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Some considerations on the kinematics of chevron folds

F. Bastida a,*, J. Aller a, N.C. Toimil b, R.J. Lisle b, N.C. Bobillo-Ares c

a Departamento de Geologı́a, Universidad de Oviedo, Jesús Arias de Velasco s/n, 33005 Oviedo, Spain
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Abstract

Geometrical modelling and field analysis of chevron folds suggest that these structures are a result of the combination of several kinematical
mechanisms, whose magnitude and order of application vary within certain limits. A possible mechanism operating early in the fold growth is
homogeneous layer shortening, whose contribution is restricted by the high competence contrast that the multilayers developing chevron folds
usually exhibit. In the early stages of folding, when the curvature is small, equiareal tangential longitudinal strain (ETLS) is an essential mech-
anism, since the operation of parallel tangential longitudinal strain (PTLS) or flexural flow (FF) would give rise respectively to area changes or
strain in the limbs of the final fold that are too high to be geologically realistic. After folding by ETLS, probable mechanisms are PTLS and FF,
which can operate in this order or simultaneously. In general, FF is necessary at the last stage of buckling, although the increment of folding due
to this mechanism can be very small. High values of slip between layers and area change produced in the later stages of chevron folding can
bring an end to buckling, probably at an interlimb angle value of 60e70�, and induce the onset of homogeneous strain (HS). This strain is not
coaxial in many cases, with simple shear playing an important role, and gives rise to asymmetrical folds.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Chevron folds can be defined as symmetric or slightly
asymmetric angular folds that usually show an acute interlimb
angle (Fig. 1). They are common in multilayers of alternating
competent and incompetent rocks and their geometry, kine-
matics and mechanics have been studied by many authors
(de Sitter, 1956, 1958; Bayly, 1964, 1976; Ramsay, 1967,
1974; Ghosh, 1968; Chapple, 1969, 1970; Johnson, 1970;
Smythe, 1971; Johnson and Honea, 1975; Dubey and Cobbold,
1977; Casey and Huggenberger, 1985; Narahara and
Wiltschko, 1986; Johnson and Pfaff, 1989; Pfaff and Johnson,
1989; Tanner, 1989; Stewart and Alvarez, 1991; Fowler and
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Winsor, 1996; Fletcher and Pollard, 1999; Pollard and
Fletcher, 2005; among others).

Geometrical-kinematical studies (de Sitter, 1956, 1958;
Ramsay, 1967, 1974; Ramsay and Huber, 1987; Pollard and
Fletcher, 2005) are based on theoretical models that take
into account the peculiarities of natural chevron folds and per-
mit predictions to be made about the strain and displacements
undergone by the folded rocks as well as the minor structures
that can develop associated with this type of fold. Among the
conclusions obtained in these studies are:

e When the multilayer is made up of competent layers, the
development of chevron folds involves rotation of the
limbs with associated slip between layers (de Sitter,
1956, 1958; Ramsay, 1967; Pollard and Fletcher, 2005).
When chevron folds occur in sequences with alternating
competent and incompetent beds, the slip between layers
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is substituted by simple shear in the incompetent layers
(Ramsay, 1974; Ramsay and Huber, 1987).

e The de Sitter (1956, 1958) and Pollard and Fletcher (2005)
models do not describe the strain in the hinge zone,
whereas in the Ramsay models (1967, 1974) the strain in-
side the competent layers is due to displacements parallel
to the layer boundaries, that is, simple shear (flexural
flow), and it involves no strain at the hinge points and
maximum strain in the limbs.

e Ramsay (1967, 1974) deduces a geometric evolution of
chevron folds using his models; this evolution involves
that the fold maintains its chevron shape from the
beginning of folding. De Sitter (1956, 1958) predicts
a tightening of the chevron folds up to an interlimb angle
of 50e60� at which the fold evolution stops.

e The De Sitter (1956, 1958) and Ramsay (1967, 1974)
models predict the development of structures to accommo-
date the shape of the folded layers (bulbous hinges, bou-
dinage, faults, hinge collapses, saddle reefs, etc.).

Mechanical studies have attempted to find the causes for
the development of the angular form. Most of the explana-
tions to this question are related to the well known concept
of the plastic hinge (e.g. Johnson, 1970, pp. 301e304). In
general they suggest that the angular form is linked to
some type of non-linear rheological behaviour in the rocks
during folding (Chapple, 1969, 1970; Lan and Hudleston,
1996), since the buckling theories involving linear behaviour
predict sinusoidal or even more rounded forms for finite am-
plitudes (Ramberg, 1960; Biot, 1961, 1965; Biot et al., 1961;
Currie et al., 1962; Chapple, 1968; Dieterich and Carter,
1969; Dieterich, 1970; Johnson and Fletcher, 1994; among
others). This explanation has important kinematical implica-
tions, since it requires concentration of strain in a rounded
hinge zone prior to the development of the angular form.
Mechanical interaction between beds during folding can
influence the development of chevron folds, as stated by
Johnson and Honea (1975), who suggested that the core of

Fig. 1. Chevron fold in Carboniferous greywacke and shale (Millook Haven,

Cornwall, SE England).
concentric folds can be a favoured site for the nucleation
of chevron folds.

Experimental models giving rise to chevron folds have pro-
vided insight into some aspects of the evolution of these folds
and checking of some theoretical predictions. By these methods
it is clearly confirmed that most chevron folds evolve from
rounded folds and are produced first in their cores (Ramberg,
1963, 1964; Ghosh, 1968; Johnson and Ellen, 1974; Johnson
and Honea, 1975; Ramberg and Johnson, 1976; Dubey and
Cobbold, 1977; Fowler and Winsor, 1996).

Mechanical results, based on theoretical or experimental
analysis, must be taken into account when constructing an
evolutionary model or a theoretical pattern of strain distribu-
tion in chevron folds. In this respect, the kinematical models
exclusively involving slip or shear parallel to the layer bound-
aries (Ramsay, 1967, 1974; Ramsay and Huber, 1987) contra-
dict the mechanical arguments above, which suggest a fold
development with an important operation of the tangential lon-
gitudinal strain folding mechanism (TLS). On the other hand,
models like those of de Sitter (1956) and Pollard and Fletcher
(2005) involve the operation of TLS in the individual layers so
that folding progresses by rotation without straining of the
straight limbs, but they do not analyse the strain that occurs
in the hinge zone. On this basis, it can be stated that the kine-
matical mechanisms and the strain patterns inside the layers
involved in chevron folding are not yet well understood.

The analysis of the strain distribution in folds can be under-
taken using certain geometrical rules (folding mechanisms)
that are based on simple experiments (e.g., folding of a compe-
tent layer or a card deck; Kuenen and de Sitter, 1938) consis-
tent with observations in natural folds. These mechanisms
allow the construction of theoretical folds that can be com-
pared with natural folds in order to provide information about
their strain state. However, this approach has some limitations.
The folding mechanisms used to model folds and explain the
form of the folded layers (flexural flow, flexural slip, tangential
longitudinal strain, etc.), are often too simple to fit the strain in
specific natural or experimental folds. Probably, a combination
of these simple mechanisms operating simultaneous or succes-
sively can improve the approximation (Bastida et al., 2003).
Even so, some phenomena occurring during folding, such as
hinge or neutral line migration (Stewart and Alvarez, 1991;
Fowler and Winsor, 1996), can complicate the theoretical
modelling of the strain state inside the folded layers.

The present paper investigates two issues: (a) to explore
what types of two-dimensional strain distributions can theoret-
ically produce chevron folds; (b) to analyse which of these dis-
tributions are likely in competent layers of natural chevrons
folds. The first problem is studied by modelling theoretical
folds using the program ‘FoldModeler’ (Bobillo Ares et al.,
2004) in a new version, and the second problem is tackled by
comparison of the characteristics of the theoretical folds with
features observed in natural folds. The present version of ‘Fold-
Modeler’ allows modelling of folds by tangential longitudinal
strain without area change (ETLS) and with area change
(PTLS) (Bobillo-Ares et al., 2006), flexural flow (FF), homoge-
neous layer shortening (LS) and homogeneous flattening (HF).
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In addition, the program permits the superposition of a general
homogeneous strain (HS), that can be rotational or irrotational
and whose principal directions can have any orientation with
respect to the geometrical elements of the fold. The superposi-
tion of this strain in general produces asymmetric folds.

Although chevron folds are generally developed on multi-
layers, the present paper is mainly concerned with the strain
analysis in individual competent layers, since these control
the geometry of folds. Incompetent layers are accommodated
in their geometry and strain within the spaces between compe-
tent layers and their strain state is difficult to predict at present.
Nevertheless, a complete understanding of the deformation
involved in the development of chevron folds requires knowl-
edge of the discrete displacements between adjacent layers; an
issue that will be discussed further in this paper.

2. Some structural features of natural chevron folds

Chevron folds at different locations (mainly Hartland Quay,
Devon, UK; Millook Haven, Cornwall, UK; Barrika, Biscay,
Spain; and several areas of Asturias, Spain), together with
pictures and descriptions from the geological literature, have
been analysed to gain insight into the characteristics of natural
chevron folds. The studied chevron folds developed under con-
ditions ranging between diagenetic and greenschist facies
(chlorite zone). To analyse the microstructures and strain in
the competent layers, samples have been collected from the
hinge zones (outer and inner arcs) and the limbs of two folds
(one from Millook Haven and another one from Cape Pe~nes
area, Asturias). The samples of Millook Haven are greywackes
and those from Cape Pe~nes are quartzarenites.

Competence contrast is usually high in the multilayers
where the studied chevron folds develop. This contrast is indi-
cated by the presence of common veins and fractures and the
rare development of cleavage in the competent layers of the se-
quence. Wedge shaped veins widening towards the outer arc are
abundant in the hinge zones of natural chevron folds (Fig. 2).
These structures indicate operation of the brittle equivalent of
a mechanism of PTLS (Hudleston and Srivastava, 1997;
Bobillo-Ares et al., 2006). An estimate of the increase in area
Fig. 2. (a) Chevron fold in Silurian sandstone and shale (Cape Pe~nes area, Asturias, Spain). (b) Thin section of a sample collected in the hinge zone; it presents

abundant wedge shaped veins opening towards the outer arc. (c) Microphotograph of a detail near the outer arc of the folded layer. (c) Microphotograph of a detail

near the inner arc of the folded layer.
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and length associated with the development of these veins has
been made on the sample collected from a chevron hinge zone
of the Cape Pe~nes area (Fig. 2). In this case, the tangential
stretch (

ffiffiffiffiffi
l1

p
) varies from 1.53 in the outer boundary to 1.02

in the middle part of the layer, whereas the area change
(J ¼ final area/initial area) decreases from 1.46 near the outer
boundary to 1.15 in the middle part of the layer. In the case of
a chevron fold illustrated by Ramsay and Huber (1987, p.
459), values of J ¼ 1.56 are obtained for the outer arc using
a similar procedure. These data do not consider ductile defor-
mation of the rocks and give only indicative minimum values,
but shed some light on the magnitude of area change in the
outer arc during the development of some natural chevron
folds. Under the microscope, microstructures of plastic intra-
crystalline deformation or cataclastic flow are scarce in the
outer arc and on the limbs of the folds analysed.

At outcrop, in the studied folds, structures indicating tan-
gential shortening in the inner arc are less apparent that dila-
tational structures of the outer arc. Nevertheless, cleavage
parallel to the axial plane or with a convergent fan pattern is
found in some cases affecting mainly the hinge zone inner
arc. In the Millook Haven fold, the thin sections from or
near the inner arc show an irregularly developed pressure
solution cleavage parallel to the axial plane or with a weakly
convergent fan pattern (Fig. 3aec). All these observations
again suggest a mechanism of PTLS. Strain measurements
by Fry’s method (Fry, 1979) show the existence of domains
with a very small strain ratio (R ¼

ffiffiffiffiffiffiffiffiffiffiffi
l1=l2

p
z1) and domains

with a moderate strain ratio (R < 1.9) (Fig. 3d). Similar values
have been obtained by Yang and Gray (1994) in chevron folds
of the Bendigo-Ballarat area (SE Australia). The thin sections
from Cape Pe~nes quartzarenites exhibit no shape preferred ori-
entation of the grains and only scarce microstructures indica-
tive of plastic intracrystalline deformation in chevron fold
inner arcs. Other compressional structures, like bed-normal
stylolites or reverse faults, can be also found occasionally in
the inner arcs of the Cape Pe~nes chevron folds. In any case,
these are minor features that involve a small deformation.
The obtained low or moderate R values contrast with the pre-
dictions of the mechanical models; this inconsistency could be
due to the possible operation of a mechanism, such as grain-
boundary sliding, which is undetectable from strain measure-
ments. Evidence of cataclastic flow is not present in the inner
arcs of the studied folds.

Crystals of fibrous quartz or calcite are common on bed-
ding surfaces in the limbs of chevron folds; in most cases,
the fibre direction forms a high angle with the fold axis and
the directional sense of movement agrees with inter-layer
slip linked to the folding. It is also frequent to find accommo-
dation structures, such as bulbous hinges, limb faults, boudin-
age, hinge collapses, saddle reefs or faults along the axial
surface.

Although we can see only the final form in natural chevron
folds, it is possible to observe some features in the field that
suggest how these folds could have developed from rounded
folds in some cases. For example, in the beach section of
Hartland Quay (Devon) there is a train of upright close chevron
folds (Fig. 4) with a gentle rounded antiform in the northern
end. This geometry suggests that during the first stages of fold-
ing, the folds had a rounded shape and they acquired the chev-
ron shape later. On the other hand, sometimes it is possible to
observe rounded folds that become angular folds towards the
core. In the example of Fig. 5a, two chevron antiforms are sep-
arated by a rounded wide synform; this geometry is compara-
ble to that described theoretically by Johnson and Honea
(1975) (Fig. 5b) and to the results of the experiments cited
in the previous section, in which the chevron folds develop
from the core of the concentric folds.

3. Modelling methods

Chevron folds formed by different kinematical folding
mechanisms can be modelled using the appropriate transfor-
mation relations of points developed by Bobillo-Ares et al.
(2000, 2004, 2006) and Bastida et al. (2003). We have applied
the transformations using a new version of the computer pro-
gram ‘FoldModeler’ (Bobillo-Ares et al., 2004). This program
starts from the initial configuration of a layer profile formed by
a grid of parallelograms. The nodes of the grid are then dis-
placed according to the transformation relations of the mech-
anisms involved in folding, and the layer shape is obtained.
In addition, the strain pattern is determined by comparative
analysis of the folded and original configurations.

In the modelling carried out with ‘FoldModeler’, it is nec-
essary to initially define the ‘‘guideline’’, a longitudinal refer-
ence line located inside the layer that enables the monitoring
of folding. In the models, this line has been initially located
in the middle of the layer, except in those cases indicated.
The shape of the guideline must be defined by a mathematical
function, and the functions used in this paper are the conic sec-
tions (Aller et al., 2004). The part of a conic section used to
represent the fold guideline can be defined by its eccentricity
e, which is the distance from a general point of the conical
curve (P) to a fixed point (focus, O) divided by the distance
from P to a fixed straight line (directrix) (0 � e < 1, ellipse;
e ¼ 1, parabola; e > 1, hyperbola), and the aspect ratios h of
the limbs, defined as the ratio between the height yf and the
width xf of the limb considered (Fig. 6). In the new version
of ‘FoldModeler’, the two limbs of the fold must be modelled
together, since the superposition of a general HS commonly
produces asymmetric folds involving migration of the hinge
point along the guideline; as a result, a point can pass from
one limb to the other during the development of the fold.
Then, it is convenient to describe the guideline using a single
conic section for the two limbs, since this facilitates the ana-
lytical description of the conic section after the superposition
of the HS. The problem is reduced in this case to finding the
new hinge point (vertex of the conic), fix the origin of
a new coordinate system at it and find the new equation of
the conic section.

Modelling of folds is made by successive or simultaneous
superposition of folding steps. Each folding step is defined
according to the mechanism applied, the increment that it
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Fig. 3. (a) Chevron fold in Carboniferous greywacke and shale (Millook Haven, Cornwall, SE England). (b) and (c) Microphotographs taken from a sample

collected near the inner arc of the folded layer; they show the presence of a pressure solution cleavage. (d) Thin section from a sample located near the inner

arc with the results of the strain measure by Fry’s method at several points.
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produces in terms of the aspect ratio h, and the change that it
produces in the shape of the guideline, characterised by the
eccentricity of the conic section that defines the guideline.
The simultaneous superposition of several mechanisms can
be modelled by applying a large number of successive steps
of the mechanisms considered with very small increments in
the aspect ratio and shape of the guideline.

For the analysis of the strain state in the folded layer, the
program ‘FoldModeler’ allows the construction of curves
that show the variation of R (amount of strain defined as
R ¼

ffiffiffiffiffiffiffiffiffiffiffi
l1=l2

p
, where l1 and l2 are the principal quadratic elon-

gations of the strain), J (area strain, defined as J ¼ final area/
initial area) and f (inclination of the long axis of the strain el-
lipse), along the inner and outer arc of the folded layer, as
a function of the dip a. Fig. 6 shows the sign convention for
the angles f and a.

Fig. 4. Folds in Carboniferous greywacke and shale (Hartland Quay, Devon,

SE England). The folds with minor amplitude, located at the northern end

of the section (north towards the left), are rounded; the rest of the folds are

chevron.
4. Kinematical models for the development
of chevron folds

4.1. Folding by flexural flow

Chevron folds can in principle be modelled by using differ-
ent kinematical mechanisms. Ramsay (1967, 1974) and Ramsay
and Huber (1987) used flexural flow (FF) to explain the geom-
etry of these folds in competent layers. A chevron fold mod-
elled with ‘FoldModeler’ using this mechanism can be seen
in Fig. 7. It is a parallel fold in which the ratio R increases
from the hinge zone (R ¼ 1, no strain) towards the limbs,
where the strain pattern involves high shear strain parallel to
the layer boundaries. The model is perfectly possible from
a geometrical point of view, but it seems mechanically unreal-
istic. It was criticized by Bayly (1976) who stated that for
chevron folds developed in non-foliated competent rocks,
which are approximately isotropic materials, it is difficult to
produce internal shear displacements parallel to the layer
boundaries. A similar conclusion about the role of flexural
flow in folds formed in competent layers was reached by
Hudleston et al. (1996). Moreover, the mechanical models of
‘‘chevron folds’’ involving a non-linear rheological behaviour
predict a yielding in the hinge zone, where R must therefore
reach the highest values. Finally, the strain pattern of the flex-
ural flow is not compatible with the associated minor struc-
tures that usually appear in the hinge zone of chevron folds.

4.2. Folding by tangential longitudinal strain

A theoretical chevron fold formed by equiareal tangential
longitudinal strain (ETLS) (Ramsay, 1967; Ramsay and
Huber, 1987; Bobillo-Ares et al., 2000), is shown in Fig. 8.
To produce this fold it is necessary to consider that the neutral
line is located at the inner arc boundary of the folded layer.
With any other position of the neutral line, a bulge appears
in the inner arc of the hinge zone, a feature that is not common
in chevron folds. In this model, large extensional strains and
Fig. 5. (a) Folds in Cambrian-Ordovician sandstone (Tapia de Casariego, Asturias; Spain). The antiforms in the ends of the section are close to chevron folds,

whereas the synform between them is a rounded fold. (b) Sketch showing the theoretical formation of chevron folds in the core of concentric folds. Section

A-B approximates the geometry of the folds in the picture (after Johnson end Honea, 1975; slightly modified).
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a drastic thickness decrease appear in the hinge zone. These
features are not found in the natural chevron folds analysed.

Parallel tangential longitudinal strain (PTLS), which pro-
duces no stretching of lines in the direction orthogonal to
the layer and therefore results in area change and in perfect
class 1B folds (Hudleston and Srivastava, 1997; Bobillo-
Ares et al., 2006), gives perfect chevron folds in many re-
spects. In this model, area decrease in the inner arc of the
hinge zone prevents the development of the bulge; this com-
bines with area increase in the outer arc (Fig. 9). Strain is con-
centrated in the hinge zone as the mechanical studies suggest,
but the implied area changes in this zone are very high (80%
close to the layer boundaries of the model in Fig. 9, and in

Fig. 6. Sign convention for angles f and a.
general >70% for interlimb angles <90�) and seem improba-
ble in natural chevron folds.

A sequence with ETLS followed by PTLS can give rise to
chevron folds, but if the application order is reversed we have
a situation similar to that with a single event of ETLS, since
the problems posed by the latter mechanism depend on the
curvature increment of the guideline, and this increment is
high in the late stages of the fold development. Nevertheless,
ETLS-PTLS sequences still produce high strain values (R > 5
in general) and unrealistic area decreases (minimum 70%) in
the inner arc. The advantages of models with dominant
PTLS are the strain concentration in the hinge zone, compat-
ible with mechanical predictions, and the formation of a con-
vergent fan of the major axes of the strain ellipse in the inner
arc, which is a feature found in natural folds.

4.3. Folding by superposition of tangential
longitudinal strain and flexural flow

It seems difficult to obtain a geologically probable chevron
fold by the operation of only one or two folding mechanisms.
The possibilities to model chevron folds by combination of
more than two mechanisms are infinite. Fortunately, the char-
acteristics of natural chevron folds and the mechanical models
Fig. 7. Chevron fold modelled by FF. In the detailed drawing of the hinge zone, the strain ellipses and their long axes are shown when R � 2, indicating areas where

cleavage would be probable. Aspect ratio h ¼ 1.2, eccentricity of the guideline e ¼ 1.266.
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Fig. 8. Chevron fold modelled by ETLS. The guideline coincides with the inner arc of the layer. In the detailed drawing of the hinge zone, the strain ellipses and

their long axes are shown when R � 2, indicating areas where cleavage would be probable. Aspect ratio h ¼ 1.2, eccentricity of the guideline e ¼ 1.29.
that explain their formation impose severe constraints on the
amount and the order of the operating mechanisms. A first
constraint imposed by the modelling is that the chevron folds
must reach their angular shape from rounded folds (Fig. 10); it
agrees with mechanical models for the development of chev-
ron folds (Johnson and Honea, 1975). A sequence beginning
as chevron folds would produce geologically unfeasible strain
and/or area changes. After a detailed analysis of chevron fold
models, we conclude that sequences involving a first stage of
ETLS, and a second stage with different combinations of
PTLS and FF can be considered representative of the different
combinations of buckling mechanisms that can yield geologi-
cally feasible chevron folds. This sequence avoids the prob-
lems posed by ETLS in the late stages of folding.
Furthermore, the operation of FF in the late stages of folding
prevents the huge strain and area change that PTLS alone
would produce in the hinge area.

Some examples have been modelled to analyse the contri-
butions made by the different mechanisms in the sequences
ETLS-PTLS-FF, ETLS-FF-PTLS, and ETLS-simultaneous
PTLS and FF. A set of examples has been made with a constant
e value of 1.264 and a finite aspect ratio of 1.2. The aspect ratio
of the ETLS step has been set to 0.7 (58% of the final ampli-
tude). Lower amplitudes of this step have to be compensated
by a higher percentage of PTLS that produces area changes
that are unreasonably high, whereas higher amplitudes of the
ETLS step produce strains too high in the inner arc. The total
aspect ratio of the second event with PTLS and FF has been set
to 0.5 (42% of the total amplitude). Fig. 11 shows the results
obtained for several characteristic properties as a function of
the FF percent; these properties are: dip angle of the major
axis of the strain ellipse for the limb dip of 20� in the inner
arc (Fig. 11a), R value for the limb dip of 0� in the inner arc
(Fig. 11b), and maximum and minimum dilation in the outer
and the inner arc respectively (Fig. 11c). Taking into account
features commonly observed in natural chevron folds, such
as convergent cleavage fans in the hinge inner arc and moder-
ate R and area change values, some of the sequences repre-
sented in Fig. 11 can be discarded as unrealistic, like those
with f < 80� (right limb) and f > 100� (left limb), R > 4,
and jDj(%) > 70. Combining the three diagrams of Fig. 11
we infer that sequences that give rise to folds compatible
with geological observations are: ETLS-PTLS-FF with FF
between 3 and 18%, ETLS-simultaneous PTLS and FF with
FF between 23 and 36%, and ETLS-FF-PTLS with FF
about 39%.

Another set of examples has been made with a constant
e value of 1.165 and a finite aspect ratio of 1.5. The aspect ratio
of the ETLS step has been set to 0.9 (60% of the final ampli-
tude). In this case, the sequences compatible with geological
data are: ETLS-PTLS-FF with FF between 4% and 26%,
ETLS-simultaneous PTLS and FF with FF between 26 and
37%, and ETLS-FF-PTLS with FF about 38%. Only small
differences exist between these values and those obtained for
the set of examples with finite aspect ratio of 1.2. In all cases,
the upper limit of the FF intervals is controlled by the diver-
gence in the pattern of the long axes of the strain ellipses pro-
duced by this mechanism in the inner arc. In general, the
sequence ETLS-FF-PTLS seems less appropriate, since it pro-
duces cleavage fans that are more divergent in the inner arc
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Fig. 9. Chevron fold modelled by PTLS. In the detailed drawing of the hinge zone, the strain ellipses and their long axes are shown when R � 2, indicating areas

where cleavage would be probable. Aspect ratio h ¼ 1.2, eccentricity of the guideline e ¼ 1.26. IA, inner arc; OA, outer arc.
than those obtained with the other sequences. A representative
example of a fold formed by the ETLS-PTLS-FF sequence
with 6% of FF and aspect ratio 1.2 is shown in Fig. 12. Folds
modelled by a sequence ETLS-simultaneous PTLS and FF de-
liver results quite similar to those obtained by the sequence
ETLS-PTLS-FF.

Fig. 10 shows the progressive evolution of a fold formed by
the ETLS-PTLS-FF sequence with 6% component of FF. The
maximum dip (a) vs. normalised amplitude (h) curve shows
that the final h increment due to FF that produces the chevron
shape is associated with a very small variation of the maxi-
mum limb dip (a), which explains the very small FF strain
produced in the straight part of the limb.

In the models above, the chevron shape is developed in the
final folding step. Nevertheless, in natural folds it cannot be
ruled out that the chevron morphology appears early in the
folding process with the final amplification only preserving
this shape. Modelling sequences of this type require at least
Fig. 10. Evolution of the shape of a chevron fold modelled by a sequence ETLS-PTLS-FF. Curves of a in the limb against h, and R against a in the inner and the

outer arc for the three folding steps are also shown. Eccentricity of the guideline e ¼ 1.264.
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two steps of chevron folding that must have a variable e value.
An example of this type of folds, developed with a sequence
ETLS-PTLS-FF, in which the chevron fold is formed in the
second folding step, is shown in Fig. 13. This sequence gives
results comparable to those obtained with PTLS (Fig. 9) or
with the sequence ETLS-PTLS, and involves very high J
and R values in the hinge zone inner arc. A decrease of the

Fig. 11. Curves of f (for a ¼ 20�) (a), R (for a ¼ 0) (b), and D (for a ¼ 0) (c)

against the percent of the aspect ratio produced by FF for folding sequences

ETLS-FF-PTLS, ETLS-simultaneous PTLS and FF and ETLS-PTLS-FF.

The curves in (a) and (b) correspond to the inner arc. e is the eccentricity of

the conic section that defines the guideline.
J and R values in the hinge zone can be obtained with the
sequence ETLS-PTLS-FF-FF, in which the chevron form is
developed during the first FF step. Nevertheless, this sequence
poses the same problems as the sequences with dominant FF,
such as the divergent cleavage fan produced in the hinge zone
inner arc. It can be concluded that once the chevron shape has
developed, it is probable that only homogeneous deformation
can be a significant mechanism to continue folding in natural
folds, since further growth of the fold by TLS gives rise to ex-
cessive strain and area change values in the hinge zone,
whereas FF produces folds with a divergent fan pattern of
the long axes of the deformation ellipses in the hinge zone
inner arc.

4.4. Application of homogeneous strain

Incorporation of a step of homogeneous layer parallel
shortening (LS) prior to the folding sequence that gives rise
to chevron folds has some implications on the final folds pro-
duced. An example with the sequence LS-ETLS-PTLS-FF is
shown in Fig. 14. The main effect observed is the tendency to-
wards a convergent distribution of the major axes of the strain
ellipse. This convergent distribution extends from the inner to
the outer arc with increasing values of R of the LS, as the final
strain ellipse evolves in the outer arc from one of tangential
stretching to one of tangential shortening. Some of the charac-
teristics found in this model, like the convergent cleavage in
the hinge zone inner arc, resemble features observed in natural
chevron folds.

Existence of an episode of homogeneous strain (HS) at the
end of folding seems likely to have contributed to the forma-
tion of many natural chevron folds. When the chevron fold
reaches an interlimb angle of about 60�, the continuation of
buckling requires excessive amounts of slip between beds
(de Sitter, 1958; Ramsay, 1967, 1974), and HS is a probable
mechanism to allow continued deformation whilst preserving
the chevron morphology. On the other hand, as amplitude in-
creases, the models of chevron folds described previously give
rise in general to large area changes that hinder the progres-
sion of folding and can also favour a mechanism of HS. HS
with maximum shortening perpendicular to the axial plane
(homogeneous fold flattening, HF) is probably a common
mechanism in natural chevron folds. This mechanism pro-
duces an increase in the normalised amplitude h of the fold
and a decrease of the interlimb angle (Fig. 15). It also pro-
duces a decrease in the ratio between the limb and the hinge
thickness (class 1C folds; Ramsay, 1967) and a generalised
increase in the R values throughout the fold, which only ex-
cludes the hinge zone outer arc in some cases. Moreover,
HF changes the distribution of the major axes of the strain el-
lipses towards an axial planar pattern, mainly in the inner arc.
All these characteristics are accentuated as the strain ratio, R,
of the HF increases.

Hudleston (1973) has argued that flattening can occur simul-
taneously with buckling when the ductility contrast between
layers is low, but this is hardly applicable to most chevron folds,
which are developed in multilayers with high ductility contrast.
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Fig. 12. Chevron fold modelled by a sequence ETLS-PTLS-FF. The strain ellipses are shown in the detail drawing of the hinge zone. Aspect ratio h ¼ 1.2,

eccentricity of the guideline e ¼ 1.264. IA, inner arc; OA, outer arc.

Fig. 13. Chevron fold modelled by a sequence ETLS-PTLS-FF in which the chevron shape is introduced in the PTLS folding step. The strain ellipses and their long

axes are shown in the detailed drawing of the hinge zone. Aspect ratio h ¼ 1.2. Eccentricity of the guideline: ETLS step e1 ¼ 1.264, PTLS step e2 ¼ 1.304, FF step

e3 ¼ 1.264. IA, inner arc; OA, outer arc.
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Fig. 14. Chevron fold modelled by a sequence LS-ETLS-PTLS-FF. LS with
ffiffiffiffiffi
l2

p
¼ 0:9 and without area change. Aspect ratio h ¼ 1.2, eccentricity of the guideline

e ¼ 1.255. In the detailed drawing of the hinge zone, the strain ellipses and their long axes are shown when R � 2, indicating areas where cleavage would be

probable. IA, inner arc; OA, outer arc.

Fig. 15. Chevron fold modelled by a sequence ETLS-PTLS-FF-HF. HF with
ffiffiffiffiffi
l2

p
¼ 0:8 and without area change. In the detailed drawing of the hinge zone, the

strain ellipses and their long axes are shown when R � 2, indicating areas where cleavage would be probable. Aspect ratio h ¼ 1.875, eccentricity of the final

guideline e ¼ 1.116. IA, inner arc; OA, outer arc.
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In addition, the flattening produces a layer thickening in the
hinge zone, which involves an increase of the buckling resis-
tance of the layer (Johnson, 1970, p. 297). Hence, it seems im-
probable that flattening simultaneous with buckling plays
a relevant role in the development of chevron folds.

Superposition of non-coaxial strain on chevron folds is prob-
ably very common in natural environments (Ez, 2000; Carreras
et al., 2005). A result of this superposition is the development of
asymmetric chevron folds. Excellent examples of this type of
fold can be found in Millook Haven (Cornwall, UK). They are
close recumbent asymmetric chevron folds with the hinge
slightly thickened with respect to the limbs and the normal limbs
thicker than the reverse limbs (Fig. 1). In Fig. 16, a fold with ge-
ometry comparable to the chevron folds of Millook Haven has
been modelled by ETLS þ PTLS þ FF þ rotation þ simple
shear. The four first steps could involve a buckling plus rotation
event induced in a general regime of simple shear. We can
observe the asymmetrical character of the folded layer; this
character is also observed in the curves of f, R and J vs. a. Nev-
ertheless, the modelled fold is an overturned fold, whereas the
chevron folds of Millook Haven are recumbent. Therefore, it
is necessary to add a tilt to the modelled fold to improve the
match. The geometry and the strain pattern of the folded layer
of this figure are only a possible approximation to those of
the Millook Haven folds. The geometrical similarity between
theoretical and natural folds is not sufficient to explain the nat-
ural folding mechanisms, and strain measurements are required
to improve the approximation. Unfortunately, strain values
shown in Fig. 3 are lower than those involved in the theoretical
modelling of chevron folds. We will discuss this inconsistency
below.

5. Deformation in the multilayer

A complete understanding of strain patterns in chevron
folds requires the consideration of the whole multilayer stack
where these structures develop. If the multilayer is only
formed by competent layers of uniform thickness, it is suffi-
cient to consider two adjacent layers. ‘FoldModeler’ does
not allow the modelling of folding in multilayers, but we
can model a single layer and then juxtapose it to another
one modelled with the same geometrical parameters in order
to analyse some geometrical properties of the set. In Fig. 17,
the slip produced between two adjacent competent layers is
shown for a chevron fold developed by FF and for another
one developed by PTLS. It can be observed that slip between
layers appears in folding by FF despite the limb length along
the bottom and along the top being the same; this slip is due to
the detachment with an associated dilation space that occurs in
the hinge zone. Nevertheless, the slip is lower in the chevron
Fig. 16. Asymmetric chevron fold modelled by a sequence ETLS-PTLS-FF-rotation (50�)-HS (simple shear with g ¼ 0.4 and a shear direction of 50�). This fold

can be considered as a representative model of the chevron folds at Millook Haven. In the detailed drawing of the hinge zone, the strain ellipses and their long axes

are shown when R � 2, indicating areas where cleavage would be probable. Aspect ratio: upper limb h1 ¼ 1.75, lower limb h2 ¼ 1.74; eccentricity of the final

guideline e ¼ 1.133. IA, inner arc; OA, outer arc.
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fold produced by FF than in the one produced by PTLS. This
result agrees with that obtained from the ideal model of chev-
ron fold proposed by Ramsay (1967, pp. 440e441), in which
the outer arc of the hinge is a circular arc. From this model,
where the strain in each layer is due to FF, the slip produced
is given by (Ramsay, 1967, eq. 7-39):

sFF ¼ tðtana� aÞ ð1Þ

where t is the thickness of the layers and a the limb dip. As-
suming PTLS in the same model, the slip coincides with the
total slip of Ramsay (1967, p. 440):

sPTLS ¼ t tana ð2Þ

The slip given by this equation is higher than that correspond-
ing to flexural slip folding (SFS ¼ ta; Ramsay, 1967, p. 393),
which is again due to the presence of a detachment with dila-
tion space in the hinge zone.

Eqs. (1) and (2) give a good approximation for more gen-
eral cases, as those shown in Fig. 17, where the shape of the
guideline is hyperbolic. Combinations of ETLS, PTLS and
FF give rise to slip amounts between the two cases shown in
Fig. 17. The insertion of an incompetent layer between the
competent layers slightly modifies the model; the changes
can be seen in the study made by Ramsay (1974).

The accommodation structures associated with the exis-
tence of an anomalously thick or thin layer and those associ-
ated with dilation spaces in the hinge zone depend on the
limb dip and the layer thickness/limb length ratio of the differ-
ent layers in the multilayer (Ramsay, 1974), but not on the
mechanisms that operate to develop the chevron fold.

6. Discussion and conclusions

The micro- and mesostructural analysis of natural chevron
folds, together with the mathematical modelling, suggest that
the kinematical development of these folds requires the se-
quential or simultaneous operation of several mechanisms.
Single mechanisms offer advantages and drawbacks for the de-
velopment of these folds, but only the combination of them
can give rise to the characteristics observed in natural folds.

The very strong curvature in the hinge zone of chevron
folds hampers the development of these folds by the exclusive
operation of equiareal tangential longitudinal strain (ETLS),

Fig. 17. Slip between two competent layers folded individually by FF (a) and

folded by PTLS (b). Aspect ratio h ¼ 1.2.
since this mechanism produces very high strain in the hinge
zone’s inner arc that leads to the development of bulges or re-
verse faults in this zone. These features are found in some
cases, but they are not common in natural chevron folds.
Moreover, they produce a deviation from the perfect chevron
shape. Migration of the neutral line towards the inner arc de-
creases the strain in this zone, but increases it dramatically in
the outer arc, producing a sharp thinning in this zone that is
never observed in natural folds.

Operation of parallel tangential longitudinal strain (PTLS)
avoids the development of bulges or thinning in the hinge
zone and gives rise to a perfect chevron shape, but produces
high strain and huge area change (>70% for interlimb angles
<90�) in the hinge zone. The positive aspect of this mecha-
nism is that it generates convergent cleavage fans in the inner
arc similar to those found in natural chevron folds.

Flexural flow (FF) gives rise to chevron folds with perfect
parallel style without area change and without strain in the
hinge zone, but some of the characteristics of these folds are
not in agreement with the features of natural chevron folds.
The lack of strain and the divergent distribution of the strain
ellipse major axes in the hinge zone of these theoretical folds
contradict the common presence of veins and cleavage in this
zone and the convergent distribution of cleavage in natural
folds. Moreover, flexural flow involves high shear strain in
the limbs parallel to the layer boundaries, which are probably
inhibited by the lack of an appropriate mechanical anisotropy
in the competent layers (Bayly, 1976; Hudleston et al.,
1996).

Theoretical modelling of chevron folds can be made by in-
finite combinations of kinematical mechanisms. Nevertheless,
the features usually observed in natural folds pose some con-
straints in this respect. A first constraint imposed by mechan-
ical and kinematical models is that chevron folds must evolve
from rounded folds. Evolution from an initial chevron fold
produces huge strain and area change in the hinge zone inner
arc that can only be avoided with the exclusive operation of FF
along all the folding process.

If the participation of several mechanisms is considered, the
first possible mechanism according to buckling theory is ho-
mogeneous layer parallel shortening (LS) (Ramberg, 1964;
Hudleston and Stephansson, 1973). Its operation favours the
development of convergent cleavage, but is limited by the
high competence contrast that the multilayers developing
chevron folds usually present.

Simultaneously with or after LS the more probable mecha-
nism is ETLS. In the early stages of folding this mechanism is
viable, since the small curvature increments does not involve
large strain, and this can be accommodated without area
change. On the other hand, PTLS or FF at this stage would
give rise respectively to area changes and strain in the limbs
of the final fold too high to be geologically realistic.

After folding by ETLS, probable mechanisms are PTLS
and FF, which can operate in this order or simultaneously.
Modelling shows that sequences FF-PTLS are improbable,
since they produce huge strain and area change in the hinge
zone. In general, FF is necessary at the late stage of
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buckling, although the increment of folding due to this mech-
anism can be very small. In this late stage, the dip increment
in the limbs is very small, and FF strain concentrates near
the hinge zone.

High values of slip between layers and area change emerg-
ing in the late stage of chevron folding can lead to the end of
buckling, probably for an interlimb angle value of about 60�,
and the beginning of homogeneous strain (HS). This mecha-
nism avoids slip between layers and local concentrations of
strain or area change. Homogeneous fold flattening (HF) at
the end of folding increases the fold aspect ratio and decreases
the ratio between the limb and the hinge thickness. Homoge-
neous strain superposed in the late stage of folding is not co-
axial in many cases, with simple shear playing an important
role, and gives rise to asymmetrical folds.

From the analysis of natural chevron folds and modelling
with ‘FoldModeler’, we can consider that a common sequence
that gives rise to chevron folds is LS-ETLS-PTLS-FF-HS.
Homogeneous deformation mechanisms at the beginning and
end of folding may be lacking, but the other three stages
seem to be essential, although PTLS and FF can also operate
simultaneously. Analysis of individual natural chevron folds,
complemented with the use of ‘FoldModeler’, can be used
to shed light on the particular sequences of folding mecha-
nisms operating in those folds.

An inconsistency between strain measurements in natural
chevron folds and strains obtained in theoretically modelled
chevron folds has been found. Strains obtained by the Fry
method in samples of the hinge zone and the limb are too
low to be explained by theoretical modelling. Similar strain
values have been measured by other authors in natural chevron
folds (e.g. Yang and Gray, 1994). A possible explanation for
this inconsistency is the operation of strain mechanisms that
cannot be detected by centre-to-centre methods. In addition
to brittle deformation, the more apparent deformation mecha-
nism in the chevron folds analysed is pressure solution;
nevertheless, grain-boundary sliding or grain sliding along
anastomosing solution seams could have operated in associa-
tion with pressure solution. These mechanisms are difficult
to detect; Narahara and Wiltschko (1986) have also suggested,
in addition to brittle deformation, undetectable grain-boundary
sliding to explain the strain in a natural chevron fold.

In the context of the multilayer, field observation and geo-
metrical modelling of chevron folds indicate that slip along the
layers or simple shear parallel to bedding in incompetent
layers is necessary for the development of this type of fold.
Displacements involved must be maximum for tangential lon-
gitudinal strain mechanisms and minimum for flexural flow.
Combinations of these mechanisms must give rise to situations
between these extreme cases.
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