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Abstract--In a series of experiments with soft test models, superposed buckling folds were produced in a 
competent layer resting on a slab of incompetent painter's putty. The angle between the hinge lines of the first set 
of cylindrical folds (F1) and the direction of the second compression (/'2) was varied in the different experiments. 
The experiments showed that with an increase in the initial tightness of F 1 there was a transition from one mode of 
superposed buckling to another. When the interlimb angle of F1 was very large the superposed deformation gave 
rise to a dome-and-basin pattern (the first mode of superposed buckling). The second mode, with small Fj folds 
riding over larger F 1 folds, developed when the initial interlimb angle ranged roughly between 135 ° and 90 °. The 
third mode was observed when the F 1 interlimb angle was less than about 90 ° but the fold was not very tight. In the 
third mode a set of non-plane non-cylindrical folds developed; however, the sinuous hinge line of the non- 
cylindrical structure was newly created by replacing the old F1 hinge. When/71 was very tight or isoclinal the 
fourth mode of superposed buckling led to the development of non-plane non-cylindrical folds without 
concomitant hinge replacement. 

~TRODUCTION 

ONE OF the major problems of superposed folds is the 
following: can we predict the geometry of the super- 
posed folds if the shape and orientation of the first folds 
in a layer are given and the nature of bulk deformation is 
known? This problem has been discussed in detail by 
Ramsay (1967) and Ramsay & Huber (1987) in terms of 
the model of shear folding. In contrast, there are very 
few detailed studies of the morphology of folds pro- 
duced by superposed buckling. Although fold inter- 
ference patterns were classified by Ramsay in terms of 
heterogeneous shear, such interference patterns may 
also develop during superposed buckle-folding; how- 
ever, the mechanics of development of such interfering 
buckle-folds is not properly understood as yet (Ramsay 
& Huber  1987, pp. 489 and 493). 

Both field studies and experiments show that super- 
posed buckling may give rise to interfering folds mor- 
phologically similar to any one of the four major classes 
of fold interference patterns of Ramsay: (a) type 0, with 
an overall plane cylindrical geometry; (b) type 1, with a 
plane non-cylindrical shape; (c) type 2, with a non-plane 
non-cylindrical shape; and (d) type 3, with non-plane 
cylindrical geometry. Experiments on superposed buck- 
ling (Ghosh & Ramberg 1968, Skjernaa 1975, Watkin- 
son 1981) further indicated that when an early gener- 
ation of folds is subjected to a hinge-parallel shortening 
there may be two situations. In one of these, superposed 
buckling produces a type 1 interference. In the other 
situation, the later folds develop by deformation of the 
axial planes and hinges of the early folds and give rise to 
a type 2 interference. The type 1 interference was 
produced when the early set of folds was open while the 
type 2 interference developed when the early folds were 
tight or isoclinal. A similar contrast in the modes of 
superposed buckling was reported by Julivert & Marcos 

(1973, p. 374) from the Cantabrian zone of north-west 
Spain, where gentle folds were refolded into domes and 
basins but the tight folds were deformed to non-plane 
non-cyclindrical shapes. Watkinson (1981) has shown 
from Douarnenez Bay, Brittany, that a type 2 inter- 
ference has developed by refolding of very tight early 
folds with narrow hinge zones while there has been a 
superposition of smaller folds in a type 1 interference 
pattern where the early folds have rounded hinges. The 
smaller folds are similar to the small second generation 
folds which ride over the hinges of early folds in the 
experiments of Ghosh & Ramberg (1968). The experi- 
ments by Ghosh & Ramberg (1968) further showed that 
a later generation of folds did not develop if the angle 
between the early fold hinge and the direction of later 
compression was more than 30 ° . 

In the next section we present a new series of experi- 
ments, similar to those by Ghosh & Ramberg (1968), but 
with varying tightnesses of the early folds, and with 
different angles between the early fold hinge and the 
later direction of shortening. In addition to the rotation 
and tightening of the early folds in certain situations, we 
recognized from these experiments four distinct modes 
of superposed buckling. The experiments indicated that 
the mode of superposed buckling depends to a great 
extent on the initial shape of the early folds. 

EXPERIMENTAL METHODS 

The experiments were carried out in a pure shear 
apparatus (Fig. 1) in which the maximum shortening 
could be achieved in a horizontal direction and the 
model was free to extend in a vertical direction. To 
reduce friction the basal plate of the apparatus on which 
the model was placed was lubricated with gear oil and 
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Fig. 1. (a) Horizontal sheet of modelling clay resting on a slab of 
painter 's putty. The model is subjected to a pure shear. (b) The model 
is deformed by pure shear with the layer in horizontal attitude. The 
angle between the first fold axis (Fl) and the direction of the second 

compression (P2) was varied in the different experiments. 

the inside faces of the vertical confining walls were 
lubricated with liquid detergent.  

The superposed folds in the experiments were pro- 
duced in a single layer of modelling clay of 1, 2 or 3 mm 
thickness. In some of the models the 'layer' consisted of 
two layers of modelling clay with a greased interface. A 
total of 68 experiments were carried out. In only two of 
these (Table 1) the layer was placed between two thick 

Table 1. Summary of experimental results 

Number of experiments 

Interlimb angle 0 = 0 0 ~ 0 0 = 0 
(°) a = 0 a = 0 a = 10-20 ° Mode 

165-155 5(2) 5 1 
155-145 5(2) 2 1 
145-135 5(2) 2 1 
135-125 5 2,1 
125-115 3 3 2 2 
115-90 3111 2 2 
90-70 3 3,2 
70-50 711] 3 1 3 
50-30 5 3 
30-20 4 1 4 
20-0 2 4 

Figures in parentheses indicate the number of experiments with 
artificially induced F1 folds. Figures in brackets indicate the 
number of experiments with an embedded layer. 

slabs of painter's putty. In all the other models the layer 
was placed on top of a slab of painter's putty. 

For convenience of description the set of first gener- 
ation folds will be described here as F1 and the super- 
posed folds produced in the second deformation will be 
designated F 2. The directions of bulk shortening in the 
first and the second deformations will be described as P1 
and P2. In the majority of experiments the F 1 folds were 
produced by starting with a straight layer and by deform- 
ing the model by a layer-parallel shortening. The central 
part of the model,  where the folds were more or less 
uniformly developed, was then cut out and this part was 
used for the second deformation to generate the super- 
posed folds. In six experiments the F 1 folds were artifici- 
ally induced. In all these six models the F1 folds were 
gentle, with interlimb angles ranging from 135 ° to 165 ° 
(see Table 1). 

The artificially induced F1 folds were produced in the 
following manner. After rolling out a thin sheet of 
modelling clay, a thin strip of about 1.5 cm width was cut 
out from its edge. The strip was placed on a thick slab of 
painter's putty along one of its edges and was lightly 
pressed down with a glass plate so that the strip stuck 
firmly with the putty surface. The slab of putty was then 
shortened parallel to the length of the strip of modelling 
clay to produce a set of gentle folds. The profile of the 
folds along the interface of the modelling clay and putty 
was drawn on a transparent sheet for that segment in 
which the folds were regular, had more or less similar 
wavelengths and had the desired interlimb angle. This 
fold-form was then drawn on two strips of cardboard in 
the form of a train of more or less periodic waves. The 
fold-form on the cardboard strips was cut out so that one 
side of each strip showed the wavy form. The two strips 
of cardboard were held along two opposite faces of a 
rectangular slab of putty and a wavy surface was cut out 
near its top surface by drawing a stretched sitar wire 
guided along the wavy edges of the cardboards. A sheet 
of modelling clay was placed over this wavy surface of 
putty by gradually lowering it from one side and lightly 
pressing it down with fingers. 

Before placing the model in the pure shear apparatus 
the vertical side-walls of the model were coated with a 
1.5 cm thick layer of putty so that the folded layer of 
modelling clay would not remain in contact with the 
confining walls of the apparatus. Let  the trend of the F1 
axis with reference to the direction of P2 be the angle 0 
and let the dip of the enveloping surface of the F 1 folds 
be a. When a ~ 0, the dip is always towards the direction 
of P2. In the majority of the models (see Table 1) the 
enveloping surface of the F1 folds was kept horizontal 
and the axis of the FI folds was parallel to the shortening 
direction (/)2) of the second deformation. In other 
words, in the majority of cases 0 = 0 and a = 0. In some 
of the experiments the enveloping surface of F1 was kept 
horizontal (a = 0) but the F1 axis was at an angle to P2 
(0 ~ 0). In a small number  of experiments (Table 1) the 
enveloping surface was inclined and the F 1 axis was at an 
angle to P2 (0 = 0, a ~ 0), the angle of inclination, a,  
being equal to the angle between P2 and the F~ axis. 
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Except for two, all the experiments were carried out 
with the same type of modelling clay and the same type 
of putty. In one experiment the contrast in competence 
was increased by using a stiffer modelling clay and a 
softer putty. In another experiment the contrast was 
reduced by mixing a small amount of modelling clay with 
putty. 

FIRST MODE OF SUPERPOSED BUCKLING 

P2 at a right angle to P1 (0 = O, a = O) 

The first mode of superposed buckling gave rise to a 
dome-and-basin pattern and was seen only when F1 was 
very open (with interlimb angle greater than about 135 °) 
and the curvature at its hinge was quite small (Figs. 2a & 
b). The trends of the F1 and F2 folds in these models are 
discernible by joining the crest points of the adjoining 
domes in the two directions. When F1 and F2 have more 
or less the same tightness and have approximately the 
same curvature, a distinct hinge line is not recognizable 
over the domes and basins. When the F2 folds become 
tight their curved hinge lines become distinct. The 
curvature of the F2 hinge line increases with progressive 
tightening of the folds. Morphologically, the resulting 
structure is a type 1 fold interference. When the F2 folds 
become very tight or isoclinal, the F1 hinges cannot be 
distinguished at all and the F~ folds can only be seen by 
the wavy form of the F2 hinges. In the first mode of 
superposed buckling the F2 folds can be very tight while 
the F1 folds are still quite open. On the other hand, a set 
of open F2 folds superposed on tight F1 folds never 
develops in the first mode of superposed buckling. In the 
course of tightening of the F 2 folds and with a progress- 
ive accentuation of their hinge line curvatures, the 
amplitude of F1 also increases, although there is no 
change in F1 fold wavelength (Fig. 6). Thus, when the 
hinge line curvatures of F2 have greatly increased, the F 1 
folds may also show a significant increase in their 
amplitude/wavelength ratio. 

Huber's (1987, p. 493) concept of redundant superposi- 
tion (type 0 interference) may be extended to include 
this type of structure. 

When the angle between P2 and F 1 is rather small (a = 
0, 0 = 20-30 °) and both sets of folds in the experiments 
are open, the domes and basins are usually elongate and 
are aligned in a step-like pattern. The two sets of lines 
obtained by connecting the adjoining crests (antiform- 
antiform intersections) or the adjoining troughs 
(synform-synform intersections) are initially perpen- 
dicular to P1 and P2. With progressive deformation the 
lines, such as CC' (Fig. 8a), perpendicular to P2 do not 
rotate, but the other set of lines parallel to DD' does 
rotate so that the two sets of lines make progressively 
lower angles with each other. In the general situation the 
long directions of the oval outcrops of elongate domes 
and basins on a horizontal section do not coincide with 
either CC' or DD' (Figs. 3b and 8b). These oblique 
domes and basins are very similar to those described in 
map-scale by de Sitter (1952) from the Atlas Mountains 
in Morocco. There, the oblique domes and basins have 
formed by the intersection of earlier NE-trending folds 
with E-W-trending later folds, de Sitter suggested that 
the angle between the early and the late sets of folds was 
reduced during the later deformation. Even when the 
experimental F2 folds have the same tightness as F1 and 
both sets of folds are very gentle, the domes and basins 
have a distinct linear trend. This is because the intercept 
of an F 2 fold on an F1 fold (line AB in Fig. 8c) is larger 
than the wavelength (line AC) of Ft. With progressive 
tightening of the F 2 folds the long direction of the oval 
outcrops of the domes and basins become subparallel to 
CC' of Fig. 8(a). This process is accompanied by pro- 
gressive rotation of the F1 hinges, resulting in a decrease 
in the angle between F1 and F2 axes and a progressive 
tightening of the F 1 folds. 

SECOND MODE OF SUPERPOSED BUCKLING 

P2 at a right angle to P1 (0 = 0, ct = 0) 

P2 oblique to Pa 

A dome-and-basin pattern also developed when /71 
and F 2 were oblique to each other (Figs. 2c & d and 3a), 
with a = 0, 0 ~ 0. In the experiments in which F1 was 
very open (with interlimb angle greater than 135 °) the 
dome-and-basin structure developed even when the 
direction of the second compression P2 was at an angle 
of 50 ° with the F 1 hinges. A set of new fold hinges did not 
develop when the angle between/71 and P2 was larger 
than 50°; instead, the F~ folds were progressively tight- 
ened and rotated during the second deformation. 
Although the F 1 folds remained more or less cylindrical 
and with planar axial surfaces, their shapes and orien- 
tations were considerably modified (Fig. 7). Since the 
final shape and orientation of the folds were a result of 
the two superposed deformations, they should be dis- 
tinguished from the F1 folds; perhaps Ramsay & 

When the F 1 folds were moderately tight the first 
mode of superposed buckling was inhibited and was 
replaced by another mode. If the initial interlimb angle 
of F1 ranged between 90 ° and 135 °, the second defor- 
mation gave rise to a set of folds riding across the hinges 
of the first generation folds (Fig. 4a). The arc-lengths of 
the F2 folds are distinctly smaller than those of the F 1 
folds (Ghosh & Ramberg 1968). This mode of buckling 
is similar to the symmetrical buckling of a cylindrical 
shell under the action of an axial compression (Timo- 
shenko & Gere 1961, pp. 457-462). The initial wave- 
length of the F2 folds decreases with an increase in 
curvature at the hinge zone of F 1. When F 1 and F 2 are 
orthogonal, the F 2 folds are plane non-cylindrical. In the 
second mode of superposed buckling with F1 at right 
angles to F2, the limbs and the hinges of the Fx folds are 
locally distorted, but there is no significant change in the 
trend of F 1 and in the attitude of its axial planes (Fig. 9a). 



384 S.K. Gnosri, N. MANDAL, D. KHAN and S. K. DEB 

In sections which intersect both F 1 and F2 hinges, the 
outcrops have an oval shape characteristic of the type 1 
interference (Fig. 9b). 

P2 oblique to P1 

When P1 and P2 are oblique (Figs. 4b and 10), either 
with a = 0, 0 ~ 0, or with P2 inclined to the overall 
orientation of the layer (0 = 0, a = 10-20°), the angle 
between the F1 and F2 hinge lines is variable and the 
axial surface of a non-cylindrical /72 fold may not be 
parallel in all places. In other words, the F2 folds may be 
non-plane. Moreover, because of the oblique superposi- 
tion, the initial hinge angle (Williams & Chapman 1979) 
of a smaller F2 fold (or the radius of curvature of its 
arcuate hinge line) will be smaller than the interlimb 
angle (or the radius of curvature) of the folded surface of 
F1 (Fig. 10). With progressive tightening the axial sur- 
faces of F 2 become more or less planar. Although, in the 
second mode of superposed buckling, the oblique super- 
position of small F 2 folds on large F 1 folds (either with 
0 ~ 0, a = 0 or with 0 = 0, a ~ 0) causes only localized 
distortions in the shape of/71, without an overall bending 
of its axial planes, the general orientations of the/71 
hinge lines and axial planes change in the course of 
progressive deformation, so that the F 1 hinge lines make 
a smaller angle with the XY plane of the second defor- 
mation. 

The second mode of superposed buckling may give 
rise to a variety of outcrop patterns (Figs. 4c and 11), 
such as (a) symmetrical or asymmetrical closed oval 
outcrops (Fig. 11a), (b) symmetrical or asymmetrical 
closed triangular outcrops (Fig. 11b), (c) three-pronged 
outcrops (Figs. 11c & d) and (d) mushroom-shaped 
outcrops (Fig. 11e). The first three patterns are gener- 
ally produced when both F 1 and F 2 have planar axial 
surfaces. The mushroom-shaped pattern forms when, in 
oblique superposition, the F 2 axial surface is differently 
oriented on different parts of the F 1 fold. 

THIRD MODE OF SUPERPOSED BUCKLING 

This mode of superposed buckling was seen when the 
F1 folds were fairly tight (with limb dips less than about 
90 °) but not very tight or isoclinal (Fig. 5). The third 
mode of superposed buckling develops when the curva- 
ture of the folded surface at the F 1 hinge zone is 
moderately large, but when the F1 hinge is not sharp and 
the hinge zone is not too narrow. In this mode of 
superposed buckling in a single-layer, the F 1 and the F2 
folds are roughly of the same size and the total structure 
has a non-plane non-cylindrical geometry. To describe 
the characteristic morphology of these superposed folds 
let us assume, as we have in the experiments, that the 
general orientation of the layering is subhorizontal. In 
the third mode of superposed buckling the F 2 folds then 
plunge in opposite directions on the two limbs of an F1 
fold, with an antiformal F2 on one limb of F 1 passing to a 
synformal F2 on the other limb (Ghosh & Ramberg 

1968). This mode of superposed buckling is character- 
ized by the following morphological features. 

(a) Each F2 fold (either an antiform or a synform) 
occupies a roughly triangular area (cf. Ghosh & Ram- 
berg 1968, fig. 9). An antiformal F2 has a relatively wide 
span in the neighbourhood of the F1 antiformal hinge 
and it narrows down at the F1 synformal hinge. Simi- 
larly, a synformal F 2 has a relatively wide span near a 
synformai/71 hinge and it tapers towards an antiformal 
F1 hinge (Fig. 12a). 

(b) The initiation of the F2 folds is associated with 
replacement of the old F 1 hinge lines by sinuous new 
hinge lines. A material line which was once parallel to a 
straight F 1 hinge line now appears as a gently sinuous or 
more or less straight line (dark line in Figs. 5a & b and 
dashed line in Fig. 12b) at an angle with the strongly 
sinuous newly created hinge line. With progressive tight- 
ening during the second deformation the hinges of the F2 
synforms propagate across the F~ synformal hinges. At a 
point where a synformal F2 propagates across an anti- 
formal F I the initial upward convexity of the layer 
changes to an upward concavity (Fig. 12c). 

Although the total structure resulting from the third 
mode of superposed buckling is morphologically similar 
to that of type 2 fold interference (Ramsay 1967, p. 525), 
what appears to be a strongly curved F1 hinge is in reality 
a feature that is newly created during the second defor- 
mation. These sinuous hinge lines, however, are quite 
distinct from the hinge lines of the F2 folds whose axial 
surfaces are more or less orthogonal to P2- The process 
of development of the new sinuous hinge lines by obli- 
terating the earlier F1 hinge lines is described here as 
hinge replacement. The recognition of the process of 
hinge replacement gives rise to a problem of nomencla- 
ture. The new sinuous hinge line cannot be referred to 
either as F~ or as F2. In the following description it will 
be designated FI since it replaces the F~ hinge line and 
has morphological similarity with the hinge line of an 
early fold. Hinge replacement is a characteristic feature 
of the third mode of superposed buckling. As a conse- 
quence of hinge replacement, a lineation parallel to F1 
will be oblique to F~. The hinge replacement is a con- 
tinuous process during the second deformation. During 
progressive deformation the position of an FI hinge line 
changes continuously through successive material lines. 
However, once the axial surfaces of F~ have rotated to 
the field of extension, both the F~ and the F 2 folds are 
simultaneously tightened. Beyond a certain stage of 
tightening the hinge lines of the F~ folds continue to 
coincide with a single material line. 

FOURTH MODE OF SUPERPOSED BUCKLING 

Superposed buckling by a shortening along the axis of 
very tight or isoclinal F1 folds, and having a very large 
curvature of the folded surfaces at the hinges, invariably 
produced in the experiments a type 2 interference with 
curved hinge lines and curved axial surfaces of the F 1 
folds. Unlike the third mode there was no hinge replace- 
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Fig. 2. Gentle dome-and-basin structures in the first modeofsuperposedbuckl ing.  (a) Artificially induced Fl (parallelto 
3 cm long scale on the right-hand side). F 2 trending from left to right, P1 at a right-angle to P2. (b) Naturally produced F 1 . Fl 
and F 2 are at right-angles to each other. Scale bar 1 cm. (c) Artificially induced F1 trending front to back, F~ and F 2 at an 

angle of 60 °. Scale bar 3 cm. (d) Naturally produced F l at an angle of 65 ° to F 2. Strip marked F 2 measures 1 cm. 
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Fig. 3. (a) Dome-and-basin structure formed by the oblique superposition of two generations of open folds in marble- 
phyllite intercalations; near Narayani temple on the Jaipur-Alwar Road, India. (b) Closed oval outcrops of the first mode of 
superposed buckling in marble and phyllite intercalations. The long axes of the oval outcrops are oblique to the trends of 

both sets of folds. Same locality as (a). 
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Fig. 4. (a) Second mode of superposed buckling in test model with P2 at a right-angle to F 1 . The F1 folds trend from front to 
back and F 2 folds from left to right. (b) Oblique view of model showing superposed buckling in the second mode. The initial 
angle (0) between P2 and F 1 is 30 °. Both P2 and F l are horizontal, and the F 2 folds trend from left to right. (c) Outcrop 
pattern in test model in second mode of superposed buckling. F t had an initial plunge of 8 ° from back to front, and P2 was 

horizontal, trending from front to back. Scale bars in (a) and (b) 3 cm long; scale bar in (c) is 1 cm long. 
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Fig. 5. (a) Third mode of superposed buckling with triangular forms of F 2 antiforms and synforms (with axes trending from 
left to right). The dark lines mark out the initial hinges of F1 antiforms. Scale bar 3 cm. (b) Third mode of superposed 
buckling in test model showing hinge replacement. The dark lines mark out the initial F t antiformal hinge lines. These are 
intersected by the strongly arcuate hinge lines (F~) of the non-plane folds. The latter are distinct from the hinge lines of F 2 

folds (running from top to bottom). With tightening of F2, the F 1 folds have also become tight. Scale bar 1 cm. 
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ment or hinge migration for the/71 folds. If the second 
deformation involves only a flexure the angle between 
F1 and F2 hinge lines remains constant in different parts 
of the structure. The angle may not remain constant if 
the later folding involves both flexure and flattening. 

DISCUSSION 

Influence of tightness of Fx 

This series of experiments shows that the geometry of 
interference of two generations of buckling folds largely 
depends on the initial tightness of the early set of folds. 
With increase in initial tightness of F~ there is a tran- 
sition from one mode of superposed buckling to 
another. Whether superposed buckling takes place 
according to the first, second, third or fourth modes is 
decided by both the interlimb angle and the curvature of 
the folded surface at the hinge zone of F1. Although on 
the basis of the experiments we have given a range of F1 
interlimb angles within which a particular mode of 
superposed buckling was commonly observed, this 
range is tentative and is modified by the magnitude of 
curvature of the folded surface at the hinge zone. Thus, 
for example, in some of the experiments with thick 
competent layers, the tight /71 folds had broad and 
rounded hinges and the smaller F 2 folds of the second 
mode were localized in the hinge region of FI. A mixed 
mode of superposed buckling was noticed in some of the 
experiments in which the initial tightness of F 1 had a 
border line value. Thus, when the interlimb angle of F~ 
was roughly in the neighbourhood of 135 °, the dome- 
and-basin structure of the first mode was sometimes 
associated with the second mode structure in which 
distinctly smaller 172 folds rode over the hinges of the 
larger F1 folds. Similarly, when the F 1 interlimb angle 
was close to 90 ° there was, in some of the models, an 
association of second and third modes of superposed 
buckling. 

In the second mode of superposed buckling, the 
influence of the magnitude of curvature of the pre-F2 
folded surface on the initial wavelength of the F 2 folds 
was analysed by Ghosh (1970, pp. 565-567). He con- 
sidered the development of small second generation 
folds by axial compression of cylindrical F~ with semi- 
circular cusps, and obtained the following relation be- 
tween the F 2 wavelength and the curvature of F 1 at its 
hinge zone: 

6 6/z--! = 0, (1) 
(lh) 3 n2lh [2 2 

where h is the thickness of the layer, n is the ratio r/h with 
r as radius of curvature of the middle surface of the layer 
for the F1 fold,/z 1 and/u 2 are the coefficients of viscosity 
of the layer and its embedding medium, and I = 2~r/L, L 
being the initial wavelength of F2. If the curvature 1/r is 
0, this equation gives the dominant wavelength of a 
cylindrically folded embedded layer (Biot 1957, 1965, 
p. 423, Ramberg 1964): 

/1/gl 
L e = 2h V6 ~22" (2) 

Figure 13 shows the variation of the ratio Le/L with 
variation ofr/h. The figure shows that with an increase in 
r/h, Le/L rapidly decreases and comes very close to 1. 
Thus, for example, when the viscosity ratio is 50, and 
r/h = 13, LJL  = 1.15. Such a small difference in the arc 
lengths of F1 and F2 means that the dome-and-basin 
structure will be essentially equant in plan view in the 
initial stages. These theoretical results do not have a 
quantitative application in the present case, since, 
unlike the theoretical model neither the natural nor the 
experimental F1 folds have semi-circular cusps. Never- 
theless, Fig. 13 suggests that the transition from the first 
to the second mode may be gradual and not abrupt. If 
the initial F1 is very gentle, Le/L will be close to 1. With 
a decrease in r/h, when the values of Le/L become 
distinctly larger (say >1.5), the second mode of super- 
posed buckling may become noticeable. 

Rotation and tightening of plane cylindrical folds in a 
later deformation 

The present series of experiments confirm, in general, 
the earlier results of Ghosh & Ramberg (1968) that a 
new set of folds does not develop when the angle 
between P2 and F1 is larger than about 30 ° (i.e. a = 0, 
0 > 30°). There is, however, an exception. In the present 
experiments, when the initial F1 is very gentle, a dome- 
and-basin pattern did develop when the angle between 
P2 and F1 was between 0 ° and 50 °. Apart from this 
exceptional case, the early folds were always tightened 
and rotated and a new set of folds did not develop during 
the second deformation when the angle between P2 and 
F1 exceeded about 30 °. A similar situation has been 
described by Naha & Mohanty (1988, p. 86) from 
southern Rajasthan in India. Here, an E-W longitudinal 
compression has produced a set of folds with vertical 
axial planes striking N-S. The F2 folds are localized in 
domains in which the overall orientation of the foliation 
is steep and has a nearly E-W strike. The F2 folds are 
consistently absent in domains in which the S-surfaces 
strike between NW-SE and N-S. The FI folds in these 
domains are, instead, further flattened. The presence of 
such tightened and rotated plane cylindrical folds should 
be explained as a product of two deformations some- 
what similar to the case of redundant superposition of 
Ramsay & Huber (1987, p. 493), rather than by the 
localized absence of the later deformation. 

Relative tightness of early and late folds 

It is a common observation in areas of superposed 
folding that the earlier folds are tighter than the later 
folds. Although this is generally true the experiments 
clearly show that, in the first mode of superposed buck- 
ling, a set of tight later folds can be superposed on earlier 
gentle folds in such a manner that the initial hinge lines 
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I Y 

a b 
Fig. 6. In the first mode of superposed buckling, when the second 
shortening (P2) is very large, the tightening of the F2 folds is associated 
with an increase in the curvature of the hinge lines. The hinge lines of 

the F, folds become unrecognizable as in (b). 

of the early folds become obliterated and unrecogniz- 
able. If both sets of folds are upright, the structure may 
then show a set of tight or isoclinal, plane F2 folds with a 
constant trend and variable and oppositely directed 
plunge of the fold axes. Here the plunge variation of F2 
axes is the only vestige of the open F, folds. 

Development of strongly non-cylindrical plane folds 

With progressive tightening across the F2 axial sur- 
faces of a dome-and-basin pattern, and with a large 
stretching across the general orientation of the layering, 
the hinge angle (Williams & Chapman 1979) of F2 
decreases and the folds become strongly non-cylindrical. 
It is conceivable that if the stretching is very large, the 
structure will evolve into sheath folds. Although the 

a 

b 
Fig. 7. (a) A set of cylindrical early folds (Fl) undergoing a second 
period of shortening with the angle between P2 and Fl larger than 30”. 
(b) The F, folds are rotated and tightened during the second defor- 
mation. Although the folds remain plane cylindrical, their shapes and 
orientations have been considerably modified by the second defor- 
mation. The structure is somewhat similar to the case of redundant 

superposition of Ramsay & Huber (1987). 

a 

b 

C 

-antiform 
+ synform 

Fig. 8. First mode of superposed buckling with P2 oblique to Ft. The 
shortening along PI and P2 are the same. (a) Circles are crest points of 
domes, dots are trough points of basins. The crests or troughs lie along 
lines parallel to CC’ at a right-angle to P2 and along lines DD’ initially 
at a right-angle to PI. With progressive tightening of folds during the 
second deformation the lines parallel to DD’ rotate towards CC’. 
(b) En echelon oval outcrops with long axes neither parallel to Fl nor 
F2. (c) Although the wavelengths of Fl and F2 (AC and AD) are the 
same, because of oblique superposition the individual domes and 
basins become elongate. Note that the intercept (AB) of an F2 fold on 

an Fl fold is larger than the wavelength (AC). 

I ’ -F2 ’ I 

; Q Q ; 

I 
F2 

I I 
b 

Fig. 9. (a) Second mode of superposed buckling with F2 at a right- 
angle to F,. The smaller F2 folds ride over the hinge of the larger Fl 
fold. (b) Outcrop pattern of second mode of superposed buckling. 
Dashed line-axial surface trace of F,; dash-and-dot lines-axial 

surface traces of F2. 
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Fig. 10. Second mode of superposed buckling with the direction of second compression (P2) oblique to F 1 . The axial plane 
of F 1 is vertical. Within it the F 1 axis plunges gently towards the front. The shortening, P2, is horizontal and is parallel to the 
axial plane of F1. The F1 hinge line is locally distorted by the smaller F2; its overall orientation is shown in stereographic 
projection on the right. The F 2 hinge lines show a stronger curvature than that of the initial folded surface of F 1 . The 

diversely oriented hinge lines of F 2 may not lie on a plane. 

m e c h a n i s m  of  d e v e l o p m e n t  of  shea th  folds  in a single 
p rogress ive  d e f o r m a t i o n ,  as in shea r  zones  o r  in a reas  
w h e r e  t h e r e  is an  u n e q u a l  sho r t en ing  across  the  fold  
axial  sur faces  ( R a m s a y  1962, W o o d  1974, R a m s a y  & 
H u b e r  1987, fig. 21.33),  is fa i r ly  wel l  u n d e r s t o o d ,  the  
m e c h a n i s m  of  d e v e l o p m e n t  of  shea th  folds  by  in ter -  

f e rence  o f  two gene ra t ions  of  folds  (e .g .  T u r n e r  & Weiss  
1963, p.  143, Tob i sch  1966, M u k h o p a d h y a y  & S e n g u p t a  
1979, Sk j e rnaa  1990) has  no t  b e e n  s tud ied  in deta i l .  A s  
the  p r e se n t  e x p e r i m e n t s  ind ica te ,  such s t rongly  non-  
cyl indr ica l  p l ane  folds m a y  de ve lop  by  the  f la t tening of  
an o p e n  d o m e - a n d - b a s i n  s t ruc ture ,  bu t  the  s t rongly  

I I 
I i 

~ ' 0  -°-_.. - ' ~ ' -  
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I / 

I 

C 

,t 
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i i b , / 

- - p  F 1 a x i s  

- - ~  F 2 ax is  

. . . .  F 1 ax ia l  
p lane 

- o - • -  F 2 a x i a l  
plane 

d 
Fig. 11. Outcrop patterns in the second mode of superposed buckling. The axial surfaces of F 1 and F 2 are planar in all cases 
except in (e) in which the relation between P2 and F 1 is as in Fig. 10. Sketched from horizontal sections of test models. 
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Fig. 12. (a) Plan view of the third mode of superposed buckling. The 
F2 antiforms (dotted areas) taper towards the synformal hinges of F1, 
and the F2 synforms (circle-marked areas) taper towards the anti- 
formal hinges of F t (b) Dashed line A: gently curved marker line which 
was initially parallel to an F 1 hinge. Continuous line B: strongly 
sinuous hinge (F~) which replaces the F1 hinge. (c) Dotted line: initial 
profile of F 1 fold. Continuous line: same profile after the second 
deformation. The material points A and B have now been shifted to A'  

and B'. 

curved well-defined hinge line of the structure must 
belong to F2. From the experiments it becomes quite 
clear that, in sharp contrast with the model of shear 
folding, strongly non-cylindrical plane folds cannot de- 
velop by the buckling of a set of tight or isoclinal 
cylindrical folds; a shortening along their axial planes 
invariably produces a set of non-plane folds. 

Hinge replacement 

A remarkable feature of the present series of experi- 
ments is the process of hinge replacement in the third 
mode of buckling (Figs. 5a & b). The term 'hinge 
replacement' has been used here in preference to the 
term 'hinge migration' because the process of hinge 
replacement is associated with only the third mode of 
superposed buckling. In contrast, hinge migration may 
take place even during the growth of a set of cylindrical 
folds. The first and the second modes of superposed 
buckling can be easily distinguished from their mor- 
phology alone. On the other hand, the third and the 
fourth modes are difficult to distinguish from fold mor- 
phology. During the experiments they were mainly 
distinguished on the basis of whether there was hinge 
replacement or not. In the experiments this was possible 
because marker lines were drawn along the initial hinge 
lines of F1. During the third mode of superposed buck- 
ling a newly created curved hinge line (F~) was more 
sinuous than, and was oblique to, the marker line which 
initially coincided with the F1 hinge. In natural super- 

posed folds the third mode may be recognized if there is 
a lineation parallel to F1. This lineation should be 
oblique to the newly created sinuous hinge line of F~. An 
important consequence of hinge replacement is that an 
$1 cleavage, axial planar to F1, may be oblique to the 
hinge lines and axial surfaces of F~. Since F1 hinges are 
obliterated and are replaced by F~ hinges, it may appear 
that S1 is synchronous with F~. S1 may then appear as a 
transecting cleavage or non-axial planar cleavage 
(Stringer & Treagus 1980, Treagus & Treagus 1981). 
The third mode of superposed buckling may also be 
recognized from the tapering shapes of the F2 folds when 
they are fairly open. This mode of superposed buckling 
develops only when the F 1 folds are not very tight (i.e. 
close folds of Fleuty 1964). However, when the F2 folds 
superposed on them become isoclinal the Ft folds are 
also tightened (Figs• 5b and 14) and may become iso- 
clinal in the major part of the structure. From the fold 
morphology alone, this tightening of the early folds 
during a later deformation can hardly be distinguished 
from the refolding of isoclinal folds by the fourth mode 
of superposed buckling. 

A major technical problem in experimental defor- 
mation of test models is to reduce the friction between 
the model and the horizontal base or the vertical walls. 
Although these interfaces were well lubricated with oil 
or liquid detergent, the friction often caused a bulging of 
the model (Figs. 15a & b). Models which showed a large 
bulging were usually discarded. Besides such friction- 
generated bulk inhomogeneity, which only gave rise to a 
half-wave or a single wave as in Figs. 15(a) & (b), the 
present series of experiments never gave rise to a train of 
regular F 2 folds (Fig. 15c) by the buckling of a set of 
smaller /71 folds in a type 1 interference on a single 
competent layer. 

The present study is restricted to the problem of 
superposed buckling in single layers• The experiment- 
ally produced F t folds did not show a wide range in 
variation in profile-shapes. They never showed the 
geometry of chevron folds, conjugate folds or cuspate 
folds. Moreover, the viscosity contrast between the 
modelling clay and painter's putty was never extremely 
large, so that fan folds or elasticas did not develop in the 
experiments. The viscosity ratio between the modelling 
clay and the painter's putty was kept more or less the 
same in the majority of experiments. In one experiment 
the viscosity ratio was significantly lowered and in 
another experiment it was increased. The results of 
these two experiments were in agreement with those 
obtained from the other experiments. In two experi- 
ments, the layer of modelling clay was sandwiched 
between two slabs of painter's putty (Table 1). The 
mode of superposed buckling in each of these models 
was the same as in the models with a free upper surface 
of the layer of modelling clay having a similar interlimb 
angle of F1. The F1 folds in all the experiments were 
symmetrical, single-hinged and approximately parallel 
folds in which the radius of curvature at the hinge and 
the ratio of hinge zone and fold limb (Ramsay 1967, 
p. 349) decreased with progressive shortening• 
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Fig. 13. NaturallogarithmicplotofLe/Lagainstr/hforthesecondmodeofsuperposedbucklingforlt 1//~2 = 100,60and50. 
L is the wavelength of the non-cylindrical F 2 folds. L e is the initial wavelength of buckling of a straight embedded layer of 

the same thickness. 

F 2 hinge 

F 2 hinge 

~ F  I or F I hinge 

Fig. 14. During a tightening of the F2 folds in the third mode of 
superposed buckling, the F1 folds also become tight. When both sets of 
folds have become very tight or isoclinal there is no morphological 
distinction between the third and the fourth modes of superposed 

buckling. 

The range of F 1 interlimb angle within which a par- 
ticular mode of superposed buckling was observed in the 
experiments is controlled by the viscosity ratio. The 
single parameter of interlimb angle was chosen because 
the interlimb angle could be measured with sufficient 
accuracy. It is likely that there are other parameters, 
such as the nature of variation of the curvature along the 

a b 

C 

Fig. 15. (a) & (b) Bulging of the model during the second defor- 
mation. During superposed buckling of a single layer, small F 1 folds 
were not refolded to form a number of large F 2 waves as shown in (c). 

F1 fold arc, which influence the mode of superposed 
buckling. The mechanical aspects of superposed buckle- 
folding are extremely complex and little understood as 
yet. In the absence of a theory about the mechanics of 
superposed buckling it is hardly possible to identify a 
complete spectrum of F1 fold shapes that give rise to a 
particular mode of superposed buckling. Nevertheless, 
we believe that unless the viscosity ratio is so large that a 
round-hinged fan fold or an elastica can develop at a 
large shortening, the observed ranges of the F1 interlimb 
angle for the different buckling modes can serve as a first 
approximation. The major emphasis of the present work 
is on the recognition of the four modes of superposed 
buckling in single layers and on the transition from one 
mode to another with increasing buckle-shortening of 
the initial F1. 

The profile shapes of cylindrical buckling folds have a 
much wider range of variations in multilayers than in 
single layers. Thus, for example, structures similar to 
that shown in Fig. 15(c) can develop under certain 
conditions during superposed buckling of multilayers. 
Moreover, depending upon the profile shape of F1, the 
four standard modes of superposed buckling, as de- 
scribed above, may be modified in multilayers. Such 
complications will be discussed in detail in a later publi- 
cation. 
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