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Hinge migration as a mechanism of superimposed folding
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Abstract—Paraffin wax analogue modelling of superimposed folding shows how early fold shape and orientation
determine fold-axis orientation, type of interference pattern and mechanism of superposed folding. During two
successive deformations, the behaviour depends on the angle between the first and second compression
directions. (i) When they are perpendicular to each other, classic superposed folding with either domes and
basins, or folds with vertical axes develop, depending on whether the earlier folds were open or closed. (i) When
the two compression directions are oblique, the earlier folds rotate. The degree of rotation depends on the angle
between the first folds and the later compression direction and is proportional to the amount of strain. The
orientations of the new folds are close to those of the earlier open folds. The final deformation pattern consists of
domains where the orientations of the axes depend on whether the early folds were previously either open or
closed. Many early folds are reused to become later folds by the mechanism of hinge migration.

These results are consistent with the pattern of superimposed folding observed in the Devoluy structure of the
French Alps. They show that simply by studying the directions of fold axes in areas of superposed folding, it is not
possible to define compression directions. Moreover there is the possibility that superposed folding may go
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unnoticed if hinge migration has occurred.

INTRODUCTION

WHEN a folded structure is submitted to a second com-
pression, the reaction of early folds with subvertical
axial surfaces could be of two types: superimposed folds
may appear, the geometries of which are well established
(Ramsay 1967, p. 520, Thiessen & Means 1980); or early
folds may be reused (Tobisch 1967), becoming new folds
as a result of hinge migration. The purpose of this study
was to determine how the orientation and shape of early
folds decide which of these two reactions occur.

We have chosen two examples to illustrate this re-
search. Firstly an example in the field: the Devoluy
limestone massif in the southern French Alps, which
presents two successive foldings (Lemoine 1972). For
the most part we find two main sets of folds, the first set
trending E~W and the second superimposed set trending
N-S. In some places, however, only one set of folds
appears, which trends more or less midway between N-S
and E-W. We must now compare these differences in
geometry with the positions and forms of the early folds
and with the directions of successive compressions. The
second example is an analogue model consisting of seven
paraffin wax sheets which are subjected to two successive
compressions. The directions along which these com-
pressions act vary from one experiment to another. Each
fold that forms is labelled throughout the experiment
and its evolution can be observed in relation to the
direction of successive compressions. An exact analogy

between the field studies and the model is difficult to
achieve, Nature being infinitely more complex than a
model, which is necessarily only schematic. However, if
results show that there is a degree of agreement between
the two examples, this would suggest that similar defor-
mation histories may be involved. The conclusions
drawn would thus be valid not only in an experimental
situation, but could also be applied to the development
of geological structures in the field.

MULTIPLE FOLDING IN THE DEVOLUY MASSIF

In the sedimentary cover of the southern French Alps
there are many examples of superimposed folding
(Lemoine 1972). In the Devoluy Massif (Fig. 1) the two
phases of folding are clearly dated (Glangeaud & Albis-
sin 1958, Goguel 1963, Gidon et al. 1970, Arnaud 1974).
The first phase, linked to early Alpine events (Caby
1973), is Turonian (88-95 Ma) (Mercier 1958). The
corresponding folds (F;), usually inclined, trend NE-
SW or E-W, perpendicularly to the classical French
Alpine orientation. The second folds (F,), linked to
middle Alpine events, were formed at the end of the
Oligocene (Lemoine 1972) and their orientation is gen-
erally N-S. The great Devoluy Syncline (F,), with a
trend of 170°, affects Senonian (latest Cretaceous) lime-
stones and the Palaeogene (Fig. 2). Around the edges of
the massif, F, folds that have undergone the two succes-
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Fig. 1. Geographical location of the Devoluy Massif in the southern
French Alps. Areas shown here are situated at the edge of the Upper
Cretaceous block.

sive phases of compression are exposed. A vertical
section (perpendicular to the axis of the Devoluy
Syncline) from the St Bonnet 1/50,000 geological map,
shows that deformation due to the second compression
phase produced a shortening of about 30% along the
E-W direction. This estimate does not take into con-
sideration the thickening that may have occurred in the
layers before and during folding (Cobbold 1975, Gairola
& Kern 1984).

Our studies have concentrated on the reaction of the
early folds (F;) to the second compression. Super-
imposed folds may appear, or F, folds may be reused
during F, folding, becoming F, folds as a result of hinge
migration. Let us examine the features of these alterna-
tives.

Superimposed folding

At the Col du Noyer (Fig. 1) Upper Jurassic forma-
tions form a fold trending 070°, inclined towards the
north and emphasized by second-order folds on the
inverted limb. On a kilometric scale this fold is refolded
into a type 2 interference pattern (Ramsay 1967, p. 525)
by the Devoluy Syncline. The western part of the fold
hinge plunges steeply W (60°) under the Senonian block.
Further east the intersection of cleavage and bedding (in
marly limestone of the Upper Oxfordian) suggests a
subhorizontal hinge. On a decametric scale, F, folds
formed after the cleavage had appeared on the limbs of

UPPER CRETACEOUS
AND PALAEOGENE

LOWER CRETACEOUS
AND JURASSIC

10 km

Fig. 2. Diagram of the structure of Devoluy. The great F, syncline
(170°) of the Upper Cretaceous has refolded the Turonian F, folds
orientated between E-W and NE-SW,
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Fig. 3. (a) Col du Noyer. Diagram showing large F, fold which trends
070°. The F, fold has refolded the axis of the earlier fold of which the
plunge varies from E to W. On the limbs, F, folding is present in the
form of small folds that are horizontal in the normal limb (location 1),
subvertical in the overturned limb (location 2), and superimposed over
the second-order F, folds in the overturned limb where domes and
basins appear (location 3). (b) Axes of the Col du Noyer folds, F, folds
(white triangles) and F, folds (black triangles) on a Wulff net (lower
hemisphere).

the major fold. On the normal limb these F, folds trend
160° (Fig. 3a, location 1). On the overturned limb they
are subvertical (Fig. 3a, location 2) and in some places
with second-order F; folds they create a type 1 inter-
ference pattern (Ramsay 1967) with the classic geometry
of domes and basins (Fig. 3a, location 3); the orienta-
tions of the F; folds are therefore very dispersed
(Fig. 3b).

Hinge migration

Near La Posterle (Fig. 1) the folds affect Upper
Jurassic limestones. They trend for the most part
between 030 and 050°. One fold presents cracks (tension
fissures on the outer arc of the layers) which run parallel
to its axial direction (023°). These longitudinal veins
(Droxler & Schaer 1979) cut across older cracks lying
obliquely across the present hinge (Figs. 4a and 10a).
These oblique cracks trend from 023 to 050° and, like the
longitudinal veins, they are abundant in the hinge zone.
Near I’Aiguille (Fig. 1), in Upper Jurassic limestone
formations, one fold with an axial direction of 028° can
be clearly distinguished from the rest, which trend 046 to
053°. All these folds show a marked degree of fracturing
(140°) perpendicular to the axial direction (Fig. 5a). On
the 028°-trending fold, and on this one only, fracturing
runs obliquely across the axial direction and is dispersed
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Fig. 4. (a) La Posterle. Diagram of the 023°trending fold with

longitudinal veins II parallel to the axis F,, and refolding of the

longitudinal veins I oriented 050°. These cracks are evidence that an

early fold F, (050°) has been reactivated during the F, folding. (b) Poles

to longitudinal veins I (black circles) continually changing to become

longitudinal veins II (white circles). Unfolded stratification on a
stereographic net (lower hemisphere).

over the limbs (Fig. 5b). These two early folds seem to
have rotated to become F, folds by hinge migration.

The 023°-trending fold of La Posterle presents early
longitudinal veins parallel to the hinge of the fold in its
F, position. This fold was rotated from 050 to 023° and
throughout this rotation, longitudinal veins were con-
tinually appearing at every stage (Fig. 4b). The last crack
to appear is parallel to the present axial direction (F, fold
023°). The 028°-trending fold of I’ Aiguille appears to be
a previously 050°-trending fold that was re-oriented
(Fig. 5c). The attitudes of perpendicular fractures
demonstrate re-orientation: they have been tilted in
opposite directions on each limb of the fold. This
mechanism of hinge migration has already been de-
scribed in different contexts as part of a progressive
deformation (Wegmann 1932, Hudleston 1973, Cobbold
1975, Borradaile 1978, Brun 1978, Gray 1981) but never
(except Tobisch 1967), as is the case here, in the context
of superimposed folding.

ANALOGUE MODELS

The models devised for our experiment consist of
seven sheets of paraffin wax (MERCK paraffin wax;

Fig. 5. (a) L’Aiguille. Diagram of an F; fold trending 050° with

fracturing across the axis. (b) The F; fold trending 028° has refolded the

fractures and its hinge has migrated to its present position. (c) Frac-

tures across the axis of the fold have been swung round onto the limbs

of the fold trending 028°, NW limb (black circles) and SE limb (white

circles). The crosses represent poles of bedding (Wulff net, lower
hemisphere).

melting point: 46-48°C; thickness of each layer: 1.5 mm)
separated by silicone grease (RHONE-POULENC, S-
428). The experiment was carried out in a thermostati-
cally controlled airtight container maintained at 30°C.
At this temperature the viscosities of the materials are
3 x 10° Pa.s for the paraffin wax and 5 x 102 for the
grease (Odonne & Vialon 1983). This represents a vis-
cosity contrast of 600:1, and according to Dixon &
Summers (1985), this figure corresponds to that
suggested by Biot (1961) for the contrast between lime-
stone and clay; it also respects the rules of similarity laid
down by Hubbert (1937). The choice of viscous materials
to represent deformation in limestones in an upper
structural level is in accordance with observations made
on the scale of a massif (Laubscher 1975) and of a sample
(Gratier 1984).

Deformation of the models took place in rectangular
boxes made of plexiglass; one of the short sides of each
box is moveable (Fig. 6). Compression creates buckling
folds (Ramberg 1963) which are of decreasing size the
further they are from the moving side of the box. In
order to limit this softening of folds, the base of the
model rests on a layer of grease, the viscosity of which is
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Fig. 6. Principle of the plexiglass boxes. One side moves to compress
the model.
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reduced to 10 Pa.s by the addition of silicone oil. There
are two stages to each experiment.

Stage 1: a multilayer model undergoes compressive
deformation. Its width remains unchanged (60 cm) but
its length is reduced from 70 to 53 cm; the extension can
be expressed as e = —~0.24. The crests of the folds on the
surface of the model are marked with blue ink; they are
‘F’ folds.

Stage 2: from each folded model a smaller model is
cut, which is compressed again in a small plexiglass box
(Fig. 7). The length of the model is reduced from 40 to 28
cm; hence e = —0.3. After this second deformation,
two sets of folds may co-exist on each model: (i) the early
fold (F folds of stage 1) which have undergone the
second deformation and have now become ‘F,’ folds
(after rotation and reactivation); the ink marks are
preserved and demonstrate the previous positions and
lengths which are not exactly those of F; (ii) the second
set of folds consists of new folds which appear during the
second deformation; they are ‘F,’ folds, marked with red
ink. Stage 2 corresponds to what is observed in the
Devoluy Massif with F; and F, folds.

The angle between the directions of the two compres-
sive deformations (angle Z; /\ Z,) may vary from 0 to
90°. Here we present the resuits of six experiments
where the value of Z, /\ Z, was 15, 30, 45, 60, 75 and 90°
(Fig. 8). Some of the experiments were carried out a
second time to ensure that the results could be repro-
duced.

For convenience we shall assume that the Z, compres-
sion always acts from east to west, which should thus
create F, folds that trend N-S. Then the F folds on each
model have an orientation equal to the value of the angle
Z, N\ Z, (i.e. F folds from the 30° model trend 030°) and
the gradual decrease in folding is towards the NW. We
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Fig. 7. The multilayer model of paraffin wax and grease has been

folded once under the effect of a compression Z;. A smaller model is

cut from it which undergoes a second compression Z,. The angle

between the two directions of compression (Z; /\ Z,) is known. The

direction of the folds is given in relation to ‘North’ which lies perpen-
dicular to the direction of Z,.
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will first consider each set of folds, F~F, folds then F,
folds; then we will examine how superimposed folding
and hinge migration appear.

F-F, folds

Ffolds become F| folds during the second compressive
deformation. The arithmetic means of the orientations
change and get closer to N=S by rotation in an anti-
clockwise direction (except in the case of the 90° model).
The F folds were perpendicular to the direction of the
first compression; the F; folds are no longer so.
Maximum fold rotation is observed in the 45 and 60°
models where it reaches about 10°. The rotation of the
folds agrees with J. G. Ramsay’s computations (1967, p.
131) on the changes in angle during deformation. How-
ever, from Ffolds to F, folds the orientations of the folds
disperse (standard deviations increase) especially in the
75 and 90° models (Fig. 11). It is thus now impossible to
deduce directly from the orientation of the F, folds the
direction of the first compression, if the intensity of the
second deformation is not known.

F, folds

According to the convention adopted earlier, the
second compression runs from E to W and should form
F; folds which trend N-S. Figure 9, however, shows that
the F, folds are close to N-S only in the 90° case, and on
the other models the deviation may reach 20°. It would
appear that F, folds have a tendency to align with F,
folds, and this parallelism is practically total for the 15
and 30° models, as Ghosh & Ramberg have shown
(1968). In fact, when angle Z, /\ Z, = 45° and below
(Figs. 8 and 9) it is very difficult to distinguish two
successive phases of folding simply by examining the
axial directions of the folds. Thus the F, folds are not
simply markers, they provide linear reinforcement for
the model (Cobbold & Watkinson 1981) and cause the
second shortening phase to be perpendicular to the F,
folds but not perpendicular to the direction of the second
compression.

Superimposed folding

Where the value of Z; /\ Z, is high, superimposed
folding is observed (Ghosh & Ramberg 1968, Skjernaa
1975) in areas of the models where F; folds are open
folds (inter-limb angle >70°, in Fleuty 1964). Classic
features are presented, with domes and basins. Where
F, folds are close folds (inter-limb angle <70°) F, folds
appear with subvertical axial directions, because the
limbs of the folds are subvertical. The axial surfaces of
the F, folds are themselves folded (Watkinson 1981).
This accounts for the fact that the axial directions of the
F; folds on the 75 and 90° models (Fig. 11) are highly
dispersed.
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Fig. 8. On the folded surface of each model (angle Z, A\ Z, = 15,30, . . ., 90°) can be seen F; folds (thick lines), F, folds
(fine lines), and F| folds that have been effaced or have become F; folds by hinge migration (fine dotted lines). The direction
of Z, is always E-W.

Hinge migration

Where the value of Z, /\ Z, is low (30°, 45°) there are
none of the classic features of superimposed folding.
The F, folds appear in one of two ways: (i) they either
appear with an orientation close to that of the F, folds,
which may themselves continue to develop (Goguel
1965); or (ii) F folds are transformed directly into F,
folds. In this case it is no longer simply a question of

clockwise rotation by the F folds which then become F,
folds, but a hinge migration. The blue lines on the crests
of the F folds are now oblique to the new folds (F,), in
exactly the same way as early cracks on the 023°-trending
fold at La Posterle (see Figs. 4a, 10a & b). Hinge
migration is thus a mechanism of superimposed folding.
Only open folds may be reused in this way. If the folds
are too close they are not able to develop any further
(Cobbold 1976). This confirms the idea already ex-
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Fig. 9. Distribution of folds in each model (angle Z, A\ Z, = 15, . . ., 90°) according to orientation. F folds result from the

first compression, F| folds are tracks of F folds after compression Z,, F; folds are formed by compression Z,, resultant folds
are all folds observed after the total deformation. » = number of fold segments.

pressed, that each model is divided into two main areas:
one with open F folds and another with closed F folds.
According to Hobbs er al. (1976, p. 353) and Williams
(1985), the occurrence of hinge migration reinforces the
idea that the orientation of folds may not be used directly
for the correlation of structures in multiply deformed
terrains.

The 60° model is midway between these two ex-

tremes (models with a small angle Z, /\ Z, and those
with a large angle Z, /\ Z,). Some classic features of
superimposed folding are present at the same time
as hinge migration (Fig. 8). The transition from one
type of folding to another does not seem to be sudden.
There is instead a progressive changeover from one
type to another as the value of angle Z, \Z,
changes.
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Fig. 10. (a) In the Devoluy, at La Posterle, a fold presents longitudinal veins oblique to its axis. They are evidence of the

migration of the early hinge to accommodate the fold to the new compression. (b) Detail of the 45° model, In the centre of

the photograph, an F fold (045°), marked with dark ink, has become an F, fold (020°) by means of hinge migration. The F

folds whose hinges have not migrated have become F, folds (037°) after anticlockwise rotation. ‘North’ in this model is to
the right of the photograph.
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COMPARISON OF ANALOGUE MODEL AND
FIELD WORK

The Devoluy Massif and the corresponding model
present many similar points: the same rheological be-
haviour; two compressive deformations, one obviously
occurring after the other; equal intensity of deformation
as a result of the second compression (¢ = —0.3). We
have already analysed separately the natural and the
experimental folding. Now let us try to see points of
comparison between the findings relating to super-
imposed folding and hinge migration. In this way we
shall be able to show how the model has contributed to
our understanding of the Devoluy folds.

At the Col du Noyer superimposed folding has given
rise to subvertical F, folds on the limbs of an 070°-
trending fold. The direction of the second compression
is about 080° and is presumed to be perpendicular to the
great 170°-trending syncline of Senonian limestone. The
model that most closely resembles this situation is the
75° model (Figs. 3a and 8). At La Posterle and I’ Aiguille
F, folds (050°) become F, folds (025°) with hinge migra-
tion. The geometry of this situation seems to be the same
as that of the 60° model, where the mean directions of
the F; and F, folds are 50.8 and 21.5°, respectively (Fig.
11). However, the folds which undergo hinge migration
are F folds not F, folds. The 10° anticlockwise rotation
which turned the F folds into an F, has not been taken
into consideration and it must be assumed that the
orientation of the early folds was 060°. The early folds in
the field trend 070 or 060°; this 10° dispersion agrees with
the values of standard deviation of F folds in the models
(Fig. 11). Superimposed structures in the Devoluy for-
mation correspond best to the 75 and 60° models (see
Figs. 3, 4 and 8); thus the direction of the first Devoluy
compression would trend 160°, perpendicular to the
early folds.

ORIENTATION
OF FOLDS
2
90° ®F rfoips
0 F, FOLDS
A F, FOLDS

I i *ﬂ
o_j__,_ﬁ__ ___;%__Z)‘Az,

15° 0° 45 60° 75°

Fig. 11. Mean values of the orientation of the different sets of folds for

each model (angle Z, A\ Z, = 15,. . ., 90°): F, which result from the

first compression; Fy and F,, which result from the second compres-

sion. The interval shown on either side of each mean represents
standard deviation.
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CONCLUSION

In a previously folded structure the direction of a
second compression is not sufficient to explain the orien-
tation of new buckle folds. The geometry of the early
folds and their orientation and shape have a bearing on
the second compression phase and affect the results.
This is supported by field studies (Devoluy Massif) and
analogue modelling using paraffin wax. Both field work
and experiments show the following points quite clearly.

(1) If the angle made by the two compression directions
is large (60-90°), superimposed folding is produced, the
type of folding dependent on whether the early folds
were open or closed. If the early folds were open, then
domes and basins are produced by the second compres-
sion; if they were closed then subvertical superimposed
folds will appear on the limbs.

(i) If the angle between the two compression direc-
tions is small (<60°) classic superimposition does not
appear and the axial directions of the early folds (F;) and
the later folds (F,) are closer together. Some open F
folds may become F, folds directly when a hinge from the
first stage migrates and is replaced by another which
then becomes part of the set of F, folds. In the field,
migration of longitudinal veins on the outer arc of a fold
or the dispersion of fractures on the limbs of folds may
show where this has occurred.

Thus, the total deformation pattern appears to consist
of two types of juxtaposed areas. In the first type of area
the early folds were open, in the second type they were
closed. Each area delimits a domain in which deforma-
tion is almost homogeneous and has its own main direc-
tion. Deformation of the structure as a whole is then the
resultant of the deformations of these areas.

Finally, the angle between the two main sets of folds
will seldom be equal to, though it is often smaller than,
the angle made by the two compression directions. This
is because after the second compression, the early folds
no longer have the early orientation, and the rotation
they undergo is a function of their orientation and of the
intensity of the second compressive deformation. At the
same time, the F, folds are not perpendicular to the
second compression direction. The early structure there-
fore presents a linear anisotropy, where later folds copy
exactly the early folds in a mimetic process and the later
folds reuse the early folds with clearly evident hinge
migration. This convergence of the axial directions of
folds may be so considerable that only one fold direction
is observed. This, however, is not proof that all the folds
were formed at the same time. The presence or absence
of hinge migration may then indicate if folding was or
was not superimposed.
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