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Abstract

During superposed deformation, an early fold (F1) may either tighten or open out. Opening out is possible if, during the second

deformation, there is a bulk extension across the F1 axial plane. The theoretical model indicates that the rate of opening out is largely

controlled by the initial tightness of the fold. The results of the numerical model are in agreement with analog experiments of superposed

buckling and show that if there is a relatively small range of variation of initial tightness of F1 folds, the range of fold tightness becomes much

larger after the opening out of the folds in the second deformation. Consequently, the refolded structure may show a close association of

different modes of superposed buckling. In a type-2 fold interference, the continued opening out of F1 invariably causes a replacement of the

initial F1 hinge line by a new and more sinuous hinge line. When the shortening direction (P2) of the second deformation was at an acute

angle to the F1-axis, depending upon their local orientation with respect to P2, the F1 folds were tightened in some places and were opened

out elsewhere. When the enveloping surface is inclined in the direction of maximum stretching of second deformation, segments of F1 and F2

hinge lines may both rotate to lie in the extension field and both F1 and F2 may open out with progressive deformation. If F1 has a low pitch,

and P2 is parallel to the F1-axis, the two sets of hinge lines may become subparallel at an advanced stage of deformation. The resulting

structure is morphologically similar to non-planar sheath folds.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

The origin of different types of fold interference was first

analyzed by Ramsay (1962, 1967, p. 518) in terms of the

model of shear folding. These pioneering studies provided

the first approximation to the complicated problem of the

development of diverse morphological types of superposed

folds. The majority of superposed folds in nature developed

by superposition of buckling folds. Superposed buckling has

been studied experimentally by a number of authors (e.g.

Ghosh and Ramberg, 1968; Skjernaa, 1975; Watkinson,

1981; Odonne and Vialon, 1987; Ghosh et al., 1992, 1993,

1996; Grujic, 1993; Grujic et al., 2002; Johns and Mosher,

1996). The present study is essentially concerned with one

aspect of superposed buckle folding that was not
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investigated in detail in previous theoretical or experimental

studies.

The classic study of Flinn (1962) showed that superposed

deformation might not always cause a tightening of the early

folds during their refolding. Depending upon the orientation

of the first fold axis and axial surface with respect to the

principal axes of strain of the second deformation, the early

folds may either open out or tighten, and may give rise to

what has been described by Flinn (1962, p. 417) as opening

folds and closing folds.

We shall first study the problem of opening out of the

early folds by a theoretical analysis. This will be followed

by experiments on superposed buckling in which there is a

bulk extension in a flattening type of deformation.
2. Modes of superposed buckling and hinge replacement

The geometry of superposed buckling depends to a large

extent on the initial tightness of early folds (Ghosh and

Ramberg, 1968; Skjernaa, 1975; Watkinson, 1981; Odonne
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and Vialon, 1987; Ghosh et al., 1992, 1993, 1996; Grujic,

1993). In the experiments of superposed buckling by Ghosh

and Ramberg (1968), two types were recognized. In one of

these, small F2 folds were superposed on larger F1 folds.

The F2 folds rode over the hinges of larger open F1 folds and

gave rise to a type 1 interference pattern of Ramsay (1962).

In the other type, the axial surfaces of close F1 folds were

folded to give rise to a type 2 interference pattern. These

conclusions were confirmed by the experiments of Skjernaa

(1975) and Watkinson (1981). In a further extension of this

work, Ghosh et al. (1992) showed that, with increase in

tightness of the initial folds, the superposed folds on a single

embedded layer may show four different modes of buckling

(Fig. 1). Two of these show type-1 interference and the other

two show type-2 interference of Ramsay (1962). The

dependence of the geometry of superposed buckling folds

on the initial tightness of F1 folds is much better explained if

we consider all these four modes instead of describing the

superposed folds in terms of only two types (types 1 and 2)

of interference patterns.

If the early fold is very gentle and has a small

curvature at the hinge zone, with a large interlimb angle

(more than 1358), a dome-and-basin pattern or a type 1

interference pattern (Ramsay, 1967, p. 518; Ramsay and

Huber, 1987, p. 492) is produced. This was described as

mode 1 by Ghosh et al. (1992). The second mode of

superposed buckling is produced when the first fold has

a moderate tightness, with an interlimb angle of roughly

135–908. In this mode, the F2 folds are much smaller in

size than the F1 folds. The small F2 folds ride over the

hinges of large F1 folds. This mode also belongs to the
Fig. 1. Four modes of superposed buckling. (a) Mode 1, with domes-and-

basin pattern. (b) Mode 2, where small F2 fold ride over a large F1 fold. (c)

Mode 3, non-plane non-cylindrical folds with hinge replacement. (d) Mode

4, non-plane non-cylindrical folds without hinge replacement. After Ghosh

et al. (1993).
type 1 interference pattern of Ramsay (1967). The third

mode of superposed buckling is produced when F1 is

initially fairly tight, with interlimb angle less than 908

but not very tight or isoclinal. The interference produces

non-plane non-cylindrical folds; the curving of axial

surfaces of the F1 folds is associated with the process of

hinge replacement (Ghosh et al., 1992, 1993, 1996).

Occurrence of similar structures was also reported by

Grujic (1993). The fourth mode of superposed folding

also produces non-plane non-cylindrical folds but does

not involve any hinge replacement. This mode of

refolding is produced when the initial F1 folds are

very tight or isoclinal. The last two modes belong to

type 2 interference (Ramsay, 1967, p. 518; Ramsay and

Huber, 1987, p. 492). The geometry of the superposed

buckling is greatly modified when the initial tightness of

F1 folds decreases due to opening out of the folds

during second deformation.

The opening out of folds associated with a type 2

interference pattern is very often associated with the process

of hinge replacement. During the development of non-plane

non-cylindrical folds by buckling of plane cylindrical folds,

the initial hinge lines of F1 are replaced by a new hinge line

F 0
1 (Fig. 2). This new hinge line is much more strongly

curved than the deformed material line (Fig. 2a and b) that

formed the initial hinge line. Hinge replacement associated

with development of mode 3 of superposed buckling is quite

distinct from the process of hinge migration described for

the first time by Odonne and Vialon (1987, p. 839) in the

context of superposed folding. In the experiments of

Odonne and Vialon, hinge migration occurs when the

angle between the two compressions, Z1oZ2 is low

(308,458). The final product does not show two sets of

folds. The early folds are transformed directly into

cylindrical F2 folds. Only open pre-existing folds are reused

in this way. On the other hand during superposed buckling

in the third mode, the early fold is close, not open, and the

final structure is a non-plane non-cylindrical fold. The early

fold hinge line is replaced by a curved F 0
1 hinge line at an

angle to the F2 hinge line. A characteristic feature of the

process of hinge replacement (Ghosh et al., 1996) is that the

arc-length of the curved new hinge line is larger than the

length of the initial F1 hinge line, even when the general

trend of the new hinge line remains in the field of shortening

of the second deformation (Fig. 2). This characteristic

feature of hinge replacement is not shown by the process of

hinge migration.

Earlier experiments on superposed buckling were mostly

carried out by pure shear deformations under a situation in

which there was no bulk extension across the axial surfaces

of the first generation folds. The early folds, therefore, were

tightened during later deformations. The morphology of the

superposed folds is likely to be greatly modified when

refolding of an early set of folds takes place concurrently

with an opening out of folds.



Fig. 2. Principle of hinge replacement shown with the help of a simple model. (a) Initial fold over a free sheet of modeling clay with grid lines. A black marker

line (M) is drawn over the antiformal hinge F1. (b) After the second deformation, the new hinge lineH (F 0
1) is more sinuous thanM (F1). (c) Explanatory sketch

to illustrate the process of hinge replacement. The early F1 fold with initial length l0. (d) After superposed buckling in mode 3, the new hinge F 0
1 is much more

sinuous than the material line, which was parallel to F1. The total shortening during the second deformation is (l 0Kl0)/l0. The arc-length L 0 is greater than l0.

S. Sengupta et al. / Journal of Structural Geology 27 (2005) 1282–12991284
3. Numerical model of opening out of folds
3.1. General

The process of unfolding or opening out may take place

by homogeneous deformation or by an external rotation of

the limb segments of the fold. It is reasonable to assume that

in nature the unfolding takes place by a combination of the

two processes. An extremely competent layer can open out

entirely by external rotation of limb segments. In most

cases, however, there will be both an external rotation and

homogenous strain. The homogeneous strain component
causes not only a passive rotation of the limb segments but

also an extension of the arc-length of the fold. In other

words, the layer-length increases in course of the progress-

ive deformation.
3.2. The initial fold

Let the middle surface of a sinusoidally folded layer be

represented by the equation

yZ a sin nx; (1)

where a and b are the amplitude and quarter wavelength
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(Fig. 3a), with

nZ
2p

4b
Z

p

2b
: (2)

The tightness of this initial fold is measured either by the

ratio (a/b) or by the interlimb angle (IA). The dip angle (q) is

obtained from the equation

tan qZ
dy

dx
Z an cos nx: (3)

At the point of inflection xZ0

tan q0 Z an: (4)

The interlimb angle (IA) (Fig. 3b)

IAZ 1808K2q0: (5)

The length of arc of this initial fold is

sZ

ðx
0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1C ðdy=dxÞ2

q
dx: (6)

With nxZz, where n is given by Eq. (2), Eq. (6) can be

written, with some simplification, as

sZ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1Ca2n2

p

n

ðz
0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1Kk2 sin2z

p
dz; (7)

where

k2 Z
a2n2

1Ca2n2
; (8)

or

sZ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1Ca2n2

p

n
Eðk; zÞ; (9)

E(k,z) being the elliptic integral of the second kind

(Hancock, 1958; Ghosh and Chatterjee, 1985). The length

of arc over a quarter wave is

LZ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1Ca2n2

p

n
E; (10)

where E is the complete elliptic integral of the of the second

kind. From Eq. (8), it is found that
Fig. 3. (a) A sine curve with amplitude a, quarter wavelength b. L is length of ar

(1808K2q0).
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1Ca2n2

p
Z

1ffiffiffiffiffiffiffiffiffiffiffiffiffi
1Kk2

p : (11)

Hence, Eq. (10) can be written as

LZ
E

n
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1Kk2

p : (12)

E can be determined either from a table of complete

elliptic integrals (Belyakov et al., 1965) or from the infinite

series

EZ

ðp=2
0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1Kk2 sin2z

p
dz

Z
p

2
1K

1

2

� �2

k2 K
1:3

2:4

� �2 k4

3
K

1:3:5

2:4:6

� �2 k6

5
K

1:3:5:7

2:4:6:8

� �2 k8

7
/

� �
:

(13)

3.3. Opening out by homogeneous strain and external

rotation

Let the rate of natural strain along the x-direction be _3x,
and let the ratio of the rates of extension by homogeneous

strain ð_3hÞ and external rotation ð_3rÞ be a constant A

AZ
_3r
_3h
: (14)

For a small increment D3x

D3r ZD3hA; (15)

D3x ZD3h CD3r (16)

so that

D3h Z
D3x
AC1

; (17)

D3r Z
A

AC1
D3x: (18)

The opening out of the fold by simultaneous homo-

geneous strain and external rotation is approximated by
c over the quarter wave. (b) The interlimb angle (IA) of the folded layer is
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taking a succession of small steps of homogenous strain and

external rotation.

Step 1: Increment of homogeneous strain

If the initial length of the quarter wave is b, its value after

an increment of D3h is bh

bh Z b exp
1

AC1
D3x

� �
: (19)

The amplitude (a) remains unchanged during this

increment. The arc-length is changed by this incremental

homogeneous strain

Lh Z

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1Ca2n2h

p
nh

E (20)

where nhZp/2bh and E is the complete elliptic integral

corresponding with the current value of k

k2h Z
a2n2h

1Ca2n2h
: (21)

Step 2: Increment of external rotation

Let the next incremental extension along the x direction

be br

br Z bh exp
A

AC1
D3x

� �
: (22)

Since this change in the quarter wavelength takes place

by external rotation alone, the length of arc of the fold

remains unchanged in this step. It should be noted that after

the increment of homogeneous strain the fold shape remains

a sine wave y 0Za sin nx 0. We have assumed that the fold

shape remains a sine curve even after incremental external

rotation. As the quarter wavelength has changed to br and

the length of arc has remained unchanged at Lh, the problem

is to find the fold amplitude (a) while the fold profile

remains a sine curve. The length of arc is

Lr Z Lh Z
E

nr
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1Kk2r

p ; (23)

where nrZp/2br. In the computations, the previous value of

k (i.e. that value of k in the earlier step) was reduced

repeatedly by a small amount (0.0001), E was determined

by taking a large number (20) of terms of Eq. (13) and Lwas

calculated from Eq. (23). The computation was repeated by

taking successively lower values of k2 till j(LrK
Lij%0.0001. The amplitude was determined from the final

value kr

ar Z
kr

nr
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1Kk2r

p : (24)

The interlimb angle of the fold at this step is obtained

from Eqs. (4) and (5).

Steps 1 and 2 constitute one cycle of computation of

homogeneous strain and external rotations. In the next cycle

of computation, the amplitude, quarter wavelength and
length of arc obtained in step 2 are taken as initial values of

step 1.

In the numerical examples, we have considered five folds

(Fig. 4) with different initial tightness:
(1)
 aZ1, bZ1, q0Z57.58, IAZ658
(2)
 aZ1.5, bZ1, q0Z678, IAZ468
(3)
 aZ2, bZ1, q0Z72.38, IAZ358
(4)
 aZ3, bZ1, q0Z788, IAZ248
(5)
 aZ5, bZ1, q0Z82.78, IAZ14.58
For each of these folds, we have taken three values of A,

i.e. AZ10, 5 and 2.
3.4. Numerical results of the model of opening out of folds

The results of the numerical calculations from the

theoretical model are presented in Figs. 4 and 5. The results

indicate that the rate of decrease in tightness or rate of

increase in the interlimb angle (IA) of a fold, with respect to

the rate of bulk strain, is mainly dependent on the initial IA

of the fold. A small difference in the initial IA may cause a

large difference in the rate of opening out of the fold. Fig. 4b

shows the change in interlimb angle with progressive

deformation for folds with five different initial IA. The folds

range from very tight (IAZ14.58) to moderately close (IAZ
658). For each fold, the rate of change in IA increases with

progressive deformation. Again, for each stage of defor-

mation, the rate of change of IA increases with increasing

values of interlimb angle. In other words, a very tight fold

opens out at a much smaller rate than a close fold. As a

consequence, if we have a set of initial folds with a certain

range of tightness, the opened out folds of the set at any

stage of deformation have a much larger range of tightness.

With progressive deformation, this range of tightness

rapidly increases. As an example, let us consider five

folds with initial tightness ranging from 14.5 to 658. At a

stage of deformation with 3xZ0.2, this range increases from

15 to 908. Again at 3xZ0.4, this range is from 21 to 1328

(Fig. 4).

As mentioned earlier, the mode of buckling depends

upon the initial IA. The model considered by us shows that,

even if there is a small range of variation of initial tightness,

the superposed buckling may cause interfering folds in quite

different modes.

The ratio (A) of rate of external rotation to layer-parallel

homogeneous strain is a measure of the competence contrast

between the layer and its embedding medium. This ratio

does not significantly alter the rate of opening out of the

folds up to moderate values of deformation (curve 4 in

Fig. 4). It does, however, determine the change in the arc-

length of the fold with progressive deformation. The ratio of

change in arc-length remains very small when the fold is

very tight (Fig. 5c); it increases with decreasing tightness of

the initial folds (Fig. 5a and b). Fig. 5a and b shows the

change of arc-length for folds with initial interlimb angles of



Fig. 4. Five folds with interlimb angles of 65, 46, 35, 24, and 14.58 (top). Curves showing changes in interlimb angles (IA) with progressive deformation (3x) at

AZ5. A is the ratio between the rate of extension by homogeneous strain and external rotation, a and b as shown in Fig. 3. Curves 4 (with interlimb angle 248)

shows variations at AZ2 and 10. The rate of change of IA increases with increase in initial tightness. For each case, the rate of opening out increases with

progressive deformation.
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35 and 248, respectively. For the folds, the arc-length

increases rapidly for small values of A. Hence, the folds

open out faster for more competent layers. The rate of

change in arc-length in any type of fold increases with

progressive deformation.

In the history of progressive tightening of buckling

folds, it is generally assumed that the rate of tightening

by external rotation is a maximum when the interlimb

angle is 908. This rate tends to vanish when the interlimb

angle is 180 or 08. The opening out of the folds may also

depend on the initial shape. However, it is unlikely that

it will be similar to that of progressive tightening. Thus,

for example, for a tight or isoclinal fold, it is assumed

that the limbs became ‘locked’. No such ‘locking’ is

required for the opening out of the isoclinal or very tight

folds. During progressive tightening, no further change in

the interlimb angle of an isoclinal fold is possible. An

isoclinal fold may, however, show an appreciable rate of

opening out. It is likely that the process of opening out
by external rotation is more complex. This problem has

not been considered in our model.
4. Opening and closing folds in experiments of

superposed buckling: experimental method

The experiments were carried out with models of 2-mm-

thick single layer of modeling clay embedded in painters’

putty. The model materials are the same as in our previous

experiments on superposed buckling (Ghosh et al., 1992,

1993, 1995, 1996). Modeling clay and painter’s putty were

used for competent layers and the matrix, respectively. In

most of the experiments, the model was first deformed by

pure shear to produce the F1 folds. In a few experiments, the

F1 folds were artificially induced as in Ghosh et al. (1992,

p. 382). In both cases, a slice of the model was cut

perpendicular to the fold axis from two opposite sides of the

model to reveal the geometry of the initial F1 fold. The



Fig. 5. Curves showing relationship between extension of arc-length and deformation (3x) of three folded layerswith different values of interlimb angles. (a), (b), and

(c) refer to initial folds with interlimb angles 35, 24, and 14.58, respectively.A is the ratio of the rates of extension by homogeneous strain and external rotation.With

progressive deformation, the arc-length increases at a faster rate for less tight folds ((a) and (b)) and for more competent layers at small values of A.
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interlimb angle of F1 was measured from these sections. The

second deformation was by uniaxial compression where the

model could extend in two directions perpendicular to

the direction of compression. After the second deformation,

the overburden of putty was removed to expose the fold

interference pattern on the competent layer of modeling

clay.

A problem for these experiments is to find a method of

measuring tightness of the folds after the second defor-

mation without destroying the model itself. Some idea about

the magnitude of opening out can, however, be obtained

from the following considerations. As mentioned above, the

tightness of the initial F1 folds can be obtained from the

sections of the model cut from the opposite edges

perpendicular to the F1-axis. The number of waves (N) of

F1 does not change in the course of opening out. The

average wavelength (W), however, increases because of

opening of folds:

Average wavelength

ZWidth of model ðLÞ perpendicular to F1=Number of waves ðNÞ

: W Z L=N:

Since N remains the same in the course of deformation, a

measure of tightening or opening out can be obtained from

the average value of W after the second deformation. This

kind of comparison should be made from each model before

and after deformation. Thus, for the model shown in Fig. 9,
the initial value of W was 1.3 cm. After the second

deformation, the average wavelength became 2.1 cm. This

method is approximate because it does not take into

consideration the extension of the layer by homogeneous

strain. On the other hand, it has the advantage that the

measurement can be made without cutting up the model to

reveal the transverse sections.

To describe the geometry of the structures, a co-ordinate

system is chosen with y- and z-axes horizontal and x-axis

vertical. The direction of maximum shortening P2 coincides

with the horizontal z-axis. The experiments were classified

into five categories. In each case, the maximum bulk

shortening remained horizontal. The geometry of the F1 fold

with respect to P2 varied in different models (Fig. 6):
1.
 Horizontal enveloping surface with horizontal F1-axis.

The deformation was by uniaxial compression. The

direction of compression P2 was parallel to the F1-axis

(Fig. 6a). The model was free to extend in a vertical

direction as well as in the horizontal direction perpen-

dicular to the F1 axial planes.
2.
 The enveloping surface was horizontal but the F1-axis

was oblique (!308) to the direction of maximum

compression P2 (Fig. 6b).
3.
 The enveloping surface was inclined and the F1-axis on it

had a large pitch; P2 was along the dip direction of the

enveloping surface. The deformation was by uniaxial

compression (Fig. 6c).
4.
 The enveloping surface was inclined but P2 was parallel



Fig. 6. Orientation of F1-axes and the enveloping surfaces of the folded

layer at different experiments of superposed buckling. P2 shows the

direction of compression during second deformation.
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to the horizontal F1-axis (Fig. 6d). The deformation was

by pure shear. There was an extension along the vertical

direction (x-co-ordinate axis) and no bulk strain along

the y-co-ordinate axis.
5.
 Similar to the first set of experiments (Fig. 6a) but instead

of a single layer, a pack of multilayer was used with the

number of individual layers within it varying between

8 and 12.

There is some heterogeneity in some of the models. The

heterogeneity, the variation in the tightness of the folds

results from friction at the vertical sidewalls that compress

the model horizontally. There is also friction between the

model and the base on which it rests. The friction cannot be

avoided altogether but can be reduced substantially by

applying liquid soap or oil as lubricants. Floating the model

on mercury (Ghosh and Ramberg, 1968) practically

eliminates the friction at the base, but recovering the

mercury from the base of the deformed model is a messy

process and involves health hazard. On the whole, if the

base and the sidewalls are well lubricated, a fairly large

(compared to the wavelength of the folds) domain in the

central part of the model can be obtained in which the strain

is essentially homogeneous, i.e. the wavelengths of F1 and

F2 are fairly regular.
5. Experimental results

5.1. Superposed buckling in horizontal layer with P2

parallel to F1 fold axes

Eight experiments were performed in this series. In five

of these, F1 was produced by layer-parallel shortening in

pure shear deformation. In three models, a series of folds

was artificially induced. Most of the F1 folds of these

models were moderately tight to very tight folds. Some of

the folds were isoclinal.

As mentioned above, there is some inhomogeneity of the

opening out of the F1. Thus, for example, in the model

shown in Fig. 7, the nearly isoclinal initial F1 folds opened
out in most domains. However, at the right hand edge of the

model (Fig. 7a and b), the opening out was inhibited. As a

result, the F1/F2 interference in this domain was in mode 4

of Ghosh et al. (1992). In other words, the F1 folds were

deformed to produce non-plane non-cylindrical folds with-

out hinge replacement. Elsewhere, where the F1 folds

opened out, the opening out of F1 was associated with hinge

replacement in mode 3 of superposed buckling (Fig. 7c),

giving rise to a characteristic triangular shape of the folds

(Ghosh and Ramberg, 1968, fig. 9; Ghosh et al., 1992,

fig. 5).

The hinge replacement associated with development of

the third mode of superposed buckling of an opened out

tight fold can be very clearly seen in the model shown in

Fig. 8. The development of triangular folds is also very

clearly seen in Fig. 8b. It should be noted that during the

second deformation the opening out of F1 and the super-

position of F2 took place concurrently and the opening out

may continue with F2 folding even after formation of the

mode 3 superposed folds. This gave rise to a greatly opened

out F1 (with moderate to low tightness) but still retaining the

non-plane non-cylindrical geometry of mode 3 superposed

folds (Figs. 7 and 8c). All earlier experiments (Ghosh and

Ramberg, 1968; Skjernaa, 1975; Watkinson, 1981; Ghosh

et al., 1992, 1993, 1996; Grujic, 1993) show that non-plane

non-cylindrical folds cannot develop unless the folds are at

least moderately tight. Hence the structure described above

can only develop if superposed folding is associated with

concurrent opening out of F1.

In models shown in Figs. 7 and 8, where the initial folds

were very tight or isoclinal, the concurrent opening out of

folds produced non-plane non-cylindrical folds of the third

mode. When the initial folds are moderately tight, the

concurrent opening out produced a structure showing

superposed folds of second mode. In these models, the

initial F1 folds have opened out to open folds with interlimb

angles varying between 135 and 908. Consequently, small

F2 folds ride over larger F1 folds in mode 2 (Fig. 9). This

would not have been possible if the initial tight folds had

not opened out. The opening out F1 folds continued even

after development of second mode of superposed buckling.

With continued deformation, a set of tight small F2 folds

was seen to ride over gentle large F1 folds. The association

of gentle F1 with small tight F2 in the current experiments is

essential because of the opening out of F1 during superposed

deformations.

Fig. 10 shows a model with initial F1 folds having a

larger interlimb angle (around 608). There was a significant

opening out of the F1 folds in the central part and the

superposed buckling is in mode 1, with a dome-and-basin

pattern. With progressive deformation, we get tighter F2

folds and very gentle F1 folds. Towards the edges of the

model, F1 folds remained tighter and the superposed folds

were in second mode.

The opening out of a buckling fold takes place partly by

external rotation and partly by homogeneous strain. The



Fig. 7. (a) Superposed buckling with interference of F1 and F2 after removal of the overburden of putty. Scale bar is 1 cm. (b) Details of the model with fourth

mode of superposed folding of an isoclinal F1 fold. (c) Details of the model showing the typical triangular shape of third mode of superposed buckling with

hinge replacement. Scale bar in (b) and (c) is 0.5 cm.
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Fig. 8. Opening out of F1 folds during second deformation showing superposed folds in the third mode in most places. (b) and (c) Details of the model. The

early F1 hinges (marked by bold black lines) are replaced by more sinuous new hinge during second deformation. F2 folds show triangular shapes of third

mode. Scale bar is 1 cm.
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total extension of the layer across the F1 axial surface in the

y-direction did not take place entirely by an opening out of

F1 folds by external rotation; a considerable part of it was by

layer-parallel homogeneous strain. This is illustrated in Fig.

11a. The initial length of the layer in the model was 21 cm.
After the development of the first set of folds, the length of

the model across the F1 axial surface was 15 cm. After the

second deformation, the length of the model along the same

direction became 22 cm, i.e. greater than the initial length. If

the F1 folds were unrolled completely by external rotation



Fig. 9. (a) Superposed buckling associated with opening out of early folds after removal of the overburden. F1 folds have opened out more at the central part. (b)

Details of the central part of the model shown in (a). Superposed buckling in mode 2 with tight F2 folds over gentle F1 folds. Scale bar is 1 cm.
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alone, the extension would have been 40%. However, the

extension now is 46.7%. Since the layer still shows some

significant undulation around F1-axis, the extension by

layer-parallel homogeneous strain must be more than 6.7%.

The maximum extension along the x-direction took place

along the central segment of the model.
5.2. Superposed folding in horizontal layers with P2 oblique

F1-axis

After the first deformation to produce a set of F1 folds,

the model was then cut into a smaller rectangular block in

such a manner that, when placed in the apparatus of uniaxial



Fig. 10. (a) Opening out of the F1 folds to a great extent during refolding produced dome-and-basin patterns. At the edges of the model, the F1 folds did not

open out to the same extent as in the central part, and the superposed buckling is in the second mode. (b) Details of the model shown in (a). Scale bar is 1 cm.
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compression, the direction of bulk shortening was at an

angle to the F1-axis (Fig. 6b). The model was free to extend

in the vertical y-direction and horizontal x-direction

perpendicular to P2. The angle between P2 and the F1 fold

axes was 10, 15 and 208 in different models.

In the model in which the angle between P2 and F1 was

108, the morphology of the superposed folds was more or

less similar to the previous case. In the other models, there

was a significant amount of rotation of F1 fold axes and

axial surfaces away from the direction of shortening. With

progressive shortening during the second deformation, the

F1-axes were affected by an overall rotation of hinge

lines towards the stretching direction (passive reorientation

of F1-axes) and variable rotation due to superposed buckling

resulting in asymmetric folding of hinge lines and axial
surfaces (active reorientation of F1-axes). In addition, there

was a development of a new strongly curved hinge line due

to hinge replacement in the third mode of superposed

buckling.

Where the reorientation of the F1 hinge line was mainly

achieved by development of non-plane non-cylindrical

folds, with an asymmetric curving of the F1 hinge lines,

the different segments of the hinge lines were at different

angles with P2. Depending upon the local orientation of the

hinge line and axial surfaces with respect to P2, the folds

were in some places in the extension field and elsewhere in

the compression field. Where the F1 hinge lines were rotated

to assume low angle to P2, the fold opened out. On the other

hand, where a segment of F1 hinge was at a high angle to P2

(O458), there was tightening of the F1 fold. Hence across



Fig. 11. (a) Diagrammatic sketch of opening out of folds partly by external

rotation and partly by layer-parallel strain. (b). Sense of shear on an inclined

plane with F1 at an angle to P2. The bulk strain is of flattening type.

Sectional strain ellipses are shown on the inclined surface and on the

vertical face. AB is the orientation of the fold axis on the enveloping surface

at a certain stage of deformation. CD is a line normal to AB and lying on the

inclined enveloping surface. With progressive deformation, AB and CD

have rotated to the positions A 0B 0 and C 0D 0, so that both these lines come

closer to the long axis of the strain ellipse which at an early stage of

deformation is parallel to the strike of the enveloping surface. The sense of

shear can be obtained from the reduction in the right angle between the two

sets of line. Similarly on a vertical face of the model at a right angle to the

strike of the enveloping surface, EF is a line parallel to the dip direction and

GH is at right angle to it. Since on this vertical face parallel to the XZ plane

of strain ellipse, X is vertical, both EF and GH will rotate towards the

vertical direction. The sense of shear will be upper part up-dip.

Fig. 12. Superposed buckling with horizontal sheet with F1oP2Z208. Due

to local variation of orientation with respect to P2, the F1 fold is opened out

in some domains and tightened in the other domains (central part). Scale bar

is 1 cm.
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the sinuous axial surface of the buckled F1 fold, there was a

tightening in some places and opening elsewhere (Fig. 12).

Where the opening fold had assumed a moderate tightness,

and the hinge line at the same time was at a large angle with

P2, the F1 hinge line was replaced by a strongly curved new

hinge line by superposed buckling in the third mode (lower

part of model S49 in Fig. 12).
5.3. Superposed buckling of inclined enveloping surfaces

with a large pitch of F1-axis

Experiments on superposed buckling on inclined envel-

oping surfaces were carried out with two sets of models. The

dip of the enveloping surfaces varied from 15 to 208. In one

of these sets, the pitch of F1 ranged between 65 and 908. The

shortening direction of the second deformation was

horizontal and parallel to the dip direction of the enveloping

surface (Fig. 6c).

For a 908 pitch of F1, the superposed folding produced a

more or less symmetrical curving of the F1 axial surfaces.

The model was allowed to extend both in the vertical

direction and along the strike of the enveloping surface.

There was a tightening of the F2 folds along with a
concurrent opening out of F1. As a result of opening out,

there was hinge replacement in certain domains. When the

F1 fold had opened out to a significant extent, superposed

buckling was in second mode with small tight F2 folds

riding over larger gentle F1. With continued deformation,

the dip of the enveloping surface increased. When the dip

was larger than 458, both the dip and the strike directions

entered in the extension field of the second deformation. As

a result, at the late stage of deformation, both F1 and F2

started to open out. Both these stages are shown in a single

model (Fig. 13) where the enveloping surface is steepened

to a great extent in the lower part than in the upper part of

the same model.

There were some complex patterns of fold interference

when the pitch of the F1 folds was much less than 908. In this

experiment, the F1 folds were initially asymmetrical. The

asymmetry of the F1 folds depends upon the angle between

the axial surfaces and the enveloping surface. During the

second deformation, the sheet-dip of the layer changes and

hence the enveloping surface of the F1 folds was gradually

steepened, so that it makes a lower angle with the vertical

X-axis of strain ellipsoid (Fig. 11b). The generalized axial



Fig. 13. (a) Superposed buckling of a model with an inclined enveloping

surface of early folds. The pitch of F1 folds is 908. The layer is curved and is

dipping towards the observer. The dip of the enveloping surface is low in

the upper part and steep in the lower part. The superposed folds are in

modes 2 and 3 in the upper part. Both F1 and F2 folds had opened out in the

lower part. Scale bar is 1 cm. (b) Schematic sketch of the above model. At

the initial stage, the enveloping surface is in the compression field of second

deformation. P2 is the direction of compression during second deformation.

(c) With progressive deformation, the enveloping surface has rotated to the

extensional field and both F1 and F2 folds have opened out. Fig. 14. Superposed buckling with an inclined enveloping surface. The F1

folds were horizontal with P2 parallel to the F1-axes. The enveloping

surface is inclined towards the viewer with a dip of 688. In the central part,

the F2 and the F1 folds are subparallel and their interference has produced

non-planar sheath folds. Scale bar is 1 cm.
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surface of F1 must also make progressively lower angles

with the X-direction. Hence the asymmetry of F1 folds must

increase with progressive deformation during F2 folding.

Within the enveloping surface, the pitch of the generalized

direction of F1 folds also gradually decreases so that it

makes a lower angle with the Y-axis. Since the hinge line of

F1 is rotated away from the direction of compression, there

must also be a shear parallel to the F1-axis. Hence the F2

folds produced by the deformation of F1 hinge lines and

deformation of F1 folds must also be more and more

asymmetric during progressive deformation. The sense of

asymmetry can be deduced from the sense of shear as shown

in Fig. 11b. Since the bulk deformation is of flattening type,

the sheet-dip of the layer will finally increase to such an

extent that both F1 and F2 folds will open out.
5.4. Superposed buckling of inclined enveloping surfaces

with horizontal F1-axis

In this set of experiments, the F1 hinge line was

horizontal and parallel to the strike of the enveloping

surface (Fig. 6d). The dip of the enveloping surfaces varied

between 15 and 208. The F1 folds were initially asymmetric.
The deformation was carried out in pure shear with the

shortening direction parallel to the strike of the enveloping

surface as well as parallel to the F1 hinge lines. The model

extended only in vertical direction. The relatively tighter

segments of F1 were deformed to a type 2-interference

pattern. Since the enveloping surface was extended along

the dip, the F1 folds started to open out and were folded by

F2 in the third mode of superposed buckling, with hinge

replacement in certain domains. With progressive defor-

mation, the dip of the layer increased and the layer rotated to

the extensional field of second deformation. As a result, the

F2 hinge lines as well as the rotated segments of F1 hinge

lines were both stretched and the angles between two sets of

hinge lines were greatly reduced. This caused the develop-

ment of non-plane non-cylindrical fold in which the rotated

F1 hinge lines on both limbs of F2 came to lie at a very low

angle with the F2-axis. In the final stage, F1- and F2-axes

became subparallel and the resulting folds were non-planar

sheath folds (Fig. 14).

Non-planar sheath folds (Ghosh et al., 1999) are



Fig. 15. Simplified sketch showing successive stages of formation of non-

planar sheath fold from an early cylindrical fold during second deformation.

Fig. 16. Deformation of early chevron folds in multilayer. (a) and (b) show

fold interference at two levels after removal of the overburden at different

levels. Scale bar is 1 cm.
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sheath-like structures but with strongly curved axial

surfaces and with subparallel orientation of F1 and F2

hinge lines in the major part of the structure. Morphologi-

cally, it resembles folded sheath folds. However, unlike

refolded sheath folds, the sheath-like geometry is produced

during folding of early cylindrical folds. Fig. 15 shows a

schematic diagram illustrating the progressive stages of

formation of a non-planar sheath fold from an early

cylindrical fold during the second deformation.
5.5. Opening out of chevron folds in multilayers with P2

parallel to F1-axes

These experiments showed that the process of hinge

replacement and the development of the third mode of

superposed buckling are largely inhibited when F1 is a

chevron fold. In the model shown in Fig. 16a, sharp-

hinged F1 folds at one level of the multilayer were

deformed to sharp-hinged F2 folds in a type 2

interference pattern in the fourth mode of superposed

buckling without any hinge replacement. On the left

side, however, the F1 folds were more open and had

moderate sharpness of hinges, and superposed buckling

was by the third mode with some hinge replacement.

Fig. 16b shows the same model at a still lower level

where the F1 folds were sharp-hinged in most places.
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Superposed buckling was mostly by fourth mode

without any hinge replacement.
Fig. 17. (a) Interference of two sets of folds in Singhbhum, eastern India.

The early folds parallel to the lineation (and hammer) are open and

produced a dome-and-basin pattern with F2. (b) Opening out of F1 (parallel

to the lineation) folds in Aravalli metasediments, Udaipur, Rajasthan.

Pencil parallel to F1. F2 folds are very tight or isoclinal. The structure is

very similar to the model shown in Fig. 10b.
6. Natural examples of opening out of early folds

The interpretation of the field structures is based on the

conclusion that a type 1 interference pattern of buckling

folds cannot develop if F1 is tight or isoclinal. This

conclusion is supported by all previous experiments

(Ghosh and Ramberg, 1968; Skjernaa, 1975; Watkinson,

1981; Ghosh et al. 1992, 1993, 1996; Grujic 1993). In most

natural examples of superposed folds, the earliest fold is

generally described as the tightest. Successive later folds are

described as more and more open. There is, however, no

reason why the earliest shortening will always be the largest.

During development of type 2 interference pattern, rotated

F1 folds of moderate tightness may become very tight or

isoclinal during the second deformation. In some cases, at

least, the F1 folds may open out during the second

deformation.

In the neighborhood of Singhbhum shear zone in eastern

India (Ghosh and Sengupta, 1987), the reclined F1 folds are

generally very tight or isoclinal and F1/F2 interference has

produced a type 2 interference. There is a strongly

developed intersection lineation as well as a stretching

lineation parallel to the F1-axis. In certain domains,

however, F1 is very gentle and F1/F2 interference produced

a dome-and-basin pattern. Here we see F2 folds and much

gentler F1 folds parallel to the F1 intersection and stretching

lineation. The tight F1 folds are absent (Fig. 17a). Super-

position of F2 folds on very gentle F1 in a type 1 interference

pattern can be best explained by assuming that F1 has

opened out in these domains.

A similar feature can also be seen in certain parts of

Aravalli metasediments near Udaipur, in Rajasthan, western

India (Fig. 17b). Here too F1 is tight or isoclinal in most

parts. A strong stretching lineation is parallel to the F1-axis.

However, in certain domains, the F1 folds parallel to the L1
stretching lineation are very gentle. L1 is deformed by nearly

isoclinal F2 folds. The structure, very similar to the

experimental structure shown in Fig. 10, suggests that

during the development of F2, F1 had opened out to a large

extent.
7. Discussion

The numerical calculations from the theoretical model

are in agreement with the experimental results of opening

out of folds during superposed deformation. Thus, at any

constant rate of extension across the axial surface of F1, the

rate of opening out (i.e. the rate of increase of the interlimb

angle with respect to bulk extensional strain rate) is very

sensitive to the initial tightness. A tight fold opens out at a

much smaller rate than a less tight fold. Hence if we have a
small range of initial tightness of F1 in a domain, the range

of tightness may greatly increase during superposed

deformation involving the opening out of early folds. The

opening out is dependent to a much smaller extent on the

ratio of rates of external rotation and homogeneous strain. If

this ratio is small, there is a significant increase in the length

of arc of the folds provided the initial fold was not very

tight. For all folds, the rate of opening out increases with

progressive deformation. Consequently, a nearly isoclinal or

very tight fold remains tight even to a moderately large bulk

extension across its axial plane. Moderately tight or close

folds may open out to a great extent at a relatively small

value of deformations.

This conclusion from the numerical model is supported

by the experiments. Thus, if F1 is isoclinal, superposed

buckling may not be in the fourth mode when the

deformation involves an opening out. The resulting F2 is

mostly in modes 3 or 2. Again, if F1 initially has a moderate

tightness, we may have an unusual situation in which small



Fig. 18. Hinge replacement in superposed buckling with or without opening

out. (a) Initial fold very tight with limbs A and B. (b) Superposed fold in

mode 4 without hinge replacement. The angle between the two F2 folds on

A and B is b. (c) If there is an opening out, the angle b increases to b 0, A and

B can no longer intersect along H; they then intersect along a strongly

curved hinge line H 0. (d) Initial fold moderately tight. (e) Superposed

folding in mode 3 with F2 folds on A and B intersecting along a curved line

H 0 which is produced by replacing the material line H. (f) If there is an

opening out, the angle b increases to b 0 and a new hinge lineH 00 is produced

by hinge replacement.
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tight F2 folds ride over very gentle F1. These experiments

showed that the early folds might not always be the tightest.

The extent of opening out depends to a great extent on the

initial tightness. Since the initial tightness of F1 generally

varies from domain to domain, a wide range of opening out

and a wide range of morphology of superposed folds are

expected to occur when an opening out of F1 is involved.

The inhomogeneous nature of opening out may give rise to a

variety of superposed structures. In certain situations, the

superposed folds may give rise to non-planar sheath folds.

The experiments also suggest that the final geometry of

the fold interference is controlled by a delicate balance

between the rate of opening out of F1 and the rate of buckle

shortening across F1 axial surface. If the rate of buckle

shortening relative to the rate of opening out is very large,

the mode of superposed buckling is controlled by the initial

tightness of F1. Subsequent extension across F1 axial

surface modifies the geometry of both F1 and F2 but does

not change the buckling mode produced at an early stage.

On the other hand, if the ratio of rate of buckle shortening

to rate of opening out is not so large, the mode of superposed

buckling does not provide us a clue to the initial tightness of

F1 folds. The buckling mode will depend on the extent of

opening out of F1 before the initiation of F2 folds.

Depending on the amount of initial phase of opening out

of F1, refolding of tight or isoclinal early folds may take

place in any of the four modes. Once a particular mode of

superposed buckling is produced, the F1 folds may continue

to open out while F2 is progressively tightened. Since

relative rates of buckle shortening may vary in distinct

domains, we may get a close association of different modes.

Transformation of a plane cylindrical fold into a non-

plane non-cylindrical fold by superposed deformation

presents an important kinematic problem. The bending of

the axial surface and the hinge line of a competent layer

involves shear strain along the curved hinge line. Ramsay

(1967, p. 547) has indicated that such a large hinge-parallel

shear could cause a slide or fault along the hinge line. Since

such features along the curved hinge lines of superposed

folds are not generally found, there must be some other

process associated with development of a type 2 inter-

ference pattern by deformation of cylindrical non-isoclinal

buckling folds. The process, which has been described in

our earlier papers as ‘hinge replacement’ (Ghosh et al.,

1992, 1996), associated with the development of non-planar

non-cylindrical fold from a plane cylindrical fold, is distinct

from the process of hinge migration (Odonne and Vialon,

1987) which may not involve the development of type 2

interference pattern.

Consider a non-isoclinal plane cylindrical F1 fold with

the material line H along its hinge (Fig. 18a). If the initial

fold is tight with a very small interlimb angle, a type 2

interference is produced in the fourth mode of superposed

buckling. The limbs A and B after superposed deformation

intersect along the curved line H (Fig. 18b). If, on the other

hand, the superposed deformation involves an opening out
of the F1 fold, the angle b (Fig. 18b and c) increases. The

folds on A and B can no longer intersect along H. They then

intersect along the line H 0 (Fig. 18c) which is quite different

from the material line H. If the initial fold was not so tight

(Fig. 18d), the deformation of F1 may produce a type 2

interference in the third mode with hinge replacement

(Fig. 18e). If there is an opening out of the F1, with increase

in the angle b (Fig. 18f), the geometrical transformation can

only be by hinge replacement. The process of hinge

replacement takes place because it consumes less strain.

Since the opening out of an F1 fold involves an increase in

the angle of b (Fig. 18), the process of opening out of F1 in a

type 2 interference pattern invariably involves hinge

replacement.
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