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Abstract—Experimental studies of single- and multilayer folding have generally considered shortening of layers
oriented perpendicular to the maximum extension direction X (i.e. layers parallel to YZ), or in a more limited
number of cases, oblique layers still containing the intermediate Y axis. Few experimental studies have
considered the case where the extension direction X lies within the layer itself, although in nature folds with axes
parallel to X are quite commonly seen. These folds have often been ascribed to passive rotation of fold axes
during continued shear, but it has been shown both theoretically and experimentally that active buckle folds can
also develop with axes parallel to X.

Single- and multilayer analogue model experiments were performed on planar layers oriented initialty
perpendicular to the intermediate Y axis, and with the extension direction X lying within the layer itself. All
experiments were conducted in plane strain—either in pure shear or simple shear. Paraffin waxes of different
melting ranges were used as analogues for rocks with a power-law rheology (stress exponent around 2-3). With
a viscosity ratio of ca. 30:1, no measurable fold amplification was discernible for shortening of 36% or shear
strain of 3.6. Neither domed initial perturbations with circular sections parallel to the layer nor cylindrical
perturbations elongate parallel to the initial stretching direction were significantly amplified. Only at much
higher viscosity ratios (ca. 600:1) did active buckle foiding develop. This folding at high viscosity ratio was
associated with flow of the matrix in the X direction around the layer, developing a strong linear fabric parallel
to X in the matrix immediately adjacent to the layer. The development of this flow discontinuity between matrix

and layer may be characteristic of active buckling of layers parallel to XZ, with fold axes parallel to X.

INTRODUCTION

Folds with hinges parallel to the local stretching linea-
tion are a common feature of orogenic belts (e.g. Cloos
1946, Flinn 1962, Milnes 1968, Bryant & Read 1969,
Borradaile 1972, Sanderson 1973, Escher & Watterson
1974, Mattauer 1975, Bell 1978, Malavieille 1987,
Froitzheim 1992) and a characteristic feature of most
low-angle extensional detachment systems (e.g. Spencer
1982, Davis & Lister 1988, Mancktelow 1990, 1992,
Mancktelow & Pavlis in press). The stretching lineation
may represent the long axis of the total finite strain
ellipsoid, developed by superposition of either sedimen-
tary compaction plus tectonic strain (Ramsay & Wood
1973, Mazzoli & Carnemolla 1993) or of multiple tec-
tonic strains (e.g. Huber-Aleffi 1982). In this case, there
is no direct kinematic relationship between the fold axes
and the lineation. In other cases, however, the in-
cremental stretching direction appears to have been
parallel to the fold axes during fold amplification (e.g.
Simpson 1982, Klaper 1988, Stiinitz 1991, Mancktelow
1992, Gilotti & Hull 1993, Mancktelow & Pavlis in
press). Itis the development of these structures which is
investigated here.

Single- and multilayer fold studies have generally
considered shortening of layers oriented perpendicular
to the maximum extension direction X (i.e. layers paral-
lelto YZ, e.g. Biot 1959, 1961, Biot er 4l. 1961, Ramberg
1961, 1964, Cobbold 1975, Fletcher 1974, Smith 1975,
Abbassi & Mancktelow 1990, 1992, and many others),
or in a more limited number of cases, oblique layers still
containing the intermediate Y axis (e.g. Treagus 1973,
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Mainz & Wickham 1978). This is taken to be the usual
orientation for fold initiation. As a result, it has been
proposed that fold axes now oriented approximately
parallel to the stretching direction, X, developed by
progressive rotation of the axes away from an initial
orientation close to the intermediate axis Y (Sanderson
1973, Escher & Watterson 1974, Williams 1978, Cob-
bold & Quinquis 1980, Skjernaa 1980). These models all
require high strains (e.g. simple shear strain y > ~10) to
achieve near parallelism between fold axes and the bulk
stretching direction (X), and assume homogeneous de-
formation of passive folds (Donath & Parker 1964), in
which the folded layering is a passive marker rheologi-
cally indistinguishable from the surrounding matrix. In
these passive models, small initial irregularities are kine-
matically amplified during progressive strain (Cobbold
& Quinquis 1980) and may develop characteristic
sheath-fold geometries. However, many natural folds
developed with axes parallel to X bear no resemblance
to sheath-folds—they can be quite open upright struc-
tures without evidence for very high strain during their
development (e.g. Spencer 1982, Mancktelow & Pavlis
in press).

For active (or dynamic) folding, the layering has
distinct rheological properties and is more resistant to
deformation than the matrix. This leads to a hetero-
geneous distribution of deformation and the develop-
ment of a buckling instability. The development of
sheath folds in mechanically active layers will be hin-
dered by the necessity for significant in-plane strains
within the stronger layer. If, as is to be expected in most
cases, the folds behave actively (Carreras et al. 1977,
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Fig. 1. Schematic diagram of the model and deformation geometry

for pure shear experiments, showing the orientation of the initially

flat, planar layer with respect to the XYZ bulk strain axes of the
imposed deformation.

Hudleston 1977) then some degree of hinge migration
(Treagus & Treagus 1981) should occur during the
rotation of fold axes.

Ramberg (1959, fig. 3), Flinn (1962) and Ramsay
(1967, fig. 3-54) proposed that folds develop perpen-
dicular to the shortening direction within the layer and
therefore, for the Field 2 geometry of Ramsay (1967, fig.
3-54), will also develop parallel to the extension direc-
tion of the 2D strain ellipse within the layer. Since then,
only a few authors have considered models where active
buckle folds initiate parallel to the extension direction:
in pure shear (Watkinson 1975), simple shear (Wilcox et
al. 1973, Odonne & Vialon 1983), or more general 3D
strain histories (Treagus & Treagus 1981, Ridley 1986,
Ridley & Casey 1989). Recently, two theoretical studies
have considered the initiation of buckle folds with axes
parallel to X (Fletcher 1991, James & Watkinson 1994),
providing a good basis for further experimental investi-
gation of the growth of these structures to finite ampli-
tude. This paper reports the results of such an
experimental study using analogue materials to investi-
gate active buckling of single- and multilayers oriented
parallel to the XZ principal plane for pure and simple
shear boundary conditions.

EXPERIMENTAL PROCEDURE

Introduction

All experiments were performed under plane strain
conditions with single- or multilayers oriented parallel to
the XZ plane of the imposed deformation (Fig. 1). For
most experiments, the opaque matrix to either side of
the layer(s) hindered direct observation of the develop-
ing folds and the fold geometry could only be observed
at the end of an experiment once the matrix material had
been carefully removed. However, a few experiments
were also performed with a transparent polymer as the
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upper matrix, so that fold development could be con-
tinuously monitored.

Deformation conditions

Two model deformation rigs were employed, to study
folding under conditions of pure and simple shear. In the
pure shear rig (Mancktelow 1988a), all models were
shortened by 36% at a constant natural strain rate of ¢ =
5.0 x 107® s™! and a confining stress 03 of 0.03 MPa.
Differential stress (0;—03), confining stress, temperature
and strain rate were all recorded during the experi-
ments. In the simple shear rig (Ildefonse & Mancktelow
1993), all models were sheared to y = 3.8 at a constant
shear strain rate of y = 1.5 X 107 s~!. The experiments
were conducted under two constant temperature con-
ditions, namely: (a) lower viscosity ratio experiments
(=30:1) at 24 + 0.1°C, (b) higher viscosity ratio experi-
ments (=600:1) at 30 + 0.1°C. As a control on the
reproducibility of results, experiments were performed
at least twice.

Modelling materials

Two different paraffin waxes were used in the current
experiments. The softer wax forming the matrix has a
melting range of 46-48°C (Merck, 7151), whereas the
wax representing the competent layer has a melting
range of 50-52°C (Fluka, 76229). Because the mechan-
ical properties of paraffin wax are very temperature
sensitive, two sets of calibration experiments were per-
formed corresponding to the temperature conditions of
model experiments, that is 24 + 0.1°C and 30 * 0.1°C.
The two waxes were calibrated at these temperatures
using a rheometer (BOHLIN CS-50) and the pure shear
deformation rig itself (Mancktelow 1988b). For the
strain-rates of the experiments, the wax used for the
matrix has a power-law rheology with a stress exponent
of n = 2.7 over the temperature range 24-25°C. Under
the same conditions the layer has a stress exponent
n = 2.4 (Mancktelow 1988b). In this temperature range
(24-25°C), the waxes used for the layer and the matrix
have an effective viscosity ratio of ca. 30:1. Above 26—
28°C, the matrix material exhibits a marked weakening,
which approximates to the a—f phase transition for this
paraffin wax (Mancktelow 1988b). The corresponding
transition for the layer paraffin wax occurs at around
34°C. Consequently, at 30°C this results in a very high
viscosity ratio between layer and matrix of about 600:1.
Similar high viscosity ratios have been used in some
other analogue experiments on fold development (e.g.
Odonne & Vialon 1987), and such high viscosity ratios
may also be geologically reasonable where layer and
matrix have very different mechanical behaviour (cf.
Biot 1961, Kirby 1985, fig. 5).

To allow continuous observation of the layer, a few
models were prepared where the upper half of the
matrix was a transparent polydimethyl-siloxane
(PDMS—SGM 36 by Dow Corning, Weijermars 1986).
Under experimental conditions, the PDMS has a linear
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viscous rheology with viscosity of ca. 4.5 X 10* Pa s
(Weijermars 1986, fig. 11). These composite models are
used as an aid to understanding the progressive develop-
ment of folding in the models constructed of wax alone.

Model preparation

The paraffin wax used for the matrix was melted and
poured into moulds. After cooling, the paraffin wax was
cut into two halves and, if needed, a negative of an initial
perturbation was cut out in the middle of one of the
halves. Meanwhile, a 4 mm-thick flat plate of the higher
melting range paraffin wax was prepared. For the ex-
periments where the layer had an initial perturbation the
layer was heated in an incubator until soft and moulded
between the pre-formed matrix blocks. The assembled
model was then machined into its final shape (290 x 120
x 60 mm for pure shear and 490 X 120 X 50 mm for
simple shear) and loaded into the deformation rig. The
initial bonding between layer and matrix was very weak,
corresponding to the assumption of easy slip between
layer and matrix in some folding theories (e.g. Biot
1959, 1961). However, it has been shown (Biot 1959,
Smith 1975, Mancktelow & Abbassi 1992, fig. 5) that at
high viscosity ratio (ca. >100:1) there should be no
significant difference in growth rate for the two extremes
of perfect slip and perfect adherence between layer and
matrix. After experimental deformation, one half of the
matrix was removed to allow 3D observation of the
folded layer surface (Figs. 2 and 3). To study the fabric
development, samples of paraffin wax were also ob-
served under the scanning electron microscope (Fig. 4).
In the few models where PDMS was used, the lower half
of the matrix and the layer were first loaded into the
deformation rig, then the rest of the space filled with
PDMS. After waiting for the inevitable air bubbles in
the PDMS to surface, the experiments were conducted
under the same conditions as the models made entirely
of wax.

EXPERIMENTAL RESULTS
Pure shear — single layer

Two sets of experiments were carried out with a single
layer subject to pure shear deformation (Fig. 1). In the
first set of models the layer was ‘perfectly’ planar with
initial perturbations <0.05 mm, i.e. <0.0125 of the layer
thickness (Fig. 2). With a moderate viscosity ratio of ca.
30:1, the layer deformed homogeneously in a manner
similar to the matrix and no buckle folds developed (Fig.
2a). Folds only formed for models with a high viscosity
ratio (ca. 600:1). The resulting folds have their axes
parallel to the stretching direction, have low amplitudes
even at 36% bulk shortening and are sub-cylindrical
(Fig. 2e). Folds initiate in the middle of the model and
propagate toward its edges. The layer parallel strain, in
both Z and X directions is 54% of the bulk strain, which
implies that the matrix must have flowed around the
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layer, as is clear from Fig. 2(e). The spacing of folds is
expressed by the arclength/thickness ratio, defined as
the total arc length measured along the layer divided by
the number of folds and normalized against the layer
thickness (Sherwin & Chapple 1968, Fletcher & Sherwin
1978, Hudleston 1986, Abbassi & Mancktelow 1990).
The arclength/thickness ratio is around 13.7 (Fig. Sa),
which is much less than the ratio in the case of folding
under identical boundary conditions but with the layer
initially oriented parallel to the YZ plane of the imposed
bulk strain (Fig. 5b). For such models, the folds have a
large arclength to thickness ratio of around 26.9 and
there is very little layer-parallel shortening (<1%), as
predicted theoretically (Ramberg 1964).

Experiments with a transparent upper half for the
matrix (PDMS) allow a direct comparison between the
progressive buckling of a layer parallel to XZ and that of
a layer with the ‘usual’ orientation (i.e. parallel to YZ).
There are two sequential mechanisms, layer-parallel
strain and buckling. Initially the deformation is accom-
modated more-or-less homogeneously, but with the
onset of buckling the rate of further layer-parallel strain
in the layer diminishes rapidly. For continued buckling
of a layer initially oriented parallel to XZ, there is
effectively no further stretching of the layer parallel to
the fold axis. This stretch must be accommodated by
flow of the matrix around the layer in the X direction
(i.e. parallel to the fold axes), to maintain constant
volume.

A second set of model experiments were performed
with viscosity ratio ca. 30:1 under identical conditions to
the first, except that an initial perturbation of finite
amplitude was introduced into the layer. Several initial
geometries were investigated. In the first case, the
isolated perturbation had initial limb dips of 12°, an
amplitude of 0.75 of the layer thickness and a spherical-
cup shape. The introduced initial perturbation did not
amplify to form folds, but was passively deformed in
accordance with the homogeneous strain distribution in
the layer (Fig. 2b). In the second case, the initial pertur-
bation was cylindrical and elongate parallel to the X
axis, with initial limb dips of 15° and an amplitude of 0.5
of the layer thickness. Again no significant amplification
was observed during the experiment (Fig. 2c). In the
third case, initial ‘folds’ with limb dips of 45° and an
amplitude of 1.5 of the layer thickness (Fig. 6a) were
introduced. As a result of the experimental defor-
mation, the initial fold shapes were extended and
slightly boudinaged parallel to their axes by the same
amount as the bulk strain (Fig. 2d), but in the YZ section
perpendicular to their axes they underwent only homo-
geneous shortening perpendicular to their axes. This
produced a tightening of the initial fold profiles and
consequent steepening of fold limbs, but no measurable
increase in fold amplitude (Fig. 6b).

Pure shear—multilayer

The regularly stacked multilayer consisted of three
competent and two incompetent layers embedded in a
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matrix of the same viscosity as the incompetent layers
(Fig. 7). The layer thickness was 2 mm making the whole
stack thickness 10 mm. The thickness ratio of incompe-
tent to competent layers (d./d;) was 1. The experiments
were conducted under the same boundary conditions as
for the single layer experiments. Depending on whether
the viscosity ratio was low or high, these models corre-
spond respectively to Model A and Model C multilayers
of Ramsay & Huber (1987, p. 418).

Similar to the single layer models, in the lower visco-
sity ratio experiments no folds developed and the layers
were deformed solely by layer parallel strain consistent
with the bulk imposed strain. Folds only developed in
the high viscosity ratio experiments. The arclength/
thickness ratio for the individual layers was ca. 21.5, or
4.3 for the whole multilayer.

Simple shear

Models of similar initial geometry to those deformed
in pure shear were also deformed in simple shear (Fig.
8). Non-linear viscous materials do not transfer shear
stress homogeneously (Hobbs 1972), and consequently
strain is concentrated at the model boundaries. These
boundary effects (Fig. 3, cf. Biot 1968, p. 133) make it
generally more difficult to perform realistic experiments
in simple shear. However, results from experiments with
simple shear boundary conditions are important for
comparison with natural rotational deformation histor-
ies and with the results from pure shear experiments.
Folds again developed only at high viscosity ratio (Fig.
3d). Fold amplitudes were generally similar to those of
folds developed in pure shear. The introduced pertur-
bations had the same shape as in the models for the pure
shear experiments and the results were also comparable
(Figs. 3b & c): neither equiaxed initial perturbations nor
elongate cylindrical perturbations with axes parallel to
the initial X direction (i.e. 45° to the shear plane)
showed any discernible amplification, but were simply
passively modified in accord with the bulk strain within
the layer. The axis of the introduced cylindrical pertur-
bation remained fixed to the same material points
throughout the simple shear deformation and rotated as
a material line. As a result, it did not track the direction
of the finite stretching direction, X, during progressive
simple shear. Extension parallel to the fold axis resulted
in boudinage of the fold hinge, and disjointed segments
of the hinge rotated as rigid blocks to develop an en
échelon form (Fig. 3c).

To observe the progressive development of folds a
high viscosity ratio model was prepared where the upper
half of the matrix was made of PDMS. Similarly to the
experiment in pure shear, the layer first undergoes an
initial homogeneous strain (to a simple shear strain of
y = 0.2), which effectively ceases with the onset of
buckling. Due to the strain localization on the bound-
aries, the folds initiate near the short edges of the model
(Fig. 3d). The folds propagate toward the middle of the
model, but in the initial stages when they have low
amplitudes it is difficult to determine their orientation
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accurately. However, axes of the later folds developed
away from the boundaries tend to form parallel to the
incremental stretching direction of the bulk imposed
strain (rather than parallel to the already existing folds)
and progressively rotate towards the finite stretching
direction. In the course of this process, the fold hinges
remain attached to the same material points in the layer
(i.e. there is no appreciable hinge migration), which
results in shear along the axial planes. This shear is
antithetic to the bulk imposed shear and requires dis-
continuities along the fold axis (e.g. boudinaged folds or
normal faults), which is characteristic of a transtensive
shear geometry.

DISCUSSION
Comparison between experimental and theoretical results

Active fold amplification was not observed in any of
the experiments with layers of lower viscosity contrast
(ca. 30:1). At first sight, these observations are not in
full accord with the theoretical results of Fletcher (1991)
and James & Watkinson (1994). Fletcher (1991) notes
that dome-and-basin-like initial perturbations should
not actively amplify. This is in agreement with the
current experiments. He also notes that waveforms with
axes parallel to Z in a layer oriented parallel to XZ
should actually deamplify. This has been observed in the
refolding experiments of Grujic (1993). However, both
Fletcher (1991) and James & Watkinson (1994) con-
clude that sinusoidal waveforms with axes parallel to
the X axis should actively amplify. The initial non-
dimensional growth rate should be one half the rate for
the same waveform in the most favoured orientation for
folding, namely with the axis parallel to Y in a layer
oriented parallel to YZ. As noted by Fletcher (1991),
this halving of the growth rate results in a very dramatic
reduction in the finite amplification of initial pertur-
bations, due to the exponential form of the relationship.
For example, with a dynamic growth rate of 30 in the YZ
layer orientation (consistent with values measured by
Abbassi & Mancktelow 1992 for the same materials and
conditions), 15% shortening would produce amplifi-
cation (A/A,) of a sinusoidal irregularity in an XZ layer
that is only one tenth of that of the same irregularity in a
YZ layer (Fig. 9, natural strain =0.15). For a 30:1
viscosity ratio, the amplification of irregularities in a
single layer oriented parallel to YZ is already not very
dramatic (cf. Abbassi & Mancktelow 1992). For the XZ
layer orientation, the amplification of the cylindrical
initial perturbations may simply be too small to be
observed in the experiments. It is only at the much
higher growth rates associated with the high viscosity
experiments that fold amplification is clearly observed.

The theoretical studies of Fletcher (1991) and James
& Watkinson (1994) conclude that changing the layer
orientation should have no affect on the value of the
‘dominant wavelength’ (i.e. the wavelength with the
fastest growth rate), only on the magnitude of the
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Fig. 2. Photographs of layer surfaces taken at 36% shortening in pure shear, scen in the XZ plane: (a) model with viscosity
ratio 30:1 and an initial planar layer, (b) model with viscosity ratio 30:1 and an initial domed perturbation, (¢) model with
viscosity ratio 30:1 and an initial cylindrical perturbation. (d) model with viscosity ratio 30:1 and initial folds. (¢) model with
viscosity ratio of ca. 600:1 and an initial planar layer. The initial undeformed spacing between the grid lines in all models was

Jmm.
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Fig. 3. Photographs of layer surfaces deformed in simple shear taken at y = 3.8, scen in the XZ planc: (a) modet with

viscosity ratio 30:1 and an initial planar layer, (b) model with viscosity ratio 30:1 and an initial domed perturbation,

(c) model with viscosity ratio 30:1 and an initial cylindrical perturbation, (d) model with viscosity ratio of ca. 600:1 and an
initial planar layer. The initial spacing between the grid lines in all models was 5 mm in the undeformed state.
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Fig. 4. Dcvelopment of a strong “mineral’ lincation due to the flow of the matrix around the layer. SEM sccondary electron
images of paraffin wax in the matrix: (a) before; and (b) after the experimental deformation in pure shear. Approximately
XZ planc. about 4 mm from the interface. Scale bar 100 gm.
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(a)

(b)

Fig. 5. Cross-sections of folds at 36% shortening in pure shear: (a)

folds with axes parallel to the stretching direction, developed in a layer

initially parallel to the XZ plane of the imposed bulk strain, viewed in

the YZ plane; (b) folds developed in a layer originally parallel to the

YZ plane of the bulk imposed strain, viewed in the XZ plane. Both

experiments were conducted under identical boundary conditions and
with same initial layer thickness of 4 mm.

——? \ S\ e (@)
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Fig. 6. Cross-sections of folds deformed in pure shear: (a) initial folds

with axes parallel to the stretching direction, viewed in the YZ plane:

(b) same folds at 36% shortening in pure shear, viewed in the YZ plane

(cf. Fig. 2d). The initial folds were homogeneously shortened perpen-

dicular to their axes but no extension occurred in the Y direction. This

resulted in fold tightening and apparent but no effective fold amplifi-
cation.

X

Fig. 7. Schematic diagram of multilayer model geometry.

growth rates themselves. However, in the high viscosity
contrast experiments where buckle folds develop spon-
taneously, the arclength/thickness is considerably lower
for layers oriented parallel to XZ than for layers
oriented parallel to YZ (Fig. 5). This discrepancy re-
mains to be clarified.

Interrelation between folding and boudinage of the
layer, and flow in the matrix

At initiation and during the initial low limb-dip stages
of fold growth, the amplification of buckle folds is
exponential (Fig. 9, e.g. Biot 1961, Chapple 1968).
Consequently there is always an initial period when the
layer undergoes a homogeneous strain together with the
matrix before the rate of fold amplification is itself
sufficient to accommodate the layer shortening (Hudles-
ton 1973, Abbassi & Mancktelow 1992). If the fold
amplification rate is low, due to low rheological contrast
between layer and matrix or because of initial layer
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orientation (such as in the current experiments with the
layer parallel to XZ and viscosity ratio ca. 30:1), then
this initial homogeneous strain component in the layer
can be quite important. For high amplification rates
(e.g. the experiments with high viscosity ratio), folding
is more rapidly established and the ‘explosive’ exponen-
tial growth rate is accompanied by an equally dramatic
decrease in the rate of layer parallel strain. In the high
viscosity contrast experiments, there is effectively no
further stretching parallel to the fold axes in the com-
petent layers, once folds have grown to an observable
size. Buckle folding results in an overall shortening of
the layers’s median surface perpendicular to the fold axis
and an extension perpendicular to this median surface.
Buckling in itself cannot produce an extension parallel
to the fold axis. For a layer initially oriented parallel to
XZ, this does not accord with the imposed bulk plane
strain—extension parallel to the fold axes is required.
The stretch in the X direction can be taken up in the
matrix but not in the actively folding layer. However,
such an implied displacement gradient (i.e. shear) be-
tween layer and matrix in the X direction is only possible
if the layer is of finite length in this direction (e.g. Smith
1975, fig. 2). In the experiments this is indeed the case,
and the matrix flows around the layer once folding
initiates, so that overall extension parallel to X in the
layer is less than in the matrix. In nature, this will only be
possible if the layering is broken by boudinage or fault-
ing on some scale (e.g. Ramsay 1967, fig. 3-54, Field 2).
The dismemberment of the layer reduces the length to
width ratio of the layer in the X direction and thus
facilitates the flow of matrix past the layer. The X-axis
parallel folding and the break-up of the layer are linked
processes, neither of which can occur without the other.

The heterogeneous flow of the matrix around the
layer can result in the development of a strong linear
fabric, which is seen in experimental models as a marked
alignment of needie-shaped wax crystals (Fig. 4).
Amplification of folds in the competent layer in the Y
direction must be accommodated by a corresponding
contraction in the Y direction in the adjacent matrix in
order to maintain the plane strain boundary conditions.
The 3D strain geometry in the zone of contact strain of
the matrix will therefore be constrictional. In field
examples, the fold axes in more competent layers would
thus be seen to be parallel to a particularly well-
developed stretching lineation in the immediately adjac-
ent less competent matrix.

A good field example of folding with axes parallel to
the stretching direction where folding and boudinage of
the competent layer are closely linked is seen in Fig. 10,
from the Canavese metasediments of the Insubric line in
the Valle Loana (Italy). The synform axis is parallel to
the local and regional stretching lineation (Schmid er al.
1987). The axes of the three boudins in the competent
dolomitic layer are perpendicular to the fold axis and lie
in the fold axial plane that parallels the mylonitic folia-
tion (Schippi 1985). A marked concentration of strain
on the competent layer (dolomite) boundary suggests
flow of the matrix around the layer.
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Fig. 8. Schematic diagram of the model and deformation geometry for simple shear experiments, showing the orientation
of the initially flat, planar layer with respect to the XYZ bulk strain axes of the imposed deformation.

Sinusoidal Fold Amplification
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Fig. 9. Comparison of the amplification of folds in layers oriented
parallel to YZ and to XZ. The non-dimensional growth rate is ¢g. For
orientation YZ, the ratio of current to initial amplitude is given by (A/
Ag) = exp[(1 + g)e], where the ‘1’ represents the effect of kinematic
amplification, whereas for XZ, (A/Ag) = exp[(g/2)¢], following
Fletcher (1991). The value g = 30 corresponds to the measured
experimental growth rate of the fastest growing sinusoidal component
in experiments with layers parallel to YZ, for the same materials and
deformation conditions as the current experiments (see Abbassi &
Mancktelow 1992, fig. 14).

Superposed folding

In repeated folding there are many geometrical situ-
ations which would favour the development of folds
parallel to the extension direction. However, in most
cases it is only the second phase folds that contain a
component of stretching along their axes, due to the
greater range of initial orientation of the layering rela-
tive to the superposed 3D strain ellipsoid and because
layers rotate through different orientations during their
deformation history. Many of these orientations may
involve a component of stretch in the layer.

The strain distribution on the layer surface in fold

interference patterns has been discussed by Ghosh
(1970, 1974) and Grujic (1992). Considering only the
concentric longitudinal strain it has been shown that
both the axial ratio of the strain ellipses and the orien-
tation of their major axes will vary from place to place
over the superposed fold surface. For noncoaxial refold-
ing (Type 1 and Type 2 interference patterns, Ramsay
1967, pp. 520-521), there is always a component of
stretching parallel to the second phase fold axes because
the limbs of initial folds are in the Field 2 of Ramsay
(1967, fig. 3-54). The angle between the second fold
axes and the bulk strain ellipsoid axes depends on the
initial fold interlimb angle. In the Type 1 interference
strain geometry (this strain geometry refers to the orien-
tation of the initial fold hinge and axial plane with
respect to the XYZ bulk strain axes of the second
deformation), the initial fold axial planes are parallel to
the XZ plane of the bulk superposed strain ellipsoid,
while the second phase fold axes lie in the XY plane.
Due to the passive amplification of the initial fold in this
strain geometry (Grujic 1993), the second phase fold
axes progressively approach the X strain axis as the
initial fold limbs rotate into the XZ plane. In the Type 2
interference strain geometry, the second phase fold axes
also lie in the XY plane, but the initial fold axial planes
are parallel to the YZ plane. During progressive defor-
mation, the second phase fold axes passively rotate into
the stretching direction inasmuch as the initial folds
deamplify (Grujic 1993).

In contrast, for coaxial refolding (Type 3 interference
pattern, Ramsay 1967, pp. 520-521) the longest axis of
the finite strain ellipsoid (of prolate or oblate geometry)
may also be parallel to the fold axes, but this total strain
geometry has no kinematic significance relative to the
strain increments which produced the folding and
refolding.

Folding of layers in general orientations oblique to
principal axes

In the absence of important initial irregularities
(Abbassi & Mancktelow 1990) or linear anisotropy
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Fig. 10. Outcrop map of a boudinaged synform in Valle Loana, Italian Alps. (a) Marbles, (b) highly deformed rocks,
(c) sandstones, (d) schists, (e) schistosity with angle of dip, (f) lineation with angle of plunge. After Schéppi (1985).

(Cobbold & Watkinson 1981, Watkinson & Cobbold
1981), fold geometry and fold orientation are largely
determined by the original orientation of the pre-
existing rheological layering or planar anisotropy with
respect to the shortening or shear direction (e.g. Ram-
say 1967, Talbot 1970, Escher & Watterson 1974, Skjer-
naa 1980, Treagus & Treagus 1981, Ridley & Casey
1986, Ramsay & Huber 1987, Froitzheim 1992). A
variable original orientation of the layering or aniso-
tropy results in a correspondingly variable orientation of
fold axes—fold axes strictly parallel to Y or X axes of the
bulk imposed strain are only end-members. The deter-
mining feature both for geometry and orientation is the
shape of the 2D strain ellipse parallel to the layer or
plane of anisotropy (Ramsay 1967), which is itself a
section through the bulk 3D strain ellipsoid modified by
refraction at rheological boundaries (e.g. Treagus 1972,
1973, Treagus & Sokoutis 1992). For 2D strain ellipses
for which one principal axis is shortened while the other
is extended (i.e. Field 2 of Ramsay 1967, fig. 3-54), folds
will develop with axes perpendicular to the shortening
direction within the layer (Ramberg 1959, Flinn 1962,
Ramsay 1967, Treagus & Treagus 1981, Ridley & Casey
1986) and thus parallel to the extension direction. How-

ever, fold amplification rates are smaller than for a layer
parallel to the YZ plane, as shown by the current
experimental study, the analytical results of Fletcher
(1991) and James & Watkinson (1994), and the numeri-
cal simulation of asymmetric folding by Anthony &
Wickham (1978). For this reason, higher viscosity ratios
and/or larger initial perturbations are needed for fold
initiation when the rheological layering is oblique to the
bulk strain axes. Layering parallel to the XZ plane will
undergo much larger layer-parallel strain than expected
from theories and experiments considering initial layer
orientation parallel to YZ (e.g. Biot 1961, Hudleston
1973). This implies that for general layer orientations
there is a more important component of initial homo-
geneous strain before folding predominates and the use
of fold shape as an indicator of the rock rheology (e.g.
Hudleston & Lan 1993) may not be reliable when the
layering was not initially parallel to the XZ plane (which
is not always easy to determine from observations in the
deformed state).

As noted by Ramsay (1967, fig. 4-25), Field 2 strain
geometries in layers are the most general and presum-
ably most common situation. Folds, therefore, should
often have a component of stretching parallel to their
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axes. This does not imply that the fold axes are strictly
parallel to the longest axis of the bulk strain (X). The
necessary flow of the matrix around the competent layer
parallel to the stretching component in the layer may
cause a strong lineation in the immediately adjacent
matrix (Figs. 4 and 10), falsely suggesting a large bulk
stretch exactly parallel to the fold axes.

CONCLUSIONS

The current series of analogue model experiments
have considered the development of active buckle folds
with axes parallel to the principal elongation direction X
for moderate (~30:1) and high (~600:1) effective visco-
sity ratios under both pure and simple shear conditions.
Whereas folding at high viscosity ratios nucleates with-
out the introduction of an initial finite amplitude pertur-
bation in the layer(s), amplification of folds in the lower
viscosity ratio experiments was not observed, even for
cylindrical initial perturbations parallel to X. It would
seem, therefore, that the development of regular wave-
trains of high amplitude folds with this orientation, as
have been described from many regions (e.g. Bartley et
al. 1990, Uraietal. 1990, Yin 1991, Mancktelow & Pavlis
in press) may imply high effective viscosity contrasts
between the folded layers and/or non-plane strain con-
ditions, with a component of extension perpendicular to
the fold axis (i.e. an overall oblate or flattening strain).

The analogue models suggest that folding with axes
parallel to the stretching direction within the layer may
only occur if the layer is discontinuous, either originally
or due to concomitant boudinage, thus producing a flow
discontinuity in the direction of the fold axes at the
matrix/layer interface. It is tentatively proposed, as a
spur to further work, that this discontinuous flow geom-
etry may be important on a wide range of scales from
individual boudinaged mesoscopic folds (e.g. Ramsay &
Huber 1983, fig. 4.12B) to folds in low-angle detachment
systems (e.g. Mancktelow & Pavlis in press), where the
more competent ‘layer’ could represent the strong mid-
dle crust.
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