and Holdsworth (2006) and extends the
concept of eye-fold analysis into different metamorphic rock
types, together with a variety of new environments associated
with gravity-driven flows. In addition we also now extend the
analysis of sheaths through several orders of magnitude into
major (kilometre scale) structures. In this study, we have in-
vestigated eye-folds from a range of geological settings and
materials and across 9 orders of magnitude in an attempt to ad-
dress fundamental questions concerning the variation in sheath
fold geometry with host material type, strain rate and scale.

3. Does sheath fold geometry vary with material
and environment?

We have measured and analysed more than 1800 nested
eye-folds representing y—z eye-shaped cross sections through
sheaths, combining our own measurements with data taken

from publications covering a range of geological settings
and materials (Figs. 2, 3). These include sheath folds in meta-
morphic shear zones, salt diapirs, unlithified “soft” sediment
deformation and slumps, glaciotectonised sediments, ignim-
brite flows, laboratory models, pseudotachylytes and ice.

3.1. Sheath folds within metamorphic rocks

Most detailed studies into the mechanisms and generation
of sheath folds have focussed predominantly upon metamor-
phic rocks (e.g. Carreras et al., 1977; Quinquis et al., 1978;
Minnigh, 1979). Such studies typically demonstrate an associ-
ation of sheath folds with intense non-coaxial deformation,
marked by the tectonic transport direction bisecting the arc
of fold hinge curvature (see Alsop and Holdsworth, 2004a,b,
2005 and references therein). Recent numerical studies by
Kuiper et al. (2007) suggest that in some extreme cases of gen-
eral shear it may be theoretically possible for sheath folds to
develop oblique to the mineral lineation, although such scenar-
ios appear uncommon in nature.

Sheath folds developed within metamorphic rocks display
elliptical ratios that typically vary between 1 and 15, with the
majority in the range of 2—5 (Fig. 4a, Table 1). In detail, the outer
ellipses display lower ratios (R,) than the inner ellipses (Ry/.)
leading to cats-eye-fold shapes (Figs. 1b, 4b, Table 1). Outer
and inner elliptical ratios of individual sheath folds are directly
compared on eye-charts where they display a distinct trend
reflecting the overall cats-eye-fold patterns associated with sim-
ple/general shear (Fig. 5a). Bulls-eye-fold patterns are only
developed with low (R,. < 3) elliptical ratios and are generally
associated with constrictional deformation (Fig. 1b) (Alsop
and Holdsworth, 2006).

Many previous studies have suggested that lithology may
play an important role in the development of folds (e.g. see
Ramsay, 1967; Ramsay and Huber, 1987). In order to specifi-
cally assess the role of lithological variation on the generation
and evolution of sheath folds, a study of sheath geometry in
some of the major metamorphic rock types has been undertaken.
These include quartzite, carbonate, psammite (4 pelite), gneiss
(£ amphibolite) (Table 2). Clearly, these broad groupings are
based on predominant rock types and may include some thin
layers and minor components, e.g. pelite within psammite,
which will induce local and perhaps sometimes significant com-
petency contrasts. Criteria used by original authors to indepen-
dently determine the nature of simple shear, general shear or
constrictional deformation associated with sheath folding are
discussed by Alsop and Holdsworth (2006). It is important to
note that most authors typically employ a combination of crite-
ria when assigning bulk deformation types.

In both simple shear and general shear, the most pronounced
ellipses with more extreme R/ aspect ratios and lower R’ values
are displayed by sheath folds developed within carbonates and
quartzites (Table 2). Conversely, lower R, values combined
with greater R’ magnitudes are displayed by sheaths developed
within gneisses and psammites. During general shear, sheath
folds within quartzite tend to plot with lower R’ for any given
Ry value, indicating a greater difference in aspect ratio between
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Fig. 2. Line drawings from photographs and sketches of sheath folds in different materials including salt (a—d), sediment slumps (e,f), glaciotectonised sediment
(g.h), and rheomorphic ignimbrites (i,j). Eye-folds represent y—z cross sections through sheath folds (see Fig. 1) with illustrations being based on (a) Balk, 1949.
(b) Muehlberger and Clabaugh, 1968. (c) Talbot and Koyi, 1998. (d) Carter, 1990c. (e) Hibbard and Karig, 1987. (f) Sarr et al., 2000. (g) Van der Wateren et al.,

2000. (h) Van der Wateren, 1999. (i,j) Branney et al., 2004.

the outer and inner ellipses defining cats-eye-folds. During con-
striction, sheath folds within carbonate and quartzite display
greater R’ values associated with extremely low (Ry) aspect
ratios when compared with those in psammite. Within each
analysed lithology, sheath folds display a progression in layer
thickness (7}.) ratios around the fold from those generated dur-
ing constrictional deformation through simple shear sheaths to

the greatest T, values recorded during general shear (Table 2).
In summary, sheath folds developed in quartzite and carbonate
typically display the most extreme variations in elliptical ratios
and R’ values, when compared to those in psammite and gneiss.
This relationship may be interpreted as reflecting the greater
susceptibility of quartzites and carbonates to flow associated
with ductile deformation (e.g. see Ramsay, 1982).
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Fig. 3. 3-D exposures of highly curvilinear soft-sediment sheath folds that display more than 90° of hinge-line variation exposed in carboniferous sandstones and
mudstones of the Fisherstreet Slump in County Clare, Ireland (see Strachan and Alsop, 2006). The recumbent fold is tight to isoclinal and displays pronounced
hinge-line curvature around the nose of the sheath. Hammer is placed towards the nose of the fold.

3.2. Sheath folds within salt

Sheath folds are most widely reported from within diapiric
salt, where eye-shaped closure patterns have long been recog-
nised in the galleries of salt mines (e.g. Balk, 1949, 1953; Hoy
et al., 1962; Kupfer, 1962, 1976; Talbot and Jackson, 1987)
(Fig. 2a,b,c,d), from reconnaissance aerial photography of salt
domes (e.g. Kent, 1970), and also generated within paraffin and
clay physical models of salt diapirs (e.g. Escher and Kuenen,
1929). Analyses of aerial photographs and maps of salt diapirs
from the Great Kavir of Central Iran reveal numerous eye-fold
patterns which are considered sheath-like and indicative of ex-
treme ductile strains (Jackson et al., 1990 (pp. 56, 57). Cross sec-
tions through the elliptical closures within the diapirs display
dominantly cats-eye patterns. Sheath folds and associated eye-
structures are also typically developed along detachments within
relatively weak salt and evaporitic units undergoing regional
folding and thrusting (e.g. Marcoux et al., 1987; Harland et al.,
1988; Malavieille and Ritz, 1989; Sans et al., 1996), together
with lateral salt flows (Talbot and Koyi, 1998) (Fig. 2c).

Sheath folds in salt display elliptical ratios varying from 1 to
15, but more typically in the range 2—6 (Fig. 4c, Table 1). Over-
all, 90% of analysed sheath folds within salt display cats-eye
patterns (Figs. 4d, 5a) with remarkably similar thickness (7.)
ratios to those recorded in quartzite and carbonate during simple
shear (Tables 1, 2). Minor components (~ 7%) of bulls-eye and
analogous-eye (~3%) fold patterns also occur within salt with
thickness ratios (7 2.445) similar to those recorded in sheath
folds developed in quartzite and gneiss during constrictional de-
formation. The overall mean values for sheath folds developed
in salt are R, 5.1, R’ 0.783 and T,.3.023 (Table 1).

3.3. Sheath folds within soft sediment slumps

Highly curvilinear “double-verging” folds and sheath folds
marked by extreme fold hinge thickening are associated with
soft-sediment deformation in a number of settings. These in-
clude accretionary complexes (Fig. 2e) (e.g. Hibbard and Karig,
1987; Agar, 1988; George, 1990), oceanic transform margins
(e.g. Benkhelil et al., 1998), thrusting of poorly lithified sedi-
ments (e.g. Nigro and Renda, 2004), together with sediment
slump sheets (Figs. 2f, 3) (e.g. McBride, 1962; Blatt et al.,
1980; Allen, 1982; Faure, 1985; Ghosh and Mukhopadhyay,
1986; Farrell and Eaton, 1987, 1988; Webb and Cooper, 1988;
Roberts, 1989; Eyles et al., 1989; Decker, 1990; Maltman,
1994; Smith, 2000; Sarr et al., 2000). Sheath folds within such
settings may be marked by ‘“‘tongues” of sediment produced
by local differential movement within the slump sheet, whereas
others are typically found in association with decollements
marked by simple-shear dominated deformation. Similar vari-
ability in folding possibly related to perturbations in flow has
also been suggested in mid-crustal shear zones (e.g. Alsop and
Holdsworth, 1993, 2002, 2004c and references therein; Alsop
etal., 1996). In addition, it has been demonstrated that concepts
of minor fold vergence, facing and obliquity to transport largely
applied to folds within mid-crustal deformation may be success-
fully employed in the analysis of such slumps (e.g. Roberts,
1989; Strachan and Alsop, 2006).

Sheath fold eyes formed in sedimentary slumps typically
display elliptical ratios between 3 and 6 (mean 5.25), with
few sheaths developing ratios >8 (Fig. 4e, Table 1). The outer
ellipses display lower ratios (R,, 4.34) than the inner (R,
6.28) (Fig. 4f) resulting in cats-eye-fold patterns on eye-charts
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General parameters of sheath folds in different materials

1591

Metamorphics Salt (N = 157 Slumps (N = 52 Glaciotectonites Ignimbrites Models (N =53
(N = 1462 from from 84 sheaths) from 26 sheaths) (N = 68 from (N = 25 from from 38 sheaths)
518 sheaths) 27 sheaths) 10 sheaths)
Scale (y axes) 0.1 mm—75 km 1 m—13 km 5.9 mm—27 m 70 mm—80 m 5.8cm—59m 1.8 mm—38 mm
Scale (z axes) 0.04 mm—20 km 162 mm—1522m 0.8 mm—9 m 23 mm—20 m 11 mm—1.8 m 0.2 mm—>5.8 mm
Orders of magnitude (mm) 9 (10! to 10%) 4 (10% to 107) 4 (10° to 10% 4 (10" to 10°) 2 (10" to 10%) 1 (10° to 10"
Outer ellipse ratio y=1.037x - 0.7 y=1017x-0.72 y=1.077x — 0.84 y=1.012x — 0.73 y=1.065x—0.82 y=0.755x —0.51
R? 0.987 0.995 0.992 0.959 0.991 0.936
Inner-outer elliptical ratios  y=0.55x+0.99 y=057x+0.79 y=0.5362x + 0.9969 y=0.508x+ 1.2762 y=0.87x—0.79 y=0.86x
R? 0.9172 0.9042 0.7877 0.8633 0.9787 0.9446
Mean R,_. (outer ellipse) 4.227 4.287 4.339 4.476 4.338 4.149
Mean Ry (inner ellipse) ~ 5.901 6.143 6.276 6.298 5.8965 5.2528
Mean R,_. (overall) 4.827 5.138 5.245 5.369 4.87 6.39
Mean R’ 0.8485 0.7833 0.710 0.738 0.713 0.8156
Mean T,. 3.312 3.023 3.158 3.276 3.123 3.230
Strain rate 107P 01072 s™" 107%s7! 107s7! 1077 s7! 10* to 10*s™! Variable

(Fig. 5a, Table 1). Overall, sheath folds formed in sedimentary
slumps display (100%) cats-eye-folds marked by mean R’
0.710, Ry, 5.25 and T, 3.158 (Table 1).

3.4. Sheath folds within glaciotectonised sediment

A large number of authors have observed well-developed me-
tre scale sheath folds and eye-structures generated during intense
deformation of unlithified sub-glacial tills (Fig. 2g,h) (e.g.
Banham and Ranson, 1965; Thomas, 1984; Owen, 1988;
Owen and Derbyshire, 1988; Kluiving et al., 1991; Matoshko,
1995; Van der Wateren, 1999; Pedersen, 2000; Van der Wateren
et al., 2000; Bennett et al., 2000; Lian et al., 2003; Piotrowski
and Windelberg, 2003; Benediktsson, 2005; Cox, 2006; Mdller,
2006) and also within drumlins (Hart, 1997). The nature of fab-
rics developed during sub-glacial shearing has been highlighted
by Van der Wateren et al. (2000). They propose that simple shear
is the predominant style of deformation within glaciotectonised
sediments.

Sheath folds formed in glaciotectonised sediments typically
display elliptical ratios between 3 and 7, with few sheaths de-
veloping ratios >8 (Fig. 4g, Table 1). The outer ellipses dis-
play lower ratios (R,, 4.48) compared to the inner ellipses
(Ry» 6.30) (Figs. 4h, 5a, Table 1). Overall, sheath folds formed
in glaciotectonised sediments display predominantly (>95%)
cats-eye patterns marked by mean R’ 0.738, R,. 5.37 and T,.
3.276 (Table 1).

3.5. Sheath folds within ignimbrites

Sheath folds developed within ignimbrites have only recently
been recognised by Branney et al. (2004) who record metre scale
sheath folds and eye structures in several different ignimbrite
flows (Fig. 2i,j). They conclude that such curvilinear folds are
common within intensely rheomorphic ignimbrites, irrespective
of their chemical composition or volcano-tectonic setting.
Sheath folds formed in ignimbrites typically display elliptical ra-
tios between 3 and 7 (mean 4.87), with few eyes exhibiting ratios
>8 (Fig. 4i, Table 1). Overall, our analysis of data presented in

Branney et al. (2004) records consistent (100%) cats-eye patterns
(Figs. 4i, 5a) associated with a well-defined trend on eye-charts.

The relatively low R’ value (R’ 0.713) observed in sheath folds
developed in ignimbrites indicates a slightly more pronounced
difference between inner and outer elliptical ratios compared
to most other lithologies (Table 1). This, coupled with the rela-
tively low elliptical ratios (mean 4.87), may suggest only a lim-
ited component of subsequent flattening (which would affect the
entire sheath fold equally) during compaction and cooling of the
ignimbrite. Typical estimates of compaction within pyroclastic
deposits are in the order of 45%, with the amount of compaction
increasing downwards through deposits (see Quane and Russell,
2005). It should however be noted that much of the compaction in
“high-temperature” ignimbrites occurs during actual emplace-
ment (Branney and Kokelaar, 1992). Branney et al. (2004)
clearly illustrate that sheath folds clearly deform the rheomor-
phic fabric associated with non-coaxial strain and emplacement
of the deposits. Sheath folds within ignimbrites may thus post-
date a significant degree of de-gassing and associated compac-
tion and therefore display R,. and T, ratios broadly similar to
other surficial flows.

3.6. Sheath folds within laboratory models

Physical modelling of sheath folds has been undertaken by
a number of authors, most notably Cobbold and Quinquis
(1980), Mulugeta and Koyi (1987), Brun and Merle (1988),
Marques and Cobbold (1995) and Rosas et al. (2002). Sheath
folds displaying up to 110° of hinge-line curvature have also
been produced during modelling of shear zones by Bons and
Urai (1996), and also during modelling of salt diapirs by
Jackson and Talbot (1989) and Jackson et al. (1990). It is im-
portant to realise that a variety of mechanisms have been used
to generate the precursor folds in different models. These
include folds generated by: the passive amplification of initial
irregularities during simple shear (e.g. Cobbold and Quinquis,
1980); non-cylindrical irregularities at the base of combined
pure and simple shear flow (e.g. Brun and Merle, 1988); and
flow perturbations around rigid inclusions (e.g. Marques and
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Fig. 5. (a) Eye-chart comparing the outer (R,.) and inner (R, ) elliptical ratios of individual sheath folds (N = 620). Charts comparing (b,c) the outer (R,.) elliptical
ratio with R' (R,./Ry ), and (d,e) the inner (R,..") elliptical ratio with R’. Plots (c,e) refer exclusively to metamorphic lithologies with mean values for sheath folds
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Tables 1 and 2 for detailed values and text for discussion.
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Table 2
General patterns of metamorphic sheath folds developed in varying lithologies
during different deformation conditions

Carbonate Quartzite Psammite Gneiss
Simple shear (N = 345)
N 57 55 160 110
Mean R 6.156 6.067 4.8 5.305
R, (outer) 4.853 5.114 4.162 4.63
Ry (inner) 7.553 7.953 5.866 6.825
14 0.678 0.675 0.735 0.716
Mean T,. 3.182 3.061 3.405 3.370
General shear (N =353)
N 41 116 165 23
Mean R 8.135 6.419 6.998 7.4996
R,. (outer) 6.391 5.0412 6.131 5.653
Ry (inner) 9.734 8.434 8.678 8.792
R 0.678 0.6484 0.744 0.6494
Mean 7. 5.065 4.034 4.4002 4318
Constriction (N = 333)
N 125 33 82 73
Mean R 2.154 1.937 2.763 1.953
R,. (outer) 2.602 2.029 2.777 2.008
Ry (inner) 1.878 1.673 2.635 1.805
R 1.389 1.218 1.065 1.1474
Mean T,. 3.170 2.632 3.131 2.422

Cobbold, 1995; Rosas et al., 2002). Marques and Cobbold
(1995) claim that the shape of the rigid experimental inclusion
partially controls the shape of the resulting sheath fold. Sheath
folds formed in laboratory models typically display elliptical
ratios between 2 and 8, with few sheaths developing ratios
>12 (Fig. 4k, Table 1). All of the experimental sheaths we
have analysed display cats-eye-fold patterns (Figs. 41, 5a)
with R" 0.816 and T, 3.23 (Table 1).

3.7. Sheath folds within pseudotachylytes

Sheath folds have been recorded on the sub-millimetre scale
within flow patterns associated with injection of pseudotachylyte
veins (e.g. Berlenbach and Roering, 1992; Theunissen et al.,
2002; Rowe et al., 2005). Such sheath folds are typically bisected
by the flow lineation within the pseudotachylyte. Flow rates in
the centre of pseudotachylyte injections have been estimated to
be in the order of 10 mm s~ 1 by Bjgrnerud and Magloughlin
(2004). The geometry of the sheath folds are controlled by
viscous drag forces generated within the injected melt, with
irregularities in the vein walls further encouraging sheaths to de-
velop. Data from sheath folds within pseudotachylyte is limited
(N = 10), but they display predominantly bulls-eye patterns (R’
1.162) with low elliptical ratios (R, 2.99, R,/» 2.66) suggesting
a component of constrictional deformation as flow converges
around irregularities.

3.8. Sheath folds within ice

Flow in ice sheets has been modelled by Jacobson and
Waddington (2004) in terms of general shear with varying com-
ponents of pure shear with vertical shortening and bed-parallel

simple shear. They suggest that in such regimes, open upright
precursor folds may rapidly amplify into recumbent folds with
overturned limbs. Indeed, recumbent sheath folds in ice have
been reported by Hudleston (1992) who describes macroscopic
eye shaped closures measuring hundreds of metres and defin-
ing typical (R, 5.8) elliptical ratios (Fig. 5a). Goodsell et al.
(2002) also record metre scale sheath folds within glacial ice
displaying cats-eye-fold patterns with overall mean values of
R’ 0.830, Ry, 4.89, Ry, 5.87 and T,, 4.26.

3.9. Results

Sheath folds generated within surficial flows (sediment slumps,
glaciotectonites, ignimbrites, ice) typically display R’ <1 cats-
eye-folds, with sheaths generated in salt also displaying R’ >1
bulls-eye-folding in some cases (Fig. 5a—c). General elliptical ra-
tios are the same across sheath folds developed in metamorphic
rocks and surficial flows, with similar R’ 0.7 values when elliptical
ratios >6 (Fig. 5b,d). R values are seen to progressively increase
as elliptical ratios systematically decrease for values <6, culmi-
nating in R’ >1 bulls-eye-folds (Fig. 5b,d). In detail, sheath folds
developed in different metamorphic lithologies display slightly
different elliptical ratios and R’ values (Fig. 5c.e). Sheath folds
generated under constrictional deformation regimes plot in a dis-
tinct R >1 field with those developed in carbonate and quartzite
displaying the most extreme R’ values (Fig. 5¢,e). Sheaths formed
in simple and general shear display similar cats-eye-folds (R’ <1),
although those formed in general shear are marked by more pro-
nounced elliptical ratios especially in carbonate and pelite
(Fig. 5c.e).

Thus, our analytical results (Figs. 4, 5) show that despite the
diverse nature of the materials and systems involved, similar
y—z elliptical ratios are recorded from sheaths folds in each of
these different settings. Sheaths typically show elliptical ratios
Ry in the 4.0—4.3 range, whilst inner elliptical ratios are more
pronounced typically displaying Ry 5.9—6.3 in natural exam-
ples (Figs. 4, 5, Table 1). Sheath folds developed within surficial
flows (sediment, ignimbrites, etc.) are dominated by simple shear
deformation, coupled with an additional (minor?) component of
gravity-induced pure shear with vertical shortening resulting in
overall general shear. This is reflected in the typical cats-eye
(R'" <1) fold patterns of associated sheath folds which most
closely resemble sheaths generated during broadly simple shear
deformation in metamorphic psammites and gneisses (Tables 1,
2). Clearly each of the materials and settings investigated from
metamorphic shear zones to surficial flows will have very differ-
ent viscosities and strain rates that may influence the ultimate ge-
ometry of the resulting structure and which are now discussed
further.

4. Does sheath fold geometry vary with strain rate?

Strain rates associated with sheath folding are likely to display
considerable variation, both within each of the settings and obvi-
ously between different settings. Typical values for crustal flow as-
sociated with shear zones are in the range of 107P—10"1 sfl,
whilst salt flows display rates typically in the range of 1075 s~



1594 G 1. Alsop et al. | Journal of Structural Geology 29 (2007) 1585—1604

(e.g. Weijermars, 1997, p. 134). Sedimentary slumps and ignim-
brites are considerably more rapid (102—104 sfl) (Table 1). Sim-
ilar large variations are recorded in the typical viscosities of these
deforming materials, with 10%°°—10?* Pa S estimated for meta-
morphic rocks, and 10'°—10"® Pa S for salt whose properties
vary dramatically with the addition of water. Van der Wateren
et al. (2000) note that strain rates in saturated sediment beneath
temperate glaciers are 107’ s™'. This is several orders of magni-
tude faster than the strain rates developed typically in metamor-
phic shear zones, with Van der Wateren et al. (2000, p. 268) also
noting that such high simple shear strain rates result in the pure
shear component (vertical shortening due to loading of ice) form-
ing a relatively small component of total deformation. Therefore,
despite the loading effect, sheaths developed in sub-glacial sedi-
ments display similar elliptical ratios (R’ 0.738, R,. 4.47) to other
surficial flows (Table 1).

Thus, in spite of widely varying strain rates (and viscosities)
in different settings, elliptical y—z sections display similar mean
ratios in metamorphics (R, 4.2), salt (R,. 4.3), soft-sediment
deformation and slumps (R, 4.3), glaciotectonised sediment
(Ry, 4.5), and ignimbrites (R,, 4.3) with an overall mean
elliptical ratio of R,, ~4.3 (Table 1). The variation in strain
rate and viscosity characterising each of these systems does
not therefore appear to significantly influence the geometry of
the resulting sheath folds that display rather uniform R,,..

5. Does sheath fold geometry vary with scale?

Previous work concerning eye-folds in metamorphic rocks
has largely concentrated on sheaths developed on less than
a 10 m scale (Alsop and Holdsworth, 2006). The present contri-
bution represents the first study to directly compare sheath fold
geometries across a wide range of scales, varying from sub-
millimetre, to those on a kilometre scale as reported by Alsop
(1994), Seno et al. (1998) and Ganesan et al. (1999), to recum-
bent sheath “nappes” as proposed by Vollmer (1988), Liu et al.
(1997), Orozco et al. (2004), Searle and Alsop (2007). Although
it has been recognised that sheath folds may develop at these
very different scales, this analysis allows us to determine for
the first time whether sheaths display self-similar patterns, or
show characteristic changes in geometry which vary as a func-
tion of scale (self-affine).

5.1. Multi-scale sheath folds

In order to address the points noted above, paired measure-
ments of y and z axes from individual sheath folds have been
recorded across a range of scales in metamorphic rocks, salt,
soft sediment slumps, glaciotectonites, ignimbrites and models
(Fig. 6 and summarised in Table 1). Standard graphs of sheath
y—z axes in these materials were plotted across a variety of
scales. Results were found to be consistent with sheath folds
in metamorphic rocks displaying an overall 0.99 R? correlation
across 9 orders of magnitude (Figs. 6a, 6b, 7a), salt sheaths dis-
play 0.96 R? correlation (Figs. 6c, 6d, 7a), sheaths in soft sedi-
ment slumps display >0.99 R* correlation (Figs. 6e, 6f, 7a),
sheaths in glaciotectonised sediments also display 0.96 R*

correlation (Figs. 6g, 6h, 7a), sheaths in ignimbrites display
>0.98 R? correlation (Figs. 6i, 6j, 7a), and modelled sheaths
display 0.94 R* correlation (Figs. 6k, 61, 7a, Table 1). Owing
to the range of observed scales which varies from <mm to
>75 km (particularly in metamorphics and salt), data is most
readily presented on log-log graphs of sheath y and z axes,
which plot along a remarkably similar trend through several
orders of magnitude (Fig. 7a).

In order to further investigate the similarity in elliptical ratios
across a range of scales, mean R, and R’ values were plotted
across eight orders of magnitude in metamorphic sheath folds
(Fig. 7b,c). R,. values in both bulls-eye and cats-eye folds dis-
play broadly similar and consistent values on the millimetre to
kilometre scale (Fig. 7b). Sheath folds developed in simple shear
and general shear also display characteristic R’ values as do
those folds generated during constriction (Fig. 7c). The broadly
similar values across eight orders of magnitude from outcrop
scale (where all structural relationships may be clearly ob-
served) to >km scale suggests that analysis and interpretation
are not unduly affected by sampling issues (see Section 6.5).
The role of scale in folding has been summarised by Ramsay
and Huber (1987, p. 206) who suggest that gravity plays only
a minor role in folds with wavelengths of <100 m, whilst folds
with wavelengths of >30 km cannot be formed by compression
alone and require the operation of gravity to some extent. Within
the present study, no analysed sheath folds display z axes of more
than 20 km. Thus, sheath geometries do not vary markedly with
scale (Fig. 7), with the typical straight-line relationships seen on
R,. and R’ graphs and log-log plots indicating that ratios associ-
ated with larger structures are not being unduly influenced by
gravitational forces (or sampling bias).

5.2. Scaling patterns of sheath folds

Short (z) axes of sheath folds in metamorphic shear zones dis-
play a range of scales from sub-mm to more than 20 km in one
extreme case, although more typically the maximum value
varies from the centimetre scale to <8 km. Ninety-five percent
of sheath folds in metamorphic shear zones display z axes of
<1.6 km. Similarly 95% of sheath folds in salt flows and diapirs
display z axes of <400 m. Sheath folds observed in glaciotecton-
ised sediments, soft-sediment slumps, and ignimbrite flows are
marked by being of relatively small scale, with 90% of z axes
<2m, 1 m and 1 m, respectively. Data were plotted on log
cumulative frequency plots and show a central straight segment
extending over 4 orders of magnitude (from ~1 mm to 100 m)
(Fig. 6). This suggests similar controls on sheath development at
this range of scales. Grain scale processes may predominate
within sheath folds developed below the millimetre scale, whilst
direct observations of sheath folds greater than 100 m are ham-
pered by a typical lack of continuous outcrop. It is notable that
fewer sheath folds are recorded and analysed with y axes on
the 10 m to 1 km scale in metamorphic shear zones. Sheath folds
analysed via aerial photography in salt are however common at
this scale suggesting that the pattern may reflect the problems of
sampling features which are typically too large for outcrop stud-
ies and too small for regional maps (see also Hippertt, 1999).



G.1. Alsop et al. | Journal of Structural Geology 29 (2007) 1585—1604

(@) 6000 T—= | @
—~ 5000 -HY=0.501x-67.9 m
E Lo00 {R?=0885 -
@ 3000 F - e ¢
X 2000 L
N 1000 L
0 og © 07 o i
0 2000 4000 6000 8000 10000
Y axes (mm)
(c) 15000 T—ms |
12500 + y =0.252x - 155
2
E 10000 HLR-=0-897 <> & o
@ 7500 * *‘ 2
& 5000 5 * o
N 2500 4 &
0 ¢
0 10000 20000 30000 40000 50000
Y axes (mm)
e 700 T
( )A 600 Hy=0274x- 115 A -
E 500 |R?=0.930 7y
= 400 A A
@ 300
S 200
100
0 |
0 500 1000 1500 2000
Y axes (mm)
4000 .
(9) £ y =0.209x - 24 A A
g 3000 T1R2_ g gs57
@ 2000 A=
% A
S 1000 ray
0 A
0 4000 8000 12000 16000
Y axes (mm)
i 2000 . . 5l
(@) z 1750 Hy = 0.28x - 33.6
£ 1o [|R2=0959 -
@ 1000
g 750 = u
500
N 250 I
0 T
0 1000 2000 3000 4000 5000 6000
Y axes (mm)
(k) 25 . o
T 20 y=0.298x+286
E 5 lIR?=0584 o
%) o
3 10 _5— o
& =
© =
N o
20 30 40 50
Y axes (mm)

(b)

Number

(d)

Number

)

Number

(h)

Number

()

Number

(1)

Number

10000
1000
100
10

1

1595

T
+ Yaxes
on nen) ) T o Z axes H

R e

1.E-02 1.E+00 1.E+02 1.E+04 1.E+06 1.E+08 1.E+10

Log length of sheath axes (mm)

1000
+ Yaxes
ot et » Z axes
100
10 \‘;
>
*
1 : o
1.E+00 1.E+02 1.E+04 1.E+06 1.E+08
Log length of sheath axes (mm)
1000 T
+ Yaxes
» Z axes
100
&
.\’“ 3 \
10 ‘:‘
*
‘0
*
1 o
0.1 1 10 100 1000 10000 100000
Log length of sheath axes (mm)
1000 T
+ Yaxes
100 - o Z axes ||
S o
10
MR
1 *
1 10 100 1000 10000 100000
Log length of sheath axes (mm)
1000
+ Yaxes
100 * Z axes
* S AL IR
S
*
1 —
1 10 100 1000 10000
Log length of sheath axes (mm)
1000
100 * Yaxes
o Z axes [
00
10 T
1 X
0.1
0.1 1 10 100

Log length of sheath axes (mm)

Fig. 6. Plots of y and z lengths of sheath fold axes (mm) and log cumulative number versus log y and z axes for sheath folds developed in (a,b) metamorphics
(sheaths with y axes between 0 and 10 m) (N = 1103), (c,d) salt (sheaths with y axes between 0 and 50 m) (N = 55), (e,f) soft sediment slumps (N = 47),
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discussion.

Thus, the majority of sheath folds in metamorphic rocks are
observed on a metre scale, with <10% of sheaths displaying y
axes of more than 1 km. Whilst this skewing of the data to-
wards smaller scales may reflect the ease of interpretation of
outcrop scale structures noted above, it may also mirror the
scale of most natural high strain zones in which sheath folds
are generated.

5.3. Scale of sheath folds and shear zones

Simple geometric models of mildly curvilinear folds devel-
oped at high angles to moderate non-coaxial deformation clearly
demonstrate that the short (z) axis of the resulting sheath fold
cannot be greater than the thickness of the deformation zone

itself (e.g. Ramsay, 1980; Lacassin and Mattauer, 1985; Skjernaa,
1989; Mies, 1993) (Fig. 8). Kilometre scale sheath folds may
also display marked variations in the degree of minor fold and
fabric rotation from the upper to lower limbs of the major fold
(see Alsop and Holdsworth, 2004b). Such systematic patterns
of deformation about the major structure are clearly inconsistent
with models of rolling hinges or narrow, high-strain zones se-
quentially migrating across existing structures. However, pro-
gressive variation in the intensity of non-coaxial deformation
from the upper to lower limbs of major folds is consistent with
a broad zone of heterogeneous shear affecting the entire sheath
fold. The relatively small scale sheath folds observed in surficial
flows and glaciotectonised sediments, where z axes are typically
1—2 m, simply reflects the limited thickness of the deforming
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Fig. 8. Schematic 3-D sketch (above) and x—z section (below) illustrating the
relationship between the widths of high strain zones and the constraints they
impose on the dimensions of sheath folds (see text for discussion).

unit. This suggests that individual sheaths form synchronously
rather than via a narrow deformation zone migrating sequen-
tially through the fold. Indeed, Van der Wateren et al. (2000)
recognised that metre scale sheath folds developed during sub-
glacial shearing of sediments reflected the thickness of the
deforming zone. Thus, rather than a relatively thin high-strain
zone migrating sequentially through a sub-glacial sequence
(see Boulton, 1996), the sheath folds suggest shearing may actu-
ally take place over several metres to generate these coherent
structures. The maximum (z) axis measured in elliptical (y—z)
sections through the body of a sheath fold will thereby provide
a minimum constraint on the thickness of the deformation zone
(Fig. 8). Sheath folds will not develop if the scale of the pre-
cursor fold is significantly larger than the width of the deforma-
tion zone itself. This fundamental scaling relationship suggests
that many precursor folds which subsequently develop into
sheath folds actually form early during the same progressive de-
formation event that generates the sheaths. Thus, the size of
sheath folds may not only reflect the thickness and continuity
of marker layers that define the folds, but also the scale of strain
localisation and shearing processes.

In summary, characteristic R" and R ratios developed across
a range of scales suggest that: (a) the processes responsible for
the development of sheath folds also operate across 9 orders
of magnitude; (b) that the major controls on sheath fold geome-
try do not vary significantly over this range of scales; (c) the
scale of sheath folds provides minimum constraints on the width
of shear zones active at any one time.

6. Discussion on the role of precursor folds, deformation,
lithology and scale on sheath folding

The final elliptical ratio (R,.) and R value of any sheath fold
may in part reflect a number of variables. The overall similar-
ity of R, ratios across the range of studied environments and
scales noted above suggests that the same controls on sheath
fold geometries have operated in these very different materials
and settings. These controls may include (a) the geometry of
precursor folds, (b) the type and magnitude of deformation,
(c) the type of lithology, and (d) the scale of deformation.
The large variation in estimated strain rate and viscosity
between settings when compared to the similarity of sheath
fold geometries suggests that these factors have only a rela-
tively limited effect.

6.1. The role of precursor fold geometry in sheath fold
development and analysis

In this study we are particularly concerned with the varia-
tion in inner (Ry.) and outer (R,.) elliptical ratios (R") which
typically define cats-eye fold patterns (R’ <1) through sheath
folds. The more pronounced inner elliptical ratios observed in
cats-eye folds may be a consequence of several factors and
controls discussed below.

6.1.1. The 3-D geometry of precursor folds

The geometry and orientation of the precursor fold will
clearly influence the shape of the resulting sheath which evolves
during subsequent shearing (e.g. Skjernaa, 1989; Mies, 1993;
see Alsop and Holdsworth, 2006 for details). Folds displaying
rounded outer arcs and tightly pinched inner arcs have been re-
corded within high strain zones across a range of environments
including salt (e.g. Talbot and Koyi, 1998). The cross sectional
morphology of these folds (including sheath folds), is consid-
ered typical of buckling folds (e.g. Ghosh, 1993, p. 524) which
have undergone subsequent fold modification during high strain
(e.g. Platt and Lister, 1985). As many folds developed in shear
zones initiate via a buckling mechanism, the rounded outer-
arcs and pinched inner-arcs of individual precursor fold surfaces
may naturally create an inherent cats-eye fold pattern in many
subsequent sheaths. In addition, the outer-most layer which is
obviously the largest fold (and may also be the thickest layer
if initiated by buckling) may help control the inner folds, i.e.
the inner-arc geometry of the outer layer dominates adjacent
smaller scale folds. However, whilst the outer-most ellipse
(R,.) will correspond typically to an outer-arc fold, the inner el-
lipse may not necessarily coincide with a “pinched” inner arc
surface, i.e. a nested sheath fold will incorporate several layers
each with its own inner and outer arcs. Alternative mechanisms
of generating cats-eye fold patterns therefore require consider-
ation and are discussed below.

6.1.2. The 3-D geometry of individual sheath surfaces
Minnigh (1979) and Crispini and Capponi (1997) have un-
dertaken detailed y—z serial sectioning along the length (x) of
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individual sheath folds. Analysis of these sections reveals that
the y—z elliptical ratio for any individual surface may increase
towards the nose or apex of that particular sheath. A single cross
section (or erosion surface) through the sheath fold will thus
intersect the surface defining the inner-most sheath closer to
its nose, and hence display greater R,. values associated with
overall cats-eye (R’ <1) patterns. R,. values may increase to-
wards the nose of cats-eye folds as reductions in the length of
the short (z) axis related to inter-limb angles have a proportion-
ally greater effect on this ratio than reductions in y controlled by
the apical angle.

These geometries may reflect the original shape of the pre-
cursor fold as most periclinal folds display pronounced changes
in fold hinge geometry along the length of the curvilinear hinge
(Dubey and Cobbold, 1977; Price and Cosgrove, 1990, p. 263).
Sections through the central portion (culminations/depressions)
of periclines display more angular profiles associated with
tighter inter-limb angles when compared to sections near termi-
nations at each end of the fold. When subjected to subsequent
shearing, the central portions of the folded surface will therefore
display the greatest y—z ratios, which will progressively dimin-
ish towards each end of the fold. As a single section through any
“nested” set of sheaths will cut closer to the nose of the inner-
most sheath, then the characteristic cats-eye (R’ <1) patterns
noted above will typically result.

6.1.3. The 3-D geometry of sheath fold packages

Sheaths may also develop more intense inner R, values due
to variations in the original shape of multi-layer folds along
their axial surface. Most folds will display amplitudes which
progressively decrease and die out when traced along their ax-
ial surface, i.e. greatest amplitudes are in the centre of the fold
package. If this package is then sheared then the central portion
(which originally was marked by tighter folds with more pro-
nounced hinge curvilinearity) will display the greater R,.
values. Lesser R,, values will occur on either side of this cen-
tral package. Because of the enhanced curvilinearity of “‘cen-
tral” folds during shearing, we observe intense folds within
less intense folds. We are unlikely to see lower R,. within
higher R,. as (a) gentle folds do not grow as much in ampli-
tude/curvilinearity during subsequent shearing, and (b) the
fold package may lie on a decollement so we only see intense
folds progressively diminishing “upwards” along their axial
surface.

Thus, the geometry of precursor buckle folds, coupled with
internal ““stacking” or “nesting”’ of sheaths one within the other
collectively explain why inner-most sheath ratios (R,./) differ
consistently from the outer-most R,.. As sheath fold y—z ratios
are shown to vary systematically along the length (x) of any
sheath it also follows that single cross sections will provide
cuts at different relative positions through adjacent sheath sur-
faces. These concepts reflecting the nucleation and enhanced de-
velopment of the core of the precursor fold were briefly noted by
Alsop and Holdsworth (2006, p. 1601) and provide a geometric
mechanism to explain the R’ variations observed in cats-eye fold
patterns.

6.2. The role of deformation in sheath fold development

From an analysis of sheath folds formed within metamorphic
rocks, Alsop and Holdsworth (2006) have demonstrated that el-
liptical ratios (R,.), R" and variations in layer thickness (T.) vary
systematically around sheath folds and directly reflect the type
of simple shear, general shear or constrictional deformation as-
sociated with sheath fold development. Although conditions for
constrictional flow may be created locally in surficial flows via
the narrowing of confining valleys and channels, such situations
appear to be relatively uncommon. Significantly, no bulls-eye
patterns are found associated with gravity-driven non-coaxial
deformation within soft-sediment slumps, glaciotectonised sed-
iments or ignimbrite flows. The vast majority (>90%) of sheath
folds developed in surficial flows (salt, sedimentary slumps,
ignimbrites, ice) display cats-eye-fold patterns (R’ <1) and are
considered to reflect gravity-driven deformation associated
with simple/general shear. Analysis of sheath folds developed
within salt diapirs reveals a minor component (10%) of bulls-
eye-fold patterns considered to reflect constrictional deforma-
tion. Such constriction may be produced by the convergent
flow of salt from a source layer into a diapiric neck, e.g.
Upheaval Dome (Jackson et al., 1998); Pugwash Diapir (Carter,
1990a,b,c; Alsop et al., 2000).

In summary, sheath folds from salt diapirs and metamor-
phic shear zones display almost identical, well-defined (R*
>0.9) outer to inner elliptical ratios and patterns as do soft-
sediment slumps and glaciotectonised sediments reflecting
cats-eye-folds. Data collected across the range of settings
and materials from metamorphic shear zones to surficial flows
are therefore consistent with simple shear and general shear
dominated deformation being a major factor in the develop-
ment of sheath fold geometries. Whilst bulls-eye-folds associ-
ated with constrictional deformation may be well-developed
within some metamorphic shear zones and locally within
salt diapirs, their overall scarcity in surficial flows suggests
that the effects of constriction are typically limited.

6.3. The role of lithology in sheath fold development

It has long been recognised that mechanical and rheological
effects associated with lithological variation play a dominant
role during the initial stages of fold development during simple
shear, whereas later amplification and rotation of folds is largely
governed by kinematics (e.g. Berthe and Brun, 1980). Field ob-
servations of fold styles (Holdsworth, 1989, 1990; Alsop and
Holdsworth, 2007) and physical modelling of shear zones by
Bons and Urai (1996) have also shown that sheath folds typically
initiate by buckling of layers rather than passive amplification of
initial perturbations as suggested by Quinquis et al. (1978). The
mechanical controls on such buckling are considered to be
heterogeneities within the folded layer itself coupled with inter-
action with adjacent layers and folds. The occurrence of boudin-
aged layers within some sheath fold complexes also indicates
that layering has not been entirely passive (e.g. Merschat
et al., 2005).
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The greater R’ values recorded in sheath folds in salt and sur-
ficial flows (Table 1) when compared to metamorphic examples
generated during simple and general shear (R’ 0.69) indicates
less variability between inner and outer elliptical ratios. This
may suggest less rheological contrast and associated buckling
between adjacent layers in sheath folds developed in salt and
surface flows. Variability in R’ values also occurs between differ-
ent types of metamorphic rocks with sheath folds developed in
quartzite and carbonate displaying the lowest R’ value during
simple/general shear, whilst sheaths in psammite display the
greatest R’ (Table 2). Conversely, during constrictional deforma-
tion, sheath folds developed in quartzite and carbonate display
the greatest R’ values whilst those in psammite are marked by
lower R’ values (Table 2). The relatively high R value (R’
0.816) within laboratory models of sheath folds compared to
natural systems may also reflect less rheological contrast
between modelled layering.

Thus, the observations noted above support curvilinear fold
initiation by buckling, triggered by inhomogeneous deforma-
tion or mechanical heterogeneity within the deforming mate-
rial. Curvilinear buckles and periclines acting as precursor
folds to sheaths may help explain the tighter inner fold geom-
etries which are then further modified and accentuated during
subsequent shearing to create the cats-eye fold geometries.
The typically greater R’ values recorded in sheath folds from
salt and surficial flows may suggest less rheological contrast
between layers when compared to those observed in metamor-
phic rocks.

6.4. The role of scale in sheath fold development

The presence of large scale sheath folds which display coher-
ent geometries suggests that deformation partitioning may not
be significant on the scale of the sheath. Large scale sheath folds
may however be composed of several smaller folds which
largely reflects the scaling patterns of the precursor folds.
Such second order sheath folds may display asymmetric
hinge-lines which define patterns of fold hinge-line vergence to-
wards the larger scale sheath closure (Alsop and Holdsworth,
1999). Miller et al. (2002) record intense non-coaxial shear
and note that whilst extreme fold axis variability may be
recorded in thinner bedded units, more massive units display
cylindrical hinges at high angles to the mineral lineation.
Similarly, Salinas-Prieto et al. (2000) illustrate complex minor
curvilinear folds which anastomose with one another during
overall simple shear deformation. It is considered that the geo-
metry of small scale sheath folds may vary with local changes
in strain magnitude and type from the upper to lower limbs of
major fold nappes that may themselves display curvilinear hinge
geometries. Sheath folds are resilient to subsequent deformation
and as such may provide a more reliable record of deformation
than grain fabrics that may be readily overprinted and destroyed.
An example of this is provided by Beunk and Page (2001) who
measure prolate clasts in deformed metaconglomerates and sug-
gest constrictional deformation at this scale. However regional
mapping of large scale sheath folds by Beunk and Page (2001)
reveals kilometre scale eye patterns with y axes extending for

up to 15 km. These sheaths define overall cats-eye-fold patterns
(R’ 0.74) with calculated R,. 3.74. Differences in strain recorded
by large scale sheath folds and pebbles may reflect discrepancies
between the clast and matrix viscosities, together with local par-
titioning of strain types and finite strain histories of clasts.

The short (z) axis of the sheath fold is controlled by (a) the
size of the precursor fold and (b) the width of the active deforma-
tion zone. The z axis thus provides a minimum thickness for the
zone of active shearing at any given time, whilst the intermediate
y axis provides the minimum width of the deforming flow cell
thereby constraining the minimum dimensions of the zone of
active deformation. Classical buckling theories (Biot, 1957,
Ramberg, 1963) using linear elastic and viscous mechanics
suggest that folding initiates only when mechanical contrasts
between layers is >100 producing a dominant wavelength
which amplifies to give periodic fold systems (Hobbs et al.,
2000, 2007). It is difficult to envisage how periodic precursor
folds would amplify to produce scale-invariant sheath forms
over 9 orders of magnitude scale range. Recently, Hobbs et al.
(2007) show that for a coupled thermal-mechanical system,
folds may form at many length scales in systems with low vis-
cosity contrasts. We suggest here that amplification of precursor
folds with arange of length scales would be the most appropriate
way to initiate the scale-invariant sheath folds we observe. In the
coupled thermal-mechanical system modelled by Hobbs et al.
(2007), temperature effects from mechanical dissipation in
turn affects the strength of temperature-dependant rheologies
typical of the mid-lower crust and would be appropriate for
the metamorphic, salt and ignimbrite sheath folds we observe.
Analogous coupled systems whereby fluid is coupled to effec-
tive stress could produce similar effects for soft sediment and
glaciotectonic sheath folds. Thus, the scale of sheath folds
reflects the mechanical properties of the deforming material
coupled with the scale of shear zones to generate sheaths in
addition to the scale and continuity of lithological banding
that define the sheaths. Large scale sheath folds with z axes
extending for up to 20 km may thus ultimately provide informa-
tion on 3-D crustal deformation patterns associated with large
scale crustal deformation regimes such as channel flow (e.g.
Merschat et al., 2005; McCaffrey et al., 2006).

6.5. Scaling and sampling issues in sheath fold analysis

As with any structural analysis across a range of scales,
a number of issues concerning sampling and scaling patterns
of sheath folds may be identified. As the recognition of sections
through sheath folds involves the identification of oval or eye-
shaped patterns, it may be suggested that it may be easier to
“spot” or sample sheaths with lower y—z ratios (e.g. Williams
and Zwart, 1977, see also Alsop and Holdsworth, 2006). It is in-
teresting to note therefore that in all environments, sheaths with
R, <4 actually form the minority of the measured data, and that
all data sets do include sheaths with R,, >10.The presence
(~10%) of sheaths displaying R,. >10 across a range of scales
(and therefore different ‘“sampling” procedures) from outcrop
(<10 m) to aerial photo/map (>1 km) and across both metamor-
phics and salt (the two datasets which span this range) provides



1600 G 1. Alsop et al. | Journal of Structural Geology 29 (2007) 1585—1604

further reassurance over sampling procedures. The observation
that metamorphic sheaths generated during general shear (in
which a flattening component typically increases R, during
shear) incorporate many more (x3.5) R,. >10 when compared
to simple shear formed sheaths lends further support to the over-
all validity of the dataset.

Clearly the elliptical ratios and identification of the outer-
most rings of sheath folds is to some extent dependent on, and
reflects the constraints imposed by, the scale of observation. In
outcrop (and smaller) sheath folds, the outer-most ellipse is typ-
ically bounded by layers displaying double vergence fold geom-
etries, and as such the observer can be sure of the extent of R,..
Similarly, the inner-most ellipse (Ry/./) is obviously bounded by
this outer layer and the R’ value may thus be calculated. Large
scale (y axes >1 km) closure patterns are normally defined by
aerial photographs and/or mapping which also typically permits
the outer-most ellipse to be identified. As elliptical “rings”
within sheath folds define progressive variations in R, from
the outer-most to the inner-most ellipses, then the misidentifica-
tion of the outer-most ellipse will result in overall R’ values
closer to 1 in both cats-eye and bulls-eye folds (i.e. differences
between the inner- and outer-most ellipses will be less pro-
nounced as the outer-most ellipse representing the most extreme
y—z has not been measured). If one had systematically misiden-
tified the outer-most ellipse in larger scale sheaths then this
should be reflected in mean R’ and R, values across the range
of scales. Our analysis of the data (Fig. 7b,c) shows that mean
R and R, are in fact relatively constant across all orders of mag-
nitude in both cats-eye and bulls-eye fold packages, suggesting
that measurement/interpretative error has not significantly
influenced our results.

7. Summary

Sheath folds display broadly similar inner- and outer-most
elliptical y—z ratios across a wide variety of materials and envi-
ronments. These observations suggest fundamental geometric
and mechanical constraints on the initiation and evolution of
sheath folds that apply across several orders of magnitude and
strain rate. The scale invariant nature of sheath folding may re-
flect the thickness of the deformation zone. The wavelength of
fold hinge-line curvilinearity is typically greater for larger folds
of thicker units, with curvilinear folds generated on a single sur-
face typically displaying similar hinge-line wavelengths (e.g.
Ghosh and Sengupta, 1984). Analysis of lineation patterns
around curvilinear folds by Ghosh and Sengupta (1984) indi-
cates that passive amplification of buckle folds into highly cur-
vilinear (sheath) folds occurs after the buckle folds themselves
have already become very tight with an associated increase in
hinge curvature. Experimental studies also suggest more pro-
nounced non-cylindricity is generated in mechanically hetero-
geneous materials (e.g. Ghosh and Ramberg, 1968; Dubey
and Cobbold, 1977). Rhodes and Gayer (1977) note that the de-
gree of curvilinearity displayed by large scale fold hinges may
be relatively small (<10°), whilst associated minor folds are
markedly non-cylindrical with hinges exhibiting >90° of curva-
ture to define sheath fold geometries. In addition, a number of

authors have noted the apparent lack of minor sheath folds as-
sociated with the development of major sheath structures (e.g.
Henderson, 1981; Lacassin and Mattauer, 1985; Fowler and
El Kalioubi, 2002). Such observations and inferences question
the assumption that minor structures are geometrically akin to
larger scale features of similar type.

The recognition in this study of consistent fold patterns de-
veloped across several orders of magnitude and within different
materials suggests that bulk strain type coupled with this funda-
mental mechanical behaviour is the governing control on sheath
folding. This suggests that models of sheath development by
passive shearing may be more appropriate in most cases as we
may otherwise expect to observe a greater scale and material de-
pendence associated with mechanical significance of layering.
Thus, the layering and banding that defines sheath folds may
be rheologically significant during the generation of precursor
buckle folds across a broad range of materials and environments.
However, with continued deformation, the layering marking the
original folds may become increasingly passive to define sheath
folds.

8. Conclusions

Sheath folds have been carefully documented by a host of
authors from a wide variety of materials in different geological
settings. Analysis of this published work, together with our own
observations, allows us to make some general remarks and draw
some conclusions about sheath fold geometries and deforma-
tion. This study suggests that:

(a) A similar range of elliptical y—z ratios (R,.) are recorded in
cross sections of sheath folds from metamorphic shear
zones (R,, 4.2), salt flows (R,, 4.3), soft-sediment slumps
(R, 4.3), glaciotectonites (R, 4.5), and ignimbrite flows
(Ry. 4.3) with an overall mean elliptical ratio R,. ~4.3.
These characteristic R,. values that are developed across
a variety of materials suggest that similar processes are re-
sponsible for the development of sheath folds across a range
of geological environments and strain rates.

(b) Gravity-driven surficial flows are dominated by cats-eye-fold
patterns (R’ <1). Such patterns are typically associated with
simple shear and general shear-dominated deformation, with
greater deformation resulting in tightening of the precursor
folds. This is consistent with a buckling mechanism of rheo-
logically significant layers. The well-established relation-
ships between layer thickness and fold wavelength/hinge
curvilinearity (e.g. Ghosh and Ramberg, 1968; Dubey and
Cobbold, 1977) associated with buckle folding may therefore
ultimately determine subsequent sheath fold geometries.

(c) Despite the huge variation in strain rate and viscosity from
metamorphic shear zones to surficial flows, scale invariant
sheath fold geometries are produced. This suggests that
strain rate and viscosity do not pose significant controls.
More fundamental constraints are imposed by the scale
of the initial instability (buckle fold), and/or the width
of the deformation zone coupled with the nature of shear-
or constriction-dominated deformation.
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(d) Characteristic R, ratios are developed in sheath folds across
arange of scales. No systematic variation occurs in R, with
scale. The frequency of small sheath folds associated with
larger ones will depend on the original patterns and geome-
tries of precursor folding. These relationships suggest that
processes responsible for the development of sheath folds
following initial buckle folding are predominantly passive
and operate across several orders of magnitude.

(e) As the length of the z axis of sheath folds reflects the min-
imum thickness across which the shearing process operates
in non-coaxial deformation, the R, measurement therefore
provides minimum constraints on the widths and thick-
nesses of shear zones operating in different settings and
throughout the crust.

(f) The largest sheath folds are developed in basement gneisses
and display z axes in the order of 20 km. This suggests large
scale flow of material (>20 km) consistent with models of
mid-crustal channel-flow.
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