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Abstract

Experiments with scaled, viscous pitch models demonstrate successive stages of growth (Stages I, IT and III) of
a ductile orogenic wedge with progressive deformation, which are kinematically as well as dynamically distinct
from each other. In Stage I, vertical growth of the wedge is significant indicating dominant role of horizontal
tectonic forces relative to the gravity forces. With progressive deformation, the wedge attains a stable height when
Stage II begins. Migration of the wedge front in the transport direction maintaining constant height during Stage
I implies a balance between gravity and horizontal contraction. In the last stage (Stage III), as the action of
horizontal tectonic forces tend to weaken gradually, the wedge undergoes collapse under the influence of gravity.
The three stages of wedge growth show characteristic strain distributions. In each stage, shape of the strain
ellipses (indicator of finite strain at that stage) and their orientation (inclination of the ellipse major axes with
respect to the direction of horizontal force) vary from hinterland toward foreland as well as from depth to shal-
lower level. Strain ellipses at a given domain also exhibit changes in shape (aspect ratio) and orientation with
advancing stages of deformation (Stages I to III). There is thus a spatial as well as temporal variation in strain
observed in the deforming wedge. The experimental analysis is essentially two-dimensional as the flow of pitch in
the third direction (parallel to the wedge front) is constrained. Experiments were also performed with layered,
anisotropic viscous models to study the spatial and temporal variations of fold styles in a deforming wedge. In
Stage I, shallow level folds are upright and symmetrical whereas those at depth are inclined to nearly recumbent
and strongly asymmetrical, showing vergence toward foreland. The intermediate stage of wedge growth (Stage
IT) is characterised by development of ‘back folds’ and refolded folds, the development of which are consistent
with the temporal variations of finite strain within a deforming wedge. New steeply inclined, foreland-vergent
asymmetric folds develop in the extreme frontal part of the wedge during the gravity-induced collapse (Stage III).
2002 Elsevier Science Ltd. All rights reserved.

1. Introduction

Fold-and thrust belts (FTBs) are the zones of intense folding and thrusting that occur along the
external margin of an orogenic belt. Complex interaction of folds and thrusts, fold interference at
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different scales and spatial variation in fold styles are the characteristic structural features of these
belts. Accretionary wedges formed at convergent plate margins are now considered as modern
day analogues suitable for studying the evolution of ancient FTBs. Wedge tectonics generally
involve deformation of sedimentary prisms resting on a rigid basement. In many orogenic belts,
however, the base of deformation wedge lies at the mid-crustal level (Knott, 1994) and the base-
ment is strongly deformed together with the cover rocks (Brown et al., 1986; Naha and Mohanty,
1988). In these types of thick-skinned tectonic settings, wedges probably evolve through defor-
mation of a crustal section with detachment surfaces or distributed shear surfaces at depth.

Mechanics of accretionary wedges have been well studied and applied to the natural FTBs.
Both analytical (Chapple, 1978; Stockmal, 1983; Willett, 1992) and experimental (Davies et al.,
1983; Liu et al., 1992; Dixon and Liu, 1992) modelling have been carried out. Davies et al. (1983)
and Dahlen (1984) investigated the mechanics of accretionary wedges by considering the defor-
mation of brittle materials on a rigid substrate and the mode of internal deformation during
formation of the wedge. Several workers have also modelled the development of tectonic wedges
by deformation of ductile slabs resting on a rigid base. Cowan and Silling (1978) and Cloos (1982,
1984) have used viscous models to investigate material flow patterns within tectonic wedges
whereas Stockmal (1983) and Willett (1992) have assumed rigid-plastic rheology of the wedge
material for their theoretical models and showed the positions of high strain within a deforming
wedge. Analytical and experimental models have also shown that several physical factors: e.g.
basal friction, initial surface slope, basal slope etc. play important roles in the development of
tectonic wedges (Mulugeta, 1988; Liu et al., 1992; Koyi, 1995; Mandal et al., 1997).

From different FTBs, there are recorded observations that fold styles show a systematic spatial
variation (Fyson, 1971). Folds in high grade gneisses (deeper level rocks) are dominantly recum-
bent whilst inclined to upright folds are observed in shallow level rocks such as phyllites and
slates. Asymmetric, inclined folds generally verge toward foreland. However, hinterland-vergent
folds (‘back-folds’) have been reported (Brown et al., 1986; Macaya et al., 1991). Systematic
temporal variations in fold styles have also been observed e.g. superposition of later upright folds
on earlier recumbent folds (Fyson, 1971). These spatial and temporal variations in fold styles can
be explained by considering the progressive changes in strain patterns in a growing orogenic
wedge.

This paper presents an experimental study on progressive development of a ductile orogenic
wedge. The study indicates three stages of wedge growth that are characterised by distinctly dif-
ferent internal strain distributions in two dimensions. A series of experiments was conducted to
study the spatial and temporal variations of fold style within a growing wedge. The experiments
indicate that in viscous models the fold styles are consistent with strain distributions in different
stages of wedge growth.

2. Kinematics of a ductile wedge

2.1. Experimental method

Experiments were conducted with homogeneous pitch models. Pitch (road tar) is a viscous
material and at room temperature (~30 °C), its viscosity is in the range of 10° Pas (Jaeger, 1969).
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Detailed rheological data on pitch are, however, not available. In spite of this limitation, pitch
was used as model material because of its flowage under gravity.

A mass of pitch was kept inside a glass-walled long rectangular box for about 30 min, so that
pitch could flow to take the shape of the container, with a dimension of 40 x 12 x 4 cm. This
pitch block was then placed on a wooden platform with a thin (~ 2 mm thick) layer of soft
painter’s putty separating the pitch from the wooden base. This low-strength putty layer acted
essentially as a surface of detachment during deformation of the model. In a separate series of
experiments, the pitch block was directly placed on the wooden plate. In this case pitch stuck to
the base very firmly, leading to a condition of total coherence or ‘welding’ at the base of the
block. Deformation of these models, as discussed later, showed geologically unrealistic wedge
geometry. For studying progressive stages of wedge development, the upper edge of the pitch
block was, in some cases, marked with a horizontal marker line (Fig. 1). In different experiments,
marker points, circular marks and square grids were painted on the vertical longitudinal face of
the pitch block to study the internal flow patterns and strain distribution in the deformation
wedge.

Models were deformed in a pure shear box by moving a screw-driven plate form one side at a
rate of 0.01 cm/s. At this speed the wedge formed in front of the moving plate had a stable
average surface slope of 10-12°, which is geologically realistic (Chapple, 1978; Mitra and Suss-
man, 1997) (see ‘Discussion’ for details).

2.2. Stages of wedge development

Based on the nature of wedge growth, the entire course of development of a wedge is divided
into three stages (Fig. 2). These stages also have characteristic strain distribution as discussed
later. In the following discussion, ‘rear’ means the model edge in contact with the pushing wall
(‘hinterland’ of the FTBs) while ‘front’ means the undeformed part on the opposite side of the
model (‘foreland’ of FTBs).

Stage I: with the shortening of the model from one side, a wedge formed in front of the moving
plate reflecting a strong horizontal stress gradient. The wedge grew in height and the surface slope
of the model (initially horizontal), increased rapidly (Figs. 2 and 3b). Distinguishing feature of
Stage I is that vertical growth of the wedge was important and horizontal forces were dominant
relative to gravity forces.

Pushing plate
o 2 em (glass)
Fixed wall — ¥

Marker line

Wooden base plate

Fig. 1. Schematic sketch of experimental set-up for deformation of pitch models.
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Fig. 2. Successive stages of wedge growth in initially rectangular pitch models, resting on a horizontal base (see text for
details of the stages).
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Fig. 3. Change in (a) wedge height and (b) wedge surface slope with bulk shortening. Dashed lines represent wedge
with a ductile detachment (putty layer) at base and solid lines represent wedge ‘welded’ with base (no detachment).

Stage II: as the wedge grew in height, gravity forces became progressively more important and
finally, stopped the upward viscous flow of pitch. Consequently, vertical growth of the wedge
ceased and the wedge attained a stable height (Figs. 2 and 3a). With further shortening, the wedge
advanced toward foreland, maintaining a stable surface slope and maximum height (Fig. 3). It is
to be noted that for a constant rate of shortening, models with ‘coherent’ or ‘welded’ base showed
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much higher surface slope than those with low-strength detachment surface at base. It thus
appears that a basal detachment, either in the form of low angle sole thrust (in brittle wedges) or
as a decollement surface (in ductile wedges), is essentially present in a geologically realistic
deformation wedge.

Stage I1I: the experimental run was terminated by gradually decreasing the rate of shortening, to
simulate the waning phase of an orogenic cycle. During this period, gravity force dominated over
horizontal ‘push’ and the wedge started to collapse under gravity (Fig. 2). The wedge slope and
height steadily decreased (Fig. 3) by gravity-induced internal flow of material from hinterland to
foreland. This changing flow pattern considerably modified the strain distribution within the
wedge. This is demonstrated by the changes in aspect ratio of the strain ellipses (indicating changes
in finite strain, assuming plane strain condition) and inclination of their major axes (representing
projection of XY plane of the finite strain ellipse on the XZ plane) with progressive deformation, in
a given domain within the wedge. Details of the changes will be discussed in a later section.

2.3. Material flow patterns in the wedge

Particle paths were traced out from the displacements of a number of marker points on the
vertical faces of the model. The displacements were measured with respect to a reference frame set
at the stationary wall in front of the model. The displacement trajectories (particle paths), in
general, had gentle inclination toward hinterland (Fig. 4a). During the transition between Stage |
and Stage II, points at the intermediate depth level moved faster than those lying above.

During gravity-induced collapse (Stage III), particles in the elevated rear part of the wedge
moved downward with significant vertical displacement components. At depth, the particle paths
had a more pronounced horizontal displacement component (Fig. 4b). There was a general con-
cave upward form of particle paths in the frontal part of the wedge, similar to that described by
Ramberg (1991, Fig. 10). These particle path analyses were essentially two-dimensional and do
not reveal movement of more internal particles.

2.4. Strain distribution within the wedge

To observe the possible variation in the finite strain in different parts of the deforming wedge,
circular marks were painted on the lateral face of the homogeneous pitch block, with the help of a
marker stamp and white plastic paint. With progressive deformation of the wedge, the circles
were deformed to ellipses of variable shape (aspect ratio) and orientation (inclination of the
major axes). The finite strain at any stage of deformation is obtained from the aspect ratio of the
strain ellipses and the orientation of the XY plane of finite strain is indicated by the inclination of
their major axes, if a plane strain condition is assumed. Following is a brief description of the
spatial variation in strain pattern within the deforming wedge and the temporal changes in finite
strain with progressive deformation (Stages I to III).

Stage I: finite strain in the wedge varied with depth. The XY planes of finite strain were nearly
vertical at shallow levels and became more and more inclined at depth (Fig. 5a), with a prominent
forelandward vergence. The zone of internal deformation in the wedge described a tapered pro-
file—vertically wider at the rear and narrower towards front. The girdle of maximum finite strain
(calculated from aspect ratio of ellipses) was located at the core of the wedge (Fig. 6).
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Fig. 4. Particle paths in course of wedge development during horizontal shortening. (a) Stages I and II (active short-
ening); (b) Stage III (gravity-induced collapse). Shortening from the right.

Stage II: at Stage II, the XY planes of finite strain at the shallower levels rotated to verge
backward (toward hinterland) and the strain distribution became strongly heterogeneous
(Fig. 5b). This back rotation of strain ellipses might be a result of an instantaneous back-shear
(top towards hinterland) component, created by faster rate of flow of material at intermediate
depth in the rear part of the wedge, as observed from particle paths (cf. Fig. 4a).

Fig. 7 shows how finite strain changed at different points within the wedge (marked a, b,...e) in
Stage II during progressive deformation. At points a and b, the axes of the strain ellipse rotated
backward. At the same time, finite strain first decreased and then increased (indicated by the
changing shape of the ellipse) with progressive shortening. This rear central part of the wedge
thus acts as a domain of pulsating strain. In contrast, at depth (points d,e) finite strain con-

tinuously increased and strain ellipses continuously rotated toward foreland during progressive
deformation (Figs. 5b and 7).



360 A. Chattopadhyay, N. Mandal | Journal of Geodynamics 33 (2002) 353-376

000 20006000
5600600004 300
AR RO U HEQ

Fig. 5. Strain patterns in successive stages of wedge development in homogeneous pitch model. (a) Stage I, (b) Stage 11
and (c) Stage III. Shortening from the right. Scale bar=1 cm.

Stage III: due to gravity-induced collapse of the wedge, the existing strain pattern was strongly
modified by internal flow of material in Stage III. The back-vergent ellipses were strongly flat-
tened and further rotated toward hinterland (Fig. 5c¢). Local finite strain below this domain
decreased down to almost zero whereas ellipses at further depth and also in the frontal part of the
wedge continued to flatten during Stage I11. Fig. 8 schematically shows the changes in shape and
orientation of finite strain ellipses in different domain of the wedge during gravity collapse. At
point a, the back-vergent ellipses (produced in Stage II) were further flattened and back-rotated.
At point b, on the other hand, the vertical sagging effected in decreasing the aspect ratio of the
strain ellipse, indicating a decrease in finite strain (Figs. 6 and 8). This is the only domain where a
pulsating type of deformation took place with progressive shortening of the wedge. Compression
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Fig. 6. Finite strain map of different stages of wedge growth calculated from experiments. Shortening from the right.

parallel to the XY plane of ellipses at this position signified this as a possible domain of coaxial
refolding, as will be discussed later. In the rear, deeper part of the wedge (point c), finite strain
increased continuously and XY planes continued to rotate forelandward. In the frontal part
(points d and e), the finite strain increased with increased vergence of XY planes towards fore-
land. It is interesting to see that in the deeper frontal part of the wedge (point d), finite strain was
negligible during Stage II. Internal flow of material towards foreland (cf. Fig. 4b) in Stage III
imparted a significant amount of strain in this domain even when there was no active horizontal
‘push’.

A separate set of experiments was carried out with square marker grids painted of the vertical
side face of the wedge, just before the onset of Stage III. Square grid was used to delineate the
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Fig. 7. Temporal variation of finite strain at different points (a,b,c..) in the wedge from Stage I to Stage II. Note the
changing nature of both the aspect ratio and the orientation of strain ellipses. Schematic diagram, not to scale.
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heterogeneity of deformation in vertical and horizontal directions, in different domains at Stage
III. Gravity collapse of the wedge during Stage I1I showed the following features (Fig. 9).

1. A strong back-shear developed at the rear upper part of the wedge.
2. Pure shear-type horizontal extension at the core of the wedge.
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Fig. 8. Temporal variation of finite strain from Stage II to Stage III. The dotted area represents domain of decreasing
finite strain during Stage III. Schematic diagram, not to scale.
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3. Strong horizontal shortening and vertical extension in the frontal part of the wedge, pos-
sibly due to flowage of material form hinterland to foreland due to internal gravity-induced
adjustments.

3. Fold styles in a deforming wedge

The experiments with homogeneous pitch models described in the previous section revealed the
progressive changes of the strain pattern within a ductilely deforming orogenic wedge. However,
direct observation of these progressive changes of strain in the field would be rather uncommon.
On the other hand, spatial and temporal variations in the shape and orientation of folds in an
orogenic belt are commonly observed. The changes in shape and orientation of the strain ellipses

Fig. 9. Distortion of square grid marks during gravity-induced collapse of the wedge (Stage III). Grids were marked on
the wedge face after Stage II. Wedge surface slope was slightly enhanced to enhance the effect of gravity-induced sag-
ging of the wedge. Shortening from right. Scale bar=1 cm.
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in different domains of a deforming wedge have a direct bearing on the changing geometry of
folds in those domains. A series of experiments were therefore carried out with layered aniso-
tropic models under boundary conditions similar to those during the earlier experiments, to see
the possible correlation of the variation in fold style with the changing pattern of strain.

3.1. Experimental method

Layered, heterogeneous anisotropic models made of plasticine, painter’s putty and pitch were
used to simulate varying patterns of folding within a ductilely deforming wedge. Standard com-
mercial brand of plasticine (modelling plasticlay) was used to simulate competent layers. The
rheological parameters and exact composition of this plasticine are uncertain, but its non-New-
tonian viscous property was confirmed from the stress vs strain rate curve of plasticine blocks
subjected to uniaxial compression test. For simulating incompetent matrix, a soft painter’s putty,
prepared by mixing talcum powder and wheel bearing grease in 1:1 volume ratio, was used. The
putty was weakly viscous (viscosity possibly in the range of 10°~10* Pa s), but its flowage prop-
erty was not very strong so as to account for the influence of gravity-induced flow on the fold
structures. The plasticine-putty models were initially rectangular in cross-section with length,
width and thickness (height) of 35-40, 12-14 cm and 6-8 cm, respectively. Models were of two
types: (1) thin single layers embedded within putty at different depth levels, to avoid contact
strain between the layers (Fig. 10a) and (2) closely spaced plasticine multilayer with lubricated
layer- interfaces, embedded entirely within the incompetent material (Fig. 10b). To account for
the effect of gravity forces on the evolving fold patterns, we carried out a separate set of experi-
ments with a special type of composite model. A narrow slab of widely spaced single-layered
plasticine-putty model was embedded within a rectangular block of pitch so that it was partially
enclosed by pitch (Fig. 10c). During deformation, the strong gravity-induced flow of pitch (espe-
cially in Stages II and III) significantly modified the shape and orientation of the evolving fold
structures. This gave us a qualitative idea of the possible influence of gravity forces on the fold
styles in a deforming wedge.

Models were deformed in a pure shear box with a screw-driven piston form one side. Rate of
horizontal shortening was approximately 0.01 cm/s. Succesive stages of fold development and
wedge growth was photographed through the transparent glass walls. After final deformation, the
model was longitudinally cut with the help of a fine steel wire and internal structures were
revealed.

3.2. Fold development in the deforming wedge

3.2.1. Folding in Stage 1

Spatial variation in fold style during Stage I of wedge development is shown in a synoptic dia-
gram (Fig. 11), combining results of different experiments. In the frontal part, gentle, symmetric
folds occurred at shallow level and were underlain by undeformed layers. Foreland-vergent,
strongly asymmetric folds localised in the zone between intensely deformed hinterland and
weakly deformed foreland. This zone was followed towards hinterland, by a zone of symmetric
inclined folds. Apart from this lateral variation, there was a systematic variation of fold styles
with depth. From the photograph (Fig. 13a) it is evident that in general, shallow level folds were
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Fig. 10. Types of layered models to simulate the folds. (a) Model with widely spaced plasticine layers in putty; (b)
closely spaced plasticine multilayer embedded in putty; (c) composite model of plasticine, putty, pitch. Dense stipple:
stiff plasticine, light stipple: pitch, blank space: grease, dash: softer plasticine, G: pushing plate.

symmetric and upright. At intermediate depth, folds were symmetric to asymmetric with steeply
hinterland-dipping axial planes whereas folds at greater depth were always strongly asymmetric
with a prominent foreland-vergence. This type of spatial variation in fold styles has been reported
in geological literature (Fyson, 1971; Sanderson, 1979).

It is to be noted that the axial planes of folds in different domains of the wedge in Stage I
(Fig. 13a) are generally parallel to the XY planes of the strain ellipses in the corresponding posi-
tions in a Stage I ductile pitch wedge (cf. Fig. 5a). During the run of the experiments, it was
observed that folds developed at depth in the rear part of the wedge were initially symmetric.
Axial planes of these folds rotated towards foreland similar to the rotation of the XY plane of
strain ellipses in that domain, due to strong shear component near the base. As a result, folds
became strongly asymmetric and foreland-vergent. On the other hand, at shallower level, the
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Fig. 11. A synoptic diagram of fold styles in Stage I. Sketch from parts of Fig. 13 (not to scale).

shear drag was absent. Therefore shallow level folds formed and remained as symmetric, upright
to inclined folds.

3.2.2. Folding in Stage I1

Folds formed in different parts of the wedge in Stage I, were greatly modified during Stage II,
due to superposition of later folds on earlier (Stage I) folds, body rotation of some earlier folds
etc., just as the strain ellipses of Stage I were modified in Stage II (cf. Figs. 5a and 6). Some new
folds also developed during Stage II. Pre-eminent among them were back-vergent asymmetric
folds (axial planes dipping toward foreland) at shallow depth (Fig. 13c). This type of ‘back-folds’
has been reported by Macaya et al. (1991). Rotation of the XY planes of the finite strain ellipse in
this domain during Stage II (Fig. 5b) can explain the development of these folds. During growth
of the ductile wedge in Stage 11, the upward viscous flow of model material is counterbalanced by
the gravity-induced flow at depth—creating a temporary stability in the height and surface slope
of the wedge. To maintain plane strain condition, material at intermediate depth flows towards
foreland at a faster rate than that at shallower level at the later part of Stage II. This produces an
effective reverse shear drag at the shallower level in the rear part of the wedge and rotates the XY
planes of strain ellipses towards hinterland. Also, incremental strain ellipses in this domain, dur-
ing Stage II, must be back-vergent. Axial planes of the evolving folds thus become hinterland-
vergent and give rise to asymmetric ‘back folds’.

Fold interference in the form of coaxial refolding of earlier axial planes (Type III interference of
Ramsay and Huber, 1987) or as superposition of new folds on the limbs of early (Stage I) folds
were a characteristic feature of Stage II. Fold interference occurred in response to the temporal
variation in local strain pattern with change in wedge geometry. Interfering folds showed a sys-
tematic variation of orientation of axial planes in the wedge (Fig. 12). In the hinterland part, at
an intermediate depth level, interfering folds had horizontal to subhorizontal axial planes and
they were superposed on the limbs of early (Stage I) upright to steeply inclined symmetric folds
(location 1 in Fig. 13b; second white layer from top). This shows how coaxial refolding of an
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Fig. 12. Spatial variation of the geometry of interfering folds in Stages II and III. Solid lines show the axial planes of
early (Stage I) folds and dashed lines represent the axial planes of later (superposed) folds. Shortening from right.
Synoptic sketch, not to scale.

early fold can take place in some domains during same ongoing deformation. It should be noted
that in this domain the shape of the strain ellipses changed during Stage II (cf. Fig. 5a and b).
Thus the rear central part of a ductile wedge can be a domain of pulsating deformation. On the
other hand, at depth, later upright folds were superposed on the gently dipping limb of an
inclined to recumbent fold (location 2 in Fig. 13b). In the frontal part, Stage II folds are mostly
upright. Fig. 12 shows a synoptic diagram combining all varieties of fold interference in different
domains of a wedge during Stage II. All the types did not necessarily develop in any single
experiment.

3.2.3. Folding in Stage 111

It has already been mentioned that the strain pattern of Stage I and Stage II was greatly mod-
ified during Stage III due to dominant vertical sagging at the rear part of the wedge and fore-
landward flow of materials at depth, under the influence of gravitational forces. From Fig. 9 it is
evident that there was an increment of horizontal shortening in the foreland part of the wedge
during Stage III, even when there was no ‘active’ push from hinterland. In layered anisotropic
models (composite plasticine-putty-pitch models in this case), this resulted in the development of
weak, symmetric, upright folds in the far frontal part (Fig. 14a; location 1). Fig. 14b and ¢ shows
the modification of fold patterns due to gravity-collapse in Stage III. Fig. 14b is a section of the
composite layers outside the pitch block, less affected by the gravity-induced flow of pitch and
represents the fold pattern upto Stage II. Fig. 14c, on the other hand, is a deeper section encased
within the pitch block and it shows the possible modification of Stage II folds by gravity-induced
flow. Due to significant gravity-induced vertical sagging in the rear and central part of the wedge,
steep limbs of asymmetric Stage II folds are superposed by smaller recumbent Stage III folds
(location 1, Fig. 14c¢). Inclined symmetric folds developed in Stage II at intermediate depth, were
tightened (Fig. 14c, location 2) during Stage III.
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Fig. 13. (a) Fold styles in the wedge in Stage I; (b) superposition of newer folds on earlier (Stage- I) folds in Stage II;
(c) development of ‘back fold’ in Stage II (topmost layer in the rear part of the wedge). Shortening from right in all
cases. Scale bar=1 cm.
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Fig. 14. (a) Development of weak symmetric folds in the shallow level layers (loc.1) in Stage III; (b) and (c) super-
position of later recumbent folds on the steep limbs of earlier folds (loc.1) and tightening of symmetric folds at depth
(loc. 2). Scale bar=1 cm.
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4. Discussion

Experiments with homogeneous pitch block were generally scaled to nature. To verify this, we
have calculated the different model ratios (after Hubbert, 1937), as listed in Table 1. The rheolo-
gical data were obtained either by direct measurement in the laboratory, or from published lit-
erature.

From the tabulated data we obtained the three fundamental model ratios, considered most
important for scaling, as under:

(i) model ratio of length (1)=4.0 x 10=°¢
(i) model ratio of time (r)=1.3 x 107!
(iii) model ratio of mass (u)=843=2.0 x 10 ~17.

The model ratios given above clearly indicate that pitch models used in the present experiments
were generally scaled to nature, within some degree of approximation. Geometric similarity was
achieved by the model length ratio (1=4.0 x 107°). Kinematic similarity was achieved by the
model ratio of time (r=1.3 x 107!'!) and by ensuring that the sequence of development of
structures with progressive shortening is similar to that in natural FTBs. For achieving dynamic
similarity, Hubbert (1937) argued that: (1) the model should have a mass distribution similar to
that of the original (natural) one, defined by the model ratio of mass (1) and (2) different forces
(e.g. gravity, inertia, viscous resistance, stress etc.) acting on the model and the corresponding
forces operating in its natural counterpart should be proportional, the constant of proportion-
ality being the model ratio of force (¢). Hubbert also showed that this very definition of
dynamic similarity creates an insurmountable problem to experimental modelling. If two body
forces viz. gravity and inertia coexist in the model, as they generally do, and both have to satisfy

Table 1

Model dimensions and scaling ratios

Quantities Model (pitch) Nature Model ratio

1. Acceleration due to gravity gm=9.81 m/s? 2,=9.81 m/s? gm/gn=1

2. Length Im=40 cm [,=100 km A=1 /1 n=4.0x10 —¢

(parallel to the direction of shortening)

3. Rate of shortening tm=0.01 cm/s t,=1 cm/year 7=13x10""
(after Cotton and Koyi, 2000) (model ratio of time)

4. Average density of material dyn=1.15 gm/cc d,=2.6 gm/cc? 8=dn/d,=0.45

5. Average viscosity En=15x10°Pas &,~29x102! PasP £=51x10""
(after Jaeger, 1969)

a Average density of the upper crustal material is approximated as the average of the density of granite (2.7 gm/cc,
after Hubbert, 1937) and that of supracrustal sedimentary rocks (2.5 gm/cc, after Cotton and Koyi, 2000).

® Roughly estimated viscosity data as indicated by Haskel and by Gutenberg (both cited in Hubbert, 1937). Similar
data has been used by Shaw (1969). CGS units have been converted to SI units for viscosity.



372 A. Chattopadhyay, N. Mandal | Journal of Geodynamics 33 (2002) 353-376

the condition of dynamic similarity, then we come across a situation where r=A"2. Thus the two
fundamental model ratios - the model ratio of length and of time—cannot be chosen indepen-
dently (Hubbert, 1937, p. 1473). To overcome this problem, Hubbert suggested that in case of
very slowly moving viscous or plastic models, the forces due to inertia can be neglected without
causing significant error. Consequently, dynamic similarity can be achieved if model ratios of
length (1), mass (i) and time (t) are chosen arbitrarily and forces viz. stress, pressure, shear
strength, viscosity etc. are made to conform to the ratio ¢ = .= 813 (Hubbert, 1937, p. 1489). In
the present case, we have used viscous models under very slow rate of shortening. Therefore we
assumed negligible inertial forces following Hubbert’s argument. The condition of dynamic
similarity was achieved, in our experiments, by the model ratio of mass (1 =2.0x10~17). Due to
lack of detailed rheological data of pitch as well as that of crustal material, many of the force
ratios could not be calculated in the present case. However, we attempted to calculate viscosity
ratio. Using the approximate viscosity data of earth by Haskel, by Gutenberg (both cited in
Hubbert, 1937) and by Shaw (1969, Fig. 11) and of pitch (model) by Jaeger (1969), we found the
approximate ratio of viscosity to be in the range of 10~!'7 (Table 1). On the other hand, ratio of
viscosity (£), calculated from the fundamental ratios (after Hubbert, 1937) is:

E=pilt=8lt=23x10"",

which is of the same order of magnitude as the actual ratio (Table 1). The conditions of dynamic
similarity was therefore generally satisfied in our experiments, although the lack of well con-
strained viscosity data of crustal material leaves a degree of approximation in the scaling calcu-
lations.

Hubbert (1937) suggested that a material suitable for simulating a mountain belt, should be
weak enough, so that a small cube (~3 cm side) of the material collapses or flows under its own
weight. Pitch is a viscous material, which flows under its own weight very readily and hence fulfils
the strength criteria suggested by Hubbert, at least qualitatively. This shows that the pitch models
approximately satisfied the dynamic similarity criteria. Results of these experiments can thus be
applied to the natural thick-skinned fold belts.

The layered plasticine-putty models were not appropriately scaled as plasticine was probably
too hard to deform under the slow and weak viscous drag of putty, even under significant grav-
itational forces. Again, model ratios could not be calculated as neither the rheological parameters
nor the exact composition of plasticine was known. However, experiments with composite models
of plasticine-putty and pitch could qualitatively show the influence of gravity on the evolving fold
structures, especially in the last stage, when gravity forces played dominant role. The changing
fold patterns in all these experiments match very well with the changing patterns of strain found
in scaled experiments. Thus the results are scientifically predictable and can be qualitatively
applied to natural fold-thrust belts.

The experimental results provoked some ideas on the spatial and temporal variations of fold
geometry in an orogenic belt. Fyson’s (1971) observation that shallower level folds should be
upright and deeper level folds should be recumbent, seems to be generally valid. This type of
spatial variation is quite consistent with the strain distribution and fold pattern in Stage I (Figs. 5a
and 13a). However, the present experiments indicate that the fold styles may be more complex in
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the advanced stages of deformation, due to temporal variation in fold style. In Stage II, hinter-
land-vergent, inclined folds form at a shallower level, consistent with the orientation of XY-
planes of finite strain ellipses in this domain. This type of ““back folds’ has been described earlier
from many orogenic provinces (Macaya et al., 1991). The present experiments show that these
folds can develop in some domains during the same orogenic movement that generates foreland-
vergent folds elsewhere in the orogenic belt. In natural conditions, the XY plane of finite strain
may be defined by a cleavage/metamorphic fabric axial planar to the folds. Rotation of these
material planes (cleavage/schistosity) may not necessarily track the rotation of geometric XY
planes leading to the folding of schistosity etc. during progressive deformation which is com-
monly observed in natural FTBs.

Coaxial refolding of early folds is very common in almost all the orogenic belts. But a question
always remains whether they develop in a single progressive deformation or in successive discrete
deformations. In the latter case, it is difficult to explain how compression takes place parallel to
the axial plane of a fold in the same deformation. Assumption that the later fold is a shear fold
(Ramsay, 1967) may not always hold good. This problem can be tackled to a certain extent by
considering the temporal changes in strain distribution within a deforming wedge. As discussed
earlier, a large domain occurs in the rear central part of the wedge, where the finite strain
decreases from Stage I to Stage II while it increases everywhere else in the wedge. This happens
because due to the increased effect of gravity-induced sagging, the XY planes of incremental
strain in this domain make a high angle with the XY planes of finite strain, in Stage II. This
generates compression parallel to the XY plane of finite strain in this domain (Fig. 5b). As folds
in Stage I form with axial planes parallel to the XY plane of finite strain, they suffer compression
parallel to the axial planes in Stage II, leading to co-axial refolding (Fig. 13b). A good match
between the strain pattern and the superposed structures observed in the experiments indicates
that coaxial refolding can be produced during progressive deformation, in certain domains.

The last phase of deformation in many orogenic belts forms weak kink-folds with sub-hor-
izontal axial planes (Naha and Halyburton, 1974). These structures can be explained by strong
gravity-induced sagging in rear part of the orogenic wedge in Stage 111, which may lead to kink-
ing/folding of steeply dipping (or sub-vertical) structural planes (e.g. schistosity) in this fashion.
The superposition of small recumbent folds on the steeper limb of Stage II inclined fold in our
experiments (Fig. 14b and c) illustrates this process. Again, Ramberg’s (1991) analysis and the
present experiments show that due to gravity-induced adjustments in the late phase, material in
the deeper part of the deforming wedge flows toward foreland in an upward concave path. This
causes strain and folding in the yet undeformed layers in the foreland. In our experiments, fore-
landward flow of pitch was restricted by the frontal buttress plate, causing a pure-shear type
situation that produced symmetric upright folds in the foreland. In natural situations, however,
the flow would be free toward foreland and significant non-coaxial deformation will occur,
resulting in the development of asymmetric, foreland-vergent folds even after the orogenic ‘push’
is over.

The present experimental analysis was essentially two-dimensional, the third side (perpendi-
cular to the transport direction) being buttressed by glass walls. The lateral flow of material in
this direction could change the strain pattern to some extent. However, we have assumed that in
natural situation, the deforming wedge would be self-similar across the width of the orogenic belt,
for all practical purposes.
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Our models were deformed by moving a rigid planar plate from rear and the boundary velocity
was kept constant with depth. However, in natural situations the boundary velocity of tectonic
regimes may be more complex and may vary with depth. We conducted a few experiments with
curved rigid walls. Except for the folds in the near vicinity of the wall, fold style in general was
not much different than that in the present experiments.

In our experiments, vertical flow of pitch was uniform along the width (perpendicular to short-
enting direction) of the model and created cylindrical wedge front. The wedge collapsed in Stage 111
with major flow perpendicular to the overall wedge trend. But orogenic wedges may not be laterally
uniform and gravity-induced flow during post-orogenic phase may be much more complex. There-
fore, later folds may not be strictly coaxial with the earlier folds during structural superposition.

Rate of shortening (0.01 cm/s) in our experiments was the lowest rate that we could achieve
with the apparatus used. The shape of the pitch wedge produced at this rate of shortening was,
however, geologically realistic. Chapple (1978) calculated the surface slope (@) and the basal slope
(6p) in the deforming wedge of Valley and Ridge Province to be 8.26° and 3°, respectively, indi-
cating a wedge taper of 11.26°. Mitra and Sussman (1997) presented retrodeformable sections of
Sevier fold-and-thrust belt which indicate a wedge taper of at least 12—15° at an advanced stage of
deformation (Fig. 2, Mitra and Sussman, 1997). In the present series of experiments, we have kept
the base of the deforming wedge horizontal, due to experimental constraints. Therefore, in our
experiments, the total wedge taper is equal to the surface slope of the wedge, produced by
deformation. Thus, a stable average slope of around 12° of the wedge surface, is geologically well
approximated. Similar approximation i.e. the wedge taper being defined by the surface slope only,
has been used by other workers (Davies et al., 1983, Liu et al., 1992) in experiments with non-
cohesive Coulomb wedge. However, presence of a significant basal slope may influence, to some
extent, the geometry of the folds in the deforming ductile wedge. Several authors (Chapple, 1978;
Boyer, 1995; Mitra, 1997) have shown that basal slope is an important factor to the development
of FTBs. Similar influence of basal slope on the architecture of thrusts in brittle wedges has been
observed earlier by us (Mandal et al., 1997). Had there been a significant basal slope in our
models, there could be a quantitative change in the stable height of the wedge and orientation of
folds. Spatial variation in fold style with respect to the inclined base, however, would be broadly
similar.

It has already been mentioned that a deformation wedge can be modelled with either brittle,
non-cohesive Coulomb material or with materials of viscous/plastic rheology. Deformation of a
brittle, non-cohesive wedge is accommodated by thrusting. The architecture of thrusts within
such wedges has already been investigated by us using dry, non-cohesive sand (Mandal et al.,
1997). Therefore, to investigate fold styles and strain distribution, we have chosen viscous model
materials (pitch, plasticine, putty etc.) to simulate a ductilely deforming wedge. In natural con-
dition, the crustal material probably behaves in a more complex manner, resulting in near-
simultaneous development of folds and thrusts.

5. Conclusions

Structural evolution of a ductilely deforming orogenic wedge consists of three kinematically as
well as dynamically distinct stages with characteristic strain patterns. In the earliest stage, horizontal
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tectonic forces play a dominant role resulting in the development of the wedge form. In the
intermediate stage, horizontal ‘push’ and gravity induced vertical sagging play equally significant
roles while at the last stage, when horizontal ‘push’ slackens, the wedge deforms mainly under the
influence of gravity. During the interaction of gravity and horizontal tectonic forces, the wedge
maintains its shape by complex internal flow of material toward foreland. This induces significant
changes in the strain pattern within the wedge from one stage to another. Finite strain generally
increases with progressive deformation but in some locales, it first increases and then decreases
resulting in pulsating strain domains. In conformity with these spatial and temporal variations of
strain, styles of folding in different domains in the wedge also show systematic spatial and tem-
poral variations. In general, shallow level folds are symmetric, upright folds while strongly
asymmetric, foreland-vergent, gently inclined folds form at depth. Asymmetric, upright to sym-
metric, inclined folds concentrate at intermediate depth. At a later stage of deformation, due to
interaction of gravity and horizontal tectonic forces, more complex structures viz. back folds,
coaxial refolding of earlier folds etc. develop at different depths. In the last stage, when the wedge
collapses under the influence of gravity, symmetric, upright to asymmetric, foreland-vergent folds
develop in the yet undeformed foreland part, due to strong forelandward flow of material in the
deeper part of the wedge even as there is no active orogenic push.
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