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Abstract-Physical models of superposed folds demonstrate that rheologic contrast strongly controls the style of 
fold interference. Rheologic contrast affects strain partitioning between layer-parallel shortening and buckling 
and affects the development of structural anisotropies parallel to first-generation folds. Laminates with 
insignificant competence contrast are characterized by circular to elliptical domes and basins (Type 1 inter- 
ference). In addition to folding, the layers accommodate shortening by layer-parallel thickening, preferentially in 
the fold culminations. Laminates with significant competence contrast are characterized by buckled fold 
hingelines and axial surfaces (Type 2 interference). The less competent layers thicken in the hinges; the more 
competent layers maintain their initial thickness. In plan view. the F, hingelines are refolded in a lobate-cuspate 
to box style, whose axial traces form conjugate pairs. 

The models are dynamically scaled to represent folds with km-scale wavelengths. The evolution of surface 
structures, map patterns at different depths, and equal-area projections synthesized from structure contour maps 
were used for analysis, comparable to regional analysis common to field studies. Gravitational body forces 
effectively damp the vertical amplitudes of both the first and second generation folds, thereby enhancing the 
formation of Type 2 interference. 

INTRODUCTION 

Folcl interference patterns are used to identify areas of 
polyphase deformation and to evaluate their kinematic 
evolution. The geometry of fold superposition has been 
characterized as Type 1, 2 or 3, based on the angle 
between the first fold axial surface and the superposed 
displacements (Ramsay 1962, 1967, p. 521). Field ana- 
lyses, theoretical analyses and computer simulations of 
interference patterns have concentrated on similar 
folds, the fold style characteristic of layering with little 
competence contrast (Ramsay 1962,1967, p. 422, Thies- 
sen & Means 1980, Thiessen 1986, Perrin et al. 1988, 
Watkinson & Thiessen 1988). Such interference pat- 
terns have been reproduced in card-deck experiments in 
which passive line markers were deformed by hetero- 
geneous simple shear (O’Driscoll 1962, 1964) and in 
Plasticine models (Reynolds & Holmes 1954). 

Folds are also superposed in rocks with mechanically 
active layering, where there is significant competence 
contrast and buckling is the important fold mechanism 
(Hudleston 1973, Julivert & Marcos 1973, Julivert 1986, 
Stewart 1987, Stauffer 1988, Fowler 1989, Schwerdtner 
& van Berkel 1991, Stewart 1993). The interference 
style of superposed buckle folds is distinct from that of 
superposed passive folds. 

Geometrical analyses assuming deformation by iso- 
metric bending predict that a competent layer cannot 
refold as a simple dome or basin structure (Lisle et al. 
1990). Instead, crenulations with axes oblique to the 
major fold trends, termed curvature-accommodation 
folds, are necessary to accommodate the polyphase 
buckling of a competent layer. The curvature- 
accommodation folds produce closed interference map 

patterns with multiple inflections of curvature. Stauffer 
(1988) has mapped such structures in the field. 

Experimental studies have demonstrated that super- 
posed buckling of single layers or of multilayers with 
high competence contrast produces distinctive structural 
styles. fold mechanisms and strain accommodation 
(Ghosh & Ramberg 1968, Ghosh 1974, Skjernaa 1975, 
Watkinson 1981, Dubey 1984, Raj 1984, Odonne & 
Vialon 1987, Ghosh et al. 1992, 1993, Grujic 1993), as 
recently summarized by Grujic (1993). 

In our study, multilayers with either negligible or 
significant competence contrast were shortened sequen- 
tially in two orthogonal directions. The models were 
designed to compare the interference formed by non- 
coaxial, superposed folds that formed under the same 
boundary and deformation conditions, for materials of 
different rheologic contrasts. Unlike some previous ex- 
periments where the first generation folds were pre- 
formed (e.g. Watkinson 1981, Ghosh et al. 1992, 1993, 
Grujic 1993), in this study folds of both generations 
formed experimentally. In this manner, we test the 
effect of F, fold heterogeneities on F2 style and contrast 
the fold styles of both generations. To test the effect of 
gravitational body forces on the structural style of both 
generations of folds, models were deformed in a centri- 
fuge. Previous models of superposed buckle folds had 
gravitational body forces that were insignificant with 
respect to lateral surface forces and are thus comparable 
to natural folds with wavelengths less than about 200 m 
(Ramberg 1967, p. 75). In this study, physical models 
deformed in a centrifuge are analogs of km-scale fold 
interference. Accordingly, models were analyzed using 
methods common to the field geologist. Models were 
analyzed by comparing the models’ surface structures 
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Table 1. Parameters used for scaling calculation (Experiment ~217) 

Unit Material Model Nature Model/nature 

Density 

Eff. 
viscosity 

Strain 
rate 

Accel. 

Resistive 
force 

Body 
force 

Length 

P 

‘I 

kg mm3 

Pa s 

SC’ 

DC 
PL 
DC 
PL 

m sm2 

Pa 

Pa 

DC 
PL 

km 

1.1 x 103* 
1.9 x 103* 
1.0 x ld$ 
1.0 x 1o’j: 
2.0 x lo-3* 

9.2 x 103* 
5.2 x 103* 
7.1 x 103* 
2.0 x 10% 
2.0 x 10% 
9: 

2.2 x 103t 

1.0 x 10’99 
1.0 x 
1.0 x 

ld’/l 
lo- 41 

9.8 
9.8 
9.8 
1.0 x 10% 
1.0 x 10’1 

5.0 x 10-l 

1.0 x lo-l4 
1.0 x 10~14 
2.0 x lo-” 

9.4 x 102 
5.4 x 102 
7.2 x lo2 
2.0 x 103 
2.0 x 103 
2.0 x 103 

1.0 x 10-s 2.49 4.3 X 10mh talc. from g,,, 
1.0 x 10-s 1.38 

10-s 
7.5 X 1OF talc. from g,,,, 

1.0 x 1.89 5.5 X 10e6 talc. from g’ 

*Data measured in this study. 
tData from Turcotte & Schubert (1982). 
$Data from Weijermars & Schmeling (1986) and references therein. 
BData calculated from other parameters. 
IlMarble at approx. 5OO”C, Data from Carter (1976). 
TData from Pfiffner & Ramsay (1982). 

Table 2. Centrifuge run time 

Model No. 

~223 
~226 
~215 
~224 
~216 
c222 
~218 
~217 
c220 
c221 
~213 

Time (min) rpmmax &n,X 

DI DZ Total 

28.58 28.67 57.25 2000 940 
26.87 28.69 55.56 2000 940 
5.51 40.10 45.62 2000 940 

37.67 15.06 52.73 2000 940 
12.00 18.24 30.24 2000 940 
42.08 31.61 73.69 2000 940 
52.68 55.95 108.64 2000 940 
33.18 61.10 94.28 2000 940 
27.54 62.63 90.17 2000 940 
32.54 95.03 127.57 2000 940 

6.51 13.03 19.54 2000 940 

and horizontal sections, representing map views, fold 
axial traces, structure contours and the orientation of 
layering and fold axes. 

METHODS 

Stratigraphy 

Laminates with negligible competence contrast are 
represented by differently colored layers of a single 
material. Laminates were made of relatively incompe- 
tent silicone bouncing-putty (Dow Corning dilatant 
compound #3179, abbreviated hereafter as DC), rela- 
tively strong Harbutt’s Plasticine modeling clay (PL), or 
a homogeneous mixture of equal parts of the two. Both 
the modeling clay and silicone putty are power-law 
visco-elastic materials, and the modeling clay has an 
effective viscosity approximately two orders of magni- 
tude larger than that of the silicone putty under the 
present experimental conditions (Tables 1 and 2, 
Appendices A and B; McClay 1976, Dixon & Summers 
1985, Weijermars 1986). Layers were stacked and rolled 
together. Although no strong rheologic contrast existed 

between the layers, a layer-parallel, planar anisotropy 
may have been induced by rolling and by trapping air 
bubbles between the layers. The base of each model was 
a 1 mm layer of DC, which acted as a weak detachment 
layer, except where the laminate was itself entirely DC 
(models ~223 and ~226). The PL laminate (model ~215) 
comprised 16 layers, with a total thickness of 4 mm. The 
laminates of DC or the DC-PL mixture comprised 12 
layers, with a total thickness of 3 mm. 

Laminates with significant competence contrast were 
represented by alternating layers of DC and PL. The 
layers were stacked and quickly rolled together to form 
multiple, uniform thickness layers, using the microlami- 
nate technique described by Dixon & Summers (1985). 
Air bubbles trapped in stacking may have served as 
perturbations that initiated buckling. Each model com- 
prised a 12 or 16 layer multilaminate of total thickness 3 
mm, over a 1 mm DC basal detachment. 

A square grid with 5 mm spacing and grid lines parallel 
to the shortening directions was printed (using the 
photocopier technique of Dixon & Summers 1985) on 
the top surface of all the models before deformation 
(Figs. 2-4). To reduce boundary effects, the base and 
vertical faces of all models were lubricated (National 
Wax Co., Paxwax 6364-1A) before deformation. 

Deformation 

Models were shortened in two orthogonal directions 
in a centrifuge, using a hydraulic ram (designed by 
M. P. A. Jackson) similar to that of Dixon & Summers 
(1985) (Fig. 1, Appendix A). Deformation in the centri- 
fuge allows use of relatively viscous materials to rep- 
resent regional-scale structures that are affected by both 
tectonic and gravitational forces. The known and esti- 
mated experimental parameters yield a ratio of lengths 
(model to nature) of approximately 5 x 10e6 (Appendix 
B, Table 1). For example, 1 cm length in the model is 
analogous to about 2 km in nature. Individual layers in 
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a) cross section 

g l-l 

weighted base 

b) plan view 12cm 

4 

8cm 
4 W 

und 
lam 

Fig. 1. Schematic set-up of deformation apparatus used in the centri- 
fuge. For all models, layering is parallel to the centrifuge’s equipoten- 
tial surface. (a) The centrifuge’s rotation axis is normal to the page. 
The centrifugal acceleration (g) causes dense putty to spread and 
displace a hydraulic ram. (b) The centrifuge’s rotation axis is parallel 
to the page. After D1, a strip of undeformed laminate was inserted to 
fill space in the centrifuge cavity. For plan views in the following 

figures, the D2 shortening direction is oriented north. 

the microlaminate are approximately 0.025 cm thick, 
analogous to strata 50 m thick in nature. 

Analysis 

Structural evolution was studied from photographs of 
the model surface taken after each time step.of centrifu- 

gal deformation. For select models, anticlinal hinges of 
the first generation folds were marked on the model 
surface after D1 (heavy ink lines on model surfaces Figs. 
2f, 4a & c) for comparison with the deformed Fr hinges 
after D2. After D2 deformation was complete, the 
models were removed from the centrifuge, frozen and 
horizontally sectioned at 2 mm intervals. Profiles at the 
model boundaries were photographed for most models; 
however, no serial vertical sections were cut. Layer 
thicknesses were measured from the profiles. Because 
strain is most heterogeneous at the model boundaries, 
these measurements should be considered approxi- 
mations. Crest-to-crest wavelengths of first (Fr) and 
second (F2) generation folds were measured from plan- 
view photographs of the models’ surfaces. The three- 
dimensional geometry of the structures was qualitatively 
evaluated by comparing horizontal sections from differ- 
ent depths and by comparing horizontal sections and 

profiles. 
To analyze the fold geometry more quantitatively, 

structure contour maps and stereograms were con- 
structed (cf. Skjernaa 1975). Layer contacts of select 
models were digitized from photographs taken at 2 mm 
depth intervals. The digitized data volume was gridded 
using a kriging algorithm and contoured for individual 
deformed surfaces with the software Spyglass Trans- 
form. Comparison of the contours, a reconstructed 
three-dimensional surface, the digitized layer contacts 
and photographs of the model surface confirm that the 
reconstruction technique accurately reproduces the 
major structural trends, but may smooth some of the 
minor folds. Strikes and dips were calculated from a 
finite difference estimation of the first derivatives in the 
grid directions. These slopes were plotted and con- 
toured using the method of Kamb (1959) on lower 
hemisphere, equal-area projections representing the 
entire model or select domains. Trend and plunge of fold 
hinges were measured at even intervals directly from the 
structure contours. 

RESULTS 

Preliminary experiments 

Several models were deformed in the centrifuge to 
test whether the basal and confining materials were 
appropriate (Appendix C). The results of the prelimi- 
nary experiments confirmed the necessity of having a 
basal detachment layer, the appropriateness of using 
DC as a detachment material and the value of deforming 
the models with an unconfined upper surface. 

Low competence contrast 

Low competence contrast stratigraphy was deformed 
in five models (Table 3, Fig. 2). Models lacking a basal 
detachment are described in Appendix C. The rheologic 
contrast between the basal detachment and the laminate 
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controlled deformation, such that the laminate buckled 
as well as thickened. The rheology of the laminate 
controlled the differences in amplitude and wavelength 
between the PL laminates (Figs. 2a & b; ~215) and the 
DC-PL mixtures (Figs. 2c & d; ~216; Figs. 2e-g; ~224) 
(Table 3). The degree of strain controlled differences 
between amplitude, wavelength and layer-parallel 
shortening of the two DC-PL mixture models (Figs. 2c- 
g; Table 3). After Dz, the high strain DC-PL laminate 
(~224) thickened by approximately 230%) whereas the 
moderate strain DC-PL laminate (~216) thickened by at 
least 160%. 

inner arc of anticlines. The DC layers are thickened in 
the hinges. 

During D2, FI hingelines and axial surfaces folded to 
produce both Type 1 and Type 2 interference. Because 
of the steeply plunging F2 hingelines, vertical sections 
normal to the Dz shortening direction show fold styles 
ranging from angular, open folds to circular interference 
shapes (Fig. 3b). Accordingly, plan views are better 
indicators of fold interference style and F2 fold style. 

For all three models, during the first phase of shorten- 
ing ( Dl) doubly plunging Fi hinge-lines developed nor- 
mal to the shortening direction and parallel to the ram. 
The Fi axial surfaces are generally upright. Parasitic 
folds are present at the contact between the laminate 
and the DC detachment. 

During Dz, regardless of rheology or degree of short- 
ening, F, hingelines folded into domes and basins with 
upright, approximately planar Fi and F2 axial surfaces 
(cf. Ramsay 1962) (Fig. 2). In models with differential 
shortening (~21.5; Figs. 2a & b), domes and basins are 
elongate normal to the direction of greater shortening; 
they are equant for the model with approximately equal 
degrees of D1 and D2 shortening (~216; Figs. 2c & d). 
Horizontal sections show simple circular to elliptical 
interference patterns, which lack multiple inflections of 
curvature (Figs. 2b, d & g). Rare, crescent-shaped 
interference occurs where small domes or basins are 
juxtaposed (central region of ~216; Fig. 2~). 

Structures most closely resembling domes and basins 
characterize the model with relatively small shortening 
strains in both directions (~222; Figs. 3c-e). The F2 folds 
with straight hinges and planar, upright axial surfaces 
occur in domains lacking F1 folds (central regions of 
Figs. 3c-e). The ‘L’- and ‘T’-shaped folds occur where F1 
and F2 folds abut but do not overprint one another (Fig. 
3d) (cf. Skjernaa 1975). The FI and F2 fold intersections 
locally form the corners of square domes or basins. 
Where FI folds were well developed, their axes and axial 
surfaces refolded about steeply dipping F2 axes as open, 
lobate-cuspate style F2 folds (Figs. 3d & e). Because of 
the spatial variation in interference style, it is locally 
difficult to determine the sequence of fold superposi- 
tion. 

Structure contours and poles to the top surface were 
reconstructed for model ~216 (DC-PL mixture, D, = 
36%, D2 = 31%) (Figs. 5 and 6a). Data from transects 
on individual limbs and the crest of a major anticline 
yield the orientations of local FI axes and the combined 
data yield F2 axes (Fig. 6b). The orientation of FI and F2 
hinges demonstrates that both F1 and F2 hingelines are 
curved, but lie on approximately planar, steeply dip- 
ping, orthogonal axial surfaces (Fig. 6~). 

High competence contrast 

Six models of alternating DC and PL layers demon- 
strate that buckle-fold interference is more complex 
where the stratigraphy has a high competence contrast 
(Table 4, Figs. 3 and 4). 

Fold interference is characteristically Type 2 for 
models with D1 shortening > 20%, regardless of the 
amount of D2 shortening (models ~213, ~217, ~218, ~220 
and ~221). In plan view, FI hingelines and axial surfaces 
are refolded as broad box, chevron or lobate-cuspate 
style F2 folds (Figs. 4a-c). The F2 hinges curve gently 
and change plunge along their length. Minor domes and 
basins are locally parasitic upon larger crescent-shaped 
structures. The hinges of minor domes and basins and 
the grid lines commonly fan around the F2 axial trace 
(Fig. 4~). Narrow zones of tightly refolded F1 folds occur 
in conjugate sets that are oblique to both shortening 
directions and parallel to the axial traces of the box-style 
F2 folds (Figs. 4a & c). The conjugate sets are distributed 
throughout the model and thus are not corner effects. 
The grid markers are offset with an opposite sense of 
shear on either set of the conjugate zones and the zones 
are commonly structural crests. Intersection of the con- 
jugate strain zones and change in F2 hinge orientation 
coincide with FI periclinal depressions. The F1 hinges 
that were marked prior to D2 do not coincide with the 

deformed F1 crests, evidence of hinge migration (Fig. 
4c). 

The F1 folds are typically doubly plunging (Fig. 3a). Horizontal sections of models with >20% D1 shorten- 
With progressive D, shortening, these periclines linked ing show a combination of complex elliptical and cres- 
to form folds with apparently curved hingelines and axial cent map patterns and a change of structural style with 
surfaces, a process also observed in other buckle-fold depth (Fig. 4b & d). Interference patterns of shallow 
models (Ghosh & Ramberg 1968, Blay et al. 1977, sections show simple crescent shapes and ellipses 
Dubey & Cobbold 1977, Guterman 1980). Folds in elongate parallel to the axial traces of box-folds and 
models with high competence contrast have shorter Fi minor domes. Deeper horizontal sections show FI axial 
wavelengths for the same amount of shortening than F, traces refolded into chevron, cuspate-lobate and box- 
wavelengths in low competence contrast models (Table style folds. The PL layers tend to be faulted, fractured 
4). In profile, the F1 fold styles are predominantly and boudinaged in the conjugate zone traces. Addition- 
lobateecuspate, but also include box style and chevron ally, the conjugate zone intersections are loci of the most 
(Fig. 3a). The PL layers tend to maintain their thickness complex interference shapes. The progression from 
and commonly are fractured and rarely faulted in the inner to outer arc of a F2 fold is typically expressed as a 



P h y s i c a l  m o d e l s  o f  f o l d  s u p e r p o s i t i o n  

a b 

D2 

'~D1 e 

Fig. 2. Models with low competence contrast layering. The strips of laminate inserted post-D 1 and pre-D2 were cropped 
from most of these and subsequent photographs. For all photographs, the surface grid was initially square with 5 mm 
spacing, the lightest colored material is DC silicone putty and the scale bar is in mm. (a) Model c215, D1 = 44%, D 2 = 31%, 
PL laminate, top surface. (b) Model c215, horizontal section 12 mm deep. (c) Model c216, D1 = 36%, D2 = 31%, DC-PL 
mixture, oblique view with profile of F~s in the foreground. (d) Model c216, horizontal section 10 mm deep. (e) Model c224, 
Dl = 52%, D 2 = 4 4 % ,  DC-PL mixture, profiles of Fl folds before D2. (f) Model c224, top surface. The Fj crests were linked 

prior to D2. (g) Model c224, horizontal section 6 mm deep. 
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e 

L F 1 anticlines 
1 cm , gl synclines 

D1 F 2 

Fig. 3. Models with high competence contrast layering, Laminates in all models have alternating layers of DC (lightest 
colored layers) and PL (dark layers). (a) Oblique view of periclinal Ft folds prior to D2 (model c217, D1 = 44%, Dz = 33%). 
(b) Typical F2 profiles (model c218, D1 = 54%, D2 = 20%). (c) Model c222, D1 = 17%, D2 = 18%, upper surface. 

(d) Model c222, horizontal section 10 mm deep. (e) Axial traces from c222, horizontal section 10 mm deep. 
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Fig. 4. Models with high competence contrast layering. (a) Model ~218, D, = 54%) LIZ = 20%, upper surface. (b) Model 
~218, horizontal section 10 mm deep. (c) Model ~217, D1 = 44%, D2 = 33%, upper surface. Hinge migration is evident in 
the difference between inked pre-D2 F1 crests and the present F, crests. (d) Model ~217, horizontal section 14 mm deep. 
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Table 3. Models with low competence contrast 

Model No. Materials No. of layers % Shortening Mean wavelength (cm) 

D1 02 Fl F2 

~223 DC 12 34 39 N/A N/A 
c226 DC 12 65 56 N/A N/A 
c215 PL 16 44 31 1.30 2.25 

~216 DC-PL mix 12 36 31 1.76 1.25 
~224 DC-PL mix 12 52 44 1.03 1.70 

D2 

1 

Dl 

c _‘kGA= 0.0 4 -_-it Cl - 
010 1’0.0 2b.o 3b.o 4’0.0 5b.O 6b.O 

mm 

C.I.=2mm, bold contours @ -2 and -8mm 

Fig. 5. Structure contours of the top surface of ~216 (compare with Fig. 2~). Transects A-A’. B-B’ and C-C’ are the 
domains plotted in Fig. 6b. 

C.I. = 3 0 q B-B’ N=50 
+ C-c’ N=50 

Fig. 6. (a) Equal-area projections of 2500 equally distributed poles to upper surface of the model, contoured according to 
Kamb (1959). (b) Equal-area projections of poles to bedding for domains A-A’, B-B’ and C-C’ (see Fig. 5). (c) Equal-area 

projections of F, and F2 hingelines measured directly from the structure contours. 

change in interference style from ellipses elongate nor- pare Figs. 7 and 3a). The F2 axial traces branch or 
ma1 to the Dz shortening direction, to tight crescents, to bifurcate at different depths. Axial traces from different 
broad crescents elongate-normal to the D1 shortening depths projected onto the same plane demonstrate that 
direction. Axial traces at different depths show a change both F1 and F2 axial surfaces dip steeply (Fig. 8). 
from cuspate to lobate, or from single- to double-hinged Differences between the interference styles in models 
(~217; Figs. 7 and 8). Note that the fold style of F1 axial with > 20% D, shortening are related to the amount of 
traces is similar to the style of F, folds in profile (com- shortening in each direction. Increased degree of D1 
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Table 4. Models with high competence contrast 

Model No. Materials No. of layers % Shortening Mean wavelength (cm) 

Dl 

c222 DC&PL 12 18 
~218 DC&PL 12 54 
~217 DC&PL 12 44 
c220 DC&PL 12 37 
c221 DC&PL 12 33 
~213 DC&PL 16 28 

02 Fl F2 

17 0.83 1.01 
20 0.64 1.30 
33 0.63 1.20 
37 0.68 1.14 
33 0.70 1.90 
38 0.61 0.69 

a) 10 mm b) 14 mm Cl 18 mm 

Fl 

Fl 

Fz 

anticline 

syncline 

Fig. 7. Axial traces of model ~217 (compare with Fig. 4d). The F1 axial traces are refolded into lobate-cuspate and box- 
style folds. The F2 axial traces are defined by the maximum curvature of F, axial traces, small domes and basins 
superimposed upon the broader refolded F, axial traces and the conjugate traces of box-style F, axial traces. (a) 10 mm 

deep; (b) 14 mm deep; (c) 18 mm deep. 

a) traces of Fl anticlines b) axial traces of F2’s 

Dl 1 cm 

10mm 
_______. 14mm 

18mm 

Fig. 8. Axial traces of model ~217. (a) Traces of FI anticlines, projected onto a single plane. (b) The Fa axial traces 
projected onto a single plane. 

shortening relative to Dz shortening generally correlates is most obvious in models with approximately equal 
with the development of the conjugate strain zones. For degrees of D, and D2, suggesting that a minimum 
a high ratio of D1 to D2 shortening, F2 folds have a amount of D1 shortening is necessary to develop the F, 
pronounced box style in plan view (~218, D1:Dz = 2.7; hinge, yet a high degree of D1 shortening results in a 
Figs. 4a & b). An approximately equal ratio of D1 and sharp Fl hinge zone where fold axis migration is in- 
D2 shortening favors the development of rounded, hibited (cf. Ghosh et al. 1993). For a low ratio of D, to 

lobate-cuspate style F,s (~221; D1:Dz = 1; ~220, D1:Dz D2 shortening, open F1 folds are refolded as open F2 
= 1; ~217, D1:Dz = 1.33; Figs. 4c& d). Hinge migration folds (~213; D1:D2 = 0.73). There, the conjugate zones 
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D2 

1 

b) 

mm 

C.I.=2mm, bold contours @ -2, -8, & -14 

485 

Dl 

,’ ’ Fl 
#’ 

8’ 

F2 

Fig. 9. (a) Structure contours of the upper PL surface of ~217. (b) Enlargement of boxed area in (a). The F, and Fz axial 
traces bound the structural domains in Fig. 10. 

are weakly defined by broad, crescent-shaped map pat- ated into domains defined by major Fl and F2 axial traces 

terns or folds in the Fr axial traces. (Fig. lob). 

Structure contours of the uppermost PL surface illus- 

trate the highly non-cylindrical fold style (~217, Dt = 
44%, D2 = 33%) (Fig. 9). Because the structural style of 
refolded high competence contrast layering is more 
complex, this reconstruction may be less accurate than 
the reconstruction for the model with low competence 
contrast layering. No structural trend is evident from the 
projection of 2400 equally distributed poles to this sur- 
face (Fig. lOa, compare with Fig. 6a). The lack of 
vertical dips on the stereogram may be an artifact of 
smoothing done by the contouring software. Structural 
trends are most apparent if some of the data are separ- 

The Fl hinges measured from the structure contours 
vary in both trend and plunge, but are predominantly 
horizontal (Fig. 10~). Thus, the primary effect of D2 
shortening is the refolding of originally sub-horizontal 
F1 hinges within the horizontal plane, about steeply 
plunging F2 axes. A secondary population of Fl hinges 
varies in plunge along a N-S trending girdle, indicative 
of a Type 1 style of refolding. The F1 hinges generally 
change trend as they cross a F2 axial trace (Fig. 10d). 
Within a limb of a major F2, the plunging Fl hinges 
roughly define great circles that represent the local Fl 
axial surfaces. The poor definition of the great circles 



486 M. K. JOHNS and S. MOSHER 

d 

b) 

F’h f) ,,, ,,, ,,, ,,, 

Fig. 10. Orientations of layering and fold axes for the surface contoured in Fig. 9. Fold hinge-lines were measured directly 
from the structure contours. Schematic axial traces illustrate the relationship between the domains and the local structures. 
Contoured stereograms use the method of Kamb (1959). (a) Poles to layering over entire surface. (b) Poles to layering sub- 
divided by domains. (c) The FI hingelines of the entire surface. (d) The FI hingelines sub-divided by domain. (e) The F2 

hingelines measured from entire surface. (f) The F2 hingelines sub-divided by domain. 

suggests that even within a limb, the axial surfaces are trending axis. Data separated into domains, however, 

non-planar and the fold style is non-cylindrical. show that F2 hinges change orientation on opposite 

The F2 hinges measured from the structure contours limbs of major Fl folds (Fig. 10f). The spread in Fz 
trend E or W, with variable plunge (Fig. 10e) (cf. hingeline orientation results from the folding of Fl limbs 

Ramsay 1967 p. 545, figs. 10-28). One might erroneous- with different orientations and curvatures (cf. Ramsay 

ly interpret the spread of F2 hinge orientations as evi- 1967 p. 540), refolding of initially periclinal Fl folds, 

dence of a third folding event, with a shallow, N- fanning of minor F2 hingelines around major F2 folds 
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and the concentration of deformation along the conju- 
gate traces of box-folds. 

DISCUSSION 

Comparison with previous work 

The models of this series include many features pres- 
ent in previous models of superposed buckling, which 
were not designed to represent regional structures. 
Layering with low competence contrast tends to deform 
predominantly by layer-parallel shortening rather than 
buckling (cf. Ramberg 1964, Grujic 1993). In layering 
with a high competence contrast, open Fi folds tend to 
form Type 1 interference (Ghosh & Ramberg 1968; 
Watkinson & Cobbold 1981, Odonne & Vialon 1987, 
Ghosh et al. 1992, 1993, Grujic 1993). Heterogeneities 
formed during D1 cause a heterogeneous interference 
style (Ghosh & Ramberg 1968, Skjernaa 1975). Both 
Type 1 and Type 2 interference patterns are found in the 
same model (Watkinson & Cobbold 1981, Ghosh et al. 
1992,1993, Grujic 1993). The Fi hinges migrate laterally 
during D2 (Ghosh 1974, Ghosh et al. 1992, Grujic 1993). 
Different amplitude structures have different styles of 
fold interference (Ghosh et al. 1992,1993). Additionally 
many of the mechanisms, or modes, of superposed 
buckling as defined by Ghosh et al. (1992, 1993) can be 
identified. In this study, there is no evidence of Mode 4, 
however, where Fls are isoclinal and hinges do not 
migrate. 

The results that are common to models with either 
insignificant (previous work) or significant (this study) 
body forces, therefore, should be qualitatively appli- 
cable to both outcrop- and regional-scale fold inter- 
ference. 

Gravitational effects 

Some differences between this study and previous 
studies can be attributed to the influence of gravitational 
body forces on the fold style. The differences may 
account for differences between outcrop- and regional- 
scale fold interference where the initial fold enveloping 
surface is horizontal. 

During D1, centrifugal acceleration (analogous to 
gravitational acceleration in nature) opposes F1 amplifi- 
cation (Fig. la). Gravity effectively damps the F1 fold 
shapes, which have more pronounced box-style outer 
arcs than the first-generation folds of previous buckle- 
fold interference models. In this manner, gravity con- 
tributes to the change with depth of the fold interference 
style. Gravity opposes F2 amplification parallel to 
upright FI axial surfaces, so it aids F2 amplification 
normal to F1 axial surfaces, enhancing Type 2 inter- 
ference. Because of the influence of gravitational body 
forces, the pronounced folding of FI axial surfaces might 
be more easily developed in regional-scale than in 
outcrop-scale superposed folds in nature, all other fac- 
tors being equal. 

Boundary effects 

In the models, the fold style and orientation are 
affected by the presence of rigid boundaries. For 
example, structure contours have higher amplitudes 
near the boundaries (Figs. 5 and 9). The F, fold 
hingelines developed parallel to the moving rams; how- 
ever, initially straight F1 axial traces show no evidence of 
differential displacement due to adherence to the side- 
walls. During D2, the models extruded slightly into the 
strip of undeformed laminate (curved right-hand bound- 
ary of Figs. 224). The upper, free surface provided a 
rheologic interface that affected the deformation, espe- 
cially of the low competence contrast models (see 
Appendix 3 for justification of deforming the models 
unconfined). 

The effects of near-field, rigid boundaries are not 
ideal but may not be entirely artificial, given that natural 
structures depend on the presence and orientation of 
natural boundaries such as continental margins of pre- 
existing basement structures (e.g. Braun 1993). In this 
study, the boundary conditions are not systematically 
varied, so their influence is difficult to quantify. None- 
theless, the boundary conditions are equivalent between 
the two model series, making the results comparable. 
Differences between the models are thus dominantly 
controlled by variables other than boundary conditions. 

Strain accommodation 

Unlike previous work in which F1 fold style was the 
primary determinant of interference style (Ghosh & 
Ramberg 1968, Watkinson & Cobbold 1981, Odonne & 
Vialon 1987, Ghosh et al. 1992, 1993, Grujic 1993), in 
our study competence contrast was the important vari- 
able. Low competence contrast stratigraphy accommo- 
dates shortening by a thickening and folding of the entire 
multilaminate package during both shortening events, 
rather than by buckling of individual competent layers. 
The fold interference is expressed as simple, laterally 
homogeneous Type 1 map patterns, generally lacking 
curvature-accommodation folds, regardless of the ratio 
of D1 to D2 shortening or the amplitude of F1 folds 
(compare Figs. 2g and 3d). High competence contrast 
stratigraphy accommodates shortening by buckling of 
the more competent PL layers and thickening of the DC 
silicone putty layers in the fold hinges. The interference 
patterns are complex hybrids between Type 1 and Type 
2 interference, with Type 2 interference dominant. Both 
F, folds in profile and F2 folds in plan view included 
cuspate-lobate, chevron and box-style folds, fold styles 
consistent with a buckling mechanism. The style of fold 
interference is heterogeneous laterally and with depth. 
The F2 fold wavelength is generally greater than F, 
wavelength, regardless of percent shortening in either 
direction, suggesting that the corrugation of the model 
during D1 establishes a structural anisotropy (Watkin- 
son & Cobbold 1981) that strengthens the model (Ram- 
say 1967 p. 548). 

The presence of a basal detachment controls the 



488 M. K. JOHNS and S. MOSHER 

shortening of both high and low competence contrast 
laminates. The rheologic contrast between the detach- 
ment and the laminate provide a localized, planar aniso- 
tropy, which buckles during D,. Consequently, models 
with low competence contrast layering do not strictly 
represent passive folding. Shortening of the high 
competence-contrast layering is accommodated by the 
buckling of the multilaminate package, which is more 
competent than the basal detachment, as well as by the 
buckling and fracture of individual PL layers and inter- 
laminar flow of the less competent DC layers, resulting 
in different orders of folding and of fold interference (cf. 
Ramberg 1964, Ghosh et al. 1993). 

The development of a structural anisotropy sub- 
parallel to FI axial surfaces facilitates the development 
of Type 2 fold interference. High competence contrast 
laminates that were shortened by more than 20% de- 
formed in a lobatexuspate FI fold style, so that the DC 
basal detachment flowed into the cusps of the FI anti- 
clines. The resultant alternation of steeply dipping lami- 
nate with the less competent detachment defined an 
anisotropy that is roughly parallel to FI axial surfaces. 
For example, deep horizontal sections show lobate- 
cuspate F2 folds cored by DC cusps. Field examples of 
analogous steeply dipping detachments associated with 
km-wavelength refolding are described by van Berkel et 
al. (1984), Schwerdtner et aE. (1988), and Schwerdtner & 
van Berkel (1991). In models with low competence 
contrast, and in models with high competence contrast 
but low Di shortening, Type 2 interference is rare 
because the D1 anisotropy is weakly developed. 

The D1 structural anisotropy also aids the develop- 
ment of box-style F2 folds and the partitioning of the D2 
shortening strain into the conjugate high-strain zones. 
The pronounced box-style F2 folds in map view that 
characterize models with a high degree of D1 shortening 
(Fig. 4a) are thus broadly analogous to kink folds that 
develop in profile in highly anisotropic rocks (e.g. 
Dewey 1965, Cobbold et al. 1971). 

Although for similar folds the bulk shortening and 
elongation directions control the style of fold inter- 
ference (Ramsay 1962, 1967 p. 521), in our study the 
bulk strain axes were not the chief control. Indeed, 
Grujic (1993) demonstrated experimentally that Dz ex- 
tension direction is a minor influence on interference 
type of superposed buckle folds. In our study, the bulk 
strain axes were not systematically varied. The Dz direc- 
tion of maximum shortening was fixed, but the D2 
extension direction may have varied. During D2, rigid 
walls parallel to the FI axial surfaces impeded significant 
horizontal extension, normal to the F1 axial surfaces. 
Slight extrusion into the strip of undeformed laminate 
inserted prior to D2 (Figs. 2-4), however, is evidence of 
a component of D2 extension normal to the FI axial 
surfaces. Thus the models’ boundary conditions did not 
impose bulk plane strain for D2, allowing the develop- 
ment of both Type 1 and Type 2 interference. Although 
the highly strained, low competence-contrast model 
extruded into the undeformed laminate strip, it lacked 
Type 2 interference (~224; Fig. 2g), further evidence 

that rheology rather than boundary conditions con- 
trolled the interference style. 

Implications for field analysis of regional fold superposi- 
tion 

Low competence contrast. The models predict that in 
rocks with low competence contrast, folds interfere as 
simple domes and basins. In the field, such structures 
would be recognized as simple map patterns without 
curvature-accommodation folds, with planar foliation 
and with a variety of plunges, but consistent trends for 
both F1 and F2 hingelines (Ramsay- 1962). The sequence 
of folding would be ambiguous from the geometry of the 
structures alone. 

Both Type 1 and Type 2 fold interference have been 
described for high-grade metamorphic rocks with a 
similar fold style, where little competence contrast is 
expected (e.g. Ramsay 1962). In such cases, the style of 
fold interference is more likely controlled by variables 
not tested in the present study, such as kinematic direc- 
tions (Ramsay 1967 p. 520) or the presence of axial- 
planar schistosity. 

High competence contrast. The models predict that 
superposed folds in strata with high competence 
contrast interfere as a complex hybrid of Type 1 and 
Type 2 deformation. Just as buckle folds have a more 
heterogeneous strain distribution than passive folds, 
buckle-fold superposition in the models produces a 
characteristically heterogeneous interference style. In 
the field, fold generations are differentiated on the basis 
of orientation, style and overprinting relationships (e.g. 
Ramsay 1967 pp. 520-553, Williams 1985). Because the 
models represent regional-scale fold superposition, the 
lateral and depth variation of F1 and F2 trends and 
interference style are analogous to map-scale hetero- 
geneity. Recognition of the factors that affect the local 
style and orientation of structures formed by superposed 
buckling may help regional correlation of fold gener- 
ations in rocks. 

In the models where D1 shortening is less than 20%, 
the initial FI fold distribution affects the interference 
style (Figs. 3c-e) (cf. Ghosh & Ramberg 1968, Skjernaa 
1975). If domains of different initial F1 style and distri- 
bution were mapped independently, the regional fold 
sequence might be misinterpreted and only one fold 
generation identified. Where the F1 and F2 folds abut 
without overprinting, the map patterns resemble Type 2 
crescent shapes, and the axes of symmetry of the ‘L’- 
shaped folds could be misinterpreted as a fold axis 
unrelated to either fold generation. 

The initial FI fold orientation affects the F2 fold style. 
In the models, FI periclinal depressions coincide with 
complex F2 fold style (cf. Ghosh & Ramberg 1968 Fig. 8 
p. 98, Skjernaa 1975). In the field, discontinuous F, or Fz 
axial traces, intersection of box-fold axial traces, irregu- 
lar interference patterns with multiple inflections of 
curvature, or a distinct, localized change in fold style of 
deformed F, axial traces could be evidence of variation 
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Fig. 11. An interference map pattern (part of Fig. 4b) with two interpretations that could be differentiated by foliation 
traces (S,, &, Ss) axial planar to each fold generation. (a) Trace of layering (S,,). (b) Interpretation from known surface 
structure (Fig. 4a). Two phases of folding produce two distinct, nearly orthogonal, axial planar foliation traces (S, and &). 

(c) Foliation traces if three fold generations formed the same map pattern. 

in the initial plunge of Fr hingelines. Additionally, in 
some of the models adjacent or bifurcating Fr periclines 
have axial traces that appear to be coaxially refolded 
(e.g. left, central portion of Fig. 4b). Buckling of these 
axial traces could be misinterpreted as a third phase of 
folding in the absence of cross-cutting cleavages or 
refolded lineations (Fig. 11). 

Refolded F1 hinges show a spread in orientation that is 
difficult to interpret from the stereogram alone. The 
equal-area projections of folded F1 hinges form neither a 
great circle distribution expected for shear folding nor a 
small circle distribution expected for flexural-slip fold- 
ing (Fig. 10~) (Weiss 1959, Ramsay 1967 p. 5.50). Per- 
haps the data do not fit either of these end-member 
models because the FI hinges do not rotate as passive 
lineations (cf. Ghosh 1974). Hinge migration with re- 
spect to grid markers is further evidence of non-passive 
behavior of early fold hinges (Ghosh 1974, Skjernaa 
1975, Ghosh et al. 1993, Grujic 1993). Hinge migration 
could be recognized in the field as lineations, such as 
veins or the axes of minor crenulations, that do not 
coincide with the present fold hinge, or by axial-planar 
foliation that transects refolded F1 hingelines (Odonne 
& Vialon 1987). 

Steeply plunging F2 hingelines are associated with 
box-style interference patterns in the models. Analo- 
gous map patterns in nature would be expressed as 
broad, straight-limbed regions offset by conjugate zones 
of high strain, or as kinks of F1 schistosity (cf. Rixon et 
al. 1983, Powell 1984, Powell et al. 1985, Kano et al. 
1990). Mapping within a straight-limbed domain of a 
box-style fold may yield no evidence of fold superposi- 
tion. The conjugate zones could be erroneously mapped 
as shear zones or as axial traces of folds that are indepen- 
dent in orientation and origin of both fold generations, 
especially if only one of the zones were exposed. The 

SG 18:4-G 

presence of box-style F2 folds in plan view could be used 
to infer a strong anisotropy developed during Dr. 

Cuspate-lobate style F2 folds in plan view show a 
progressive change in interference style from inner to 
outer arc (e.g. model ~217; Fig. 4~). Grid markers and 
hinges of minor folds fan around the major F2 axis. In the 
field, these features correspond to fanning cleavage and 
radiating minor hinges (cf. variation in ‘radial’ fold 
orientation, Julivert & Marcos 1973 fig. 1). The disper- 
sion of D2 structural elements could be misinterpreted as 
evidence for additional phases of shortening. This style 
differs markedly from interference of similar folds 
where the Fz fold morphology and orientation is 
spatially constant (e.g. card-deck models of O’Driscoll 
1962,1964). 

The models show variation of fold style with depth. 
Locally, small Type 1 interference patterns, elongate- 
normal to the Dz shortening direction, are super- 
imposed on the crests of larger wavelength Type 2 
patterns (Figs. 4b & d). Sections at different depths 
show that Fr axial traces change fold style from cuspate 
to lobate or from single- to double-hinged (Figs. 7 and 
8). In the field, different erosional levels may expose a 
change from Type 1 to Type 2 interference map patterns 
or different styles of refolded axial traces or schistosity. 
Because of such local variation in the interference style, 
the outcrop-scale fold style does not necessarily rep- 
resent the regional-scale interference style (Watkinson 
& Thiessen 1988, Ghosh et al. 1993). 

The complex interference style of superposed buckle 
folds seen in the models underscores the necessity of 
dividing a region into domains with constant fold styles 
and orientation for analyses of equal-area projections. 
The projection of fold axes and poles to bedding and the 
separation of data by domain are well-established tech- 
niques for the analysis of polydeformed regions (e.g. 
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Weiss 1959, Ramsay 1967 p. 551). This study predicts 
that data may need to be divided into smaller domains 
for regions of superposed buckle folds than for super- 
posed passive folds because buckle-fold interference 
produces more local variation in structural style and 
orientation (compare domains used to construct stereo- 
grams, Figs. 5 and 9). 

CONCLUSIONS 

Physical models deformed under conditions of signifi- 
cant gravitational body forces show many of the same 
features as previous physical models of fold superposi- 
tion, deformed under conditions of insignificant gravi- 
tational body forces. Thus the results are qualitatively 
comparable to both outcrop and regional-scale natural 
fold interference. Gravitational body forces effectively 
damp the vertical amplitude of both the first and second 
generation folds, thereby enhancing the formation of 
Type 2 interference. 

Rheology is a significant control of fold interference 
style. For low competence contrast layering, fold inter- 
ference is characterized by simple, homogeneous domes 
and basins. For high competence contrast layering, 
predominantly Type 2 fold interference is hetero- 
geneous laterally and with depth. The presence of in- 
itially periclinal F1 folds, box-style F2 folds with conju- 
gate zones of high strain, minor F2 folds that fan around 
major F2 traces, change in F2 style from the inner to 
outer arc, and change in F2 style with depth produce a 
wide variety of style and orientations of fold inter- 
ference, which could be mistaken for evidence of more 
than two fold generations. 
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Increased acceleration in a centrifuge therefore allows use of more 
viscous modeling materials than could be used in dynamically scaled 
models at normal gravitational acceleration. More viscous materials 
have the advantage of being easier to roll into fine layers, as well as 
being easier to cut and photograph without inducing further defor- 
mation. 
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APPENDIX A 

Deformation in the centrifuge 

Models were deformed in a 12 by 12 cm cavity in a digitally 
controlled centrifuge with a 21 cm radius. All models were deformed at 
25°C and a maximum angular velocity of 2000 rpm, equivalent to a 
centrifugal acceleration 940 times normal gravitational acceleration. 
The time between the starting and stopping of the centrifuge rotor was 
clocked with a stop-watch. Because the rate of change of angular 
velocity is a known, reproducible function, the total time each model 
deformed under steady-state rotation can be computed and compared 
(Table 2). During deformation, the model layering was parallel to the 
centrifuge walls, so that the centrifugal acceleration was directed 
normal to the layering (Fig. la). 

Rheologic similarity requires that the model and natural materials 
follow a similar flow law and that the viscosity ratios between strata are 
equal in model and nature (Weijermars & Schmeling 1986). Dow 
Corning silicone bouncing putty and Plasticine modeling clay are both 
non-Newtonian visco-elastic fluids (McClay 1976, Dixon & Summers 
1985, Weijermars 1986), a reasonable rheologic choice to represent 
buckling (e.g. Smith 1977, Neurath & Smith 1982, Lan & Hudleston 
1991). Their viscosity ratio, dependent on the strain rate, is approxi- 
mately two orders of magnitude for these experiments (Dixon & 
Summers 1985) (Table 1). At high strains, high strain rates and high 
viscosity contrasts, PL fractures and occasionally faults. Therefore, 
the deformation of the models is more closely analogous to folding and 
faulting at upper crustal levels than to the purely ductile processes of 
the lower crust (see Appendix C for justification of deforming the 
models unconfined). These materials have been used as analogs of 
unmetamorphosed, interbedded limestone and shale in previous 
models deformed in a centrifuge (Dixon & Summers 1985). 

To apply the scaling equations, model parameters such as length, 
strain, and density are easily measured; viscosity, centrifugal acceler- 
ation and strain rate are estimated. Values for the natural parameters 
of viscosity, strain rate and density are also estimated. Substituting 
these values into equations (1) and (2) yields the model-to-nature ratio 
of lengths (Table 1). 

Shortening was driven by a polyethylene ram with a stainless steel The centrifugal acceleration varied throughout the experiment; thus 
base. The ram was displaced by a spreading reservoir of dense putty (p 
= 1880 kg m-s), a technique based on the spreading wedge of putty 

several different values were compared for scaling purposes. The 
maximum acceleration, 940 times normal gravitational acceleration, is 

shown in Dixon & Summers (1985). The shortening rate depends on constant for all experiments (g,,, in Tables 1 and 2). The average g 
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(g,,,,) was computed using a linear approximation of the rate of deformation is associated with perturbations around air bubbles, in 
centrifuge acceleration and deceleration. The mean equals the area both profile and map view. No periodic structures resembling folds 
under the acceleration vs time curve, divided by the total time (an formed. Layer-parahel shortening is approximately 200% for-model 
analogous technique for computing normalized time in the centrifuge ~223 and 500% for model ~226. For hiah competence contrast lavering 
is described by Jackson ef al. 1988). An additional value (g’) was without a detachment, tight chevron folds formed preferentially-at the 
computed in a similar manner by disregarding the centrifuge deceler- boundaries of the model, adjacent to the moving ram and the opposite 
ation period (because little deformation occurred then). For example, wall. Few folds developed in the center of the model, away from the 
experiment ~217 had a maximum gravitational acceleration equal to boundaries. A thick detachment was used to help distribute the 
94Og, mean equal to 524g, and g’ equal to 725g. deformation away from the model boundaries. 

The exact strain rate is difficult to measure in the centrifuge because 
the ram velocity is affected by the centrifugal acceleration and by the 
hydraulic head of the reservoir. Much of the deformation took place 
during the first 2 min of centrifuge rotation, before its maximum, 
steady-state rotation rate. As the hydraulic head declined, ram dis- 
placement diminished during the period of steady-state rotation and 
was negligible during the period of deceleration. Because the centri- 
fuge was stopped and restarted several times for photography, each 
model underwent several cycles of variable strain rate. The strain rates 
were calculated for several experiments, using the total strain and the 
total time in the centrifuge, the incremental strain and the period for 
each strain increment, or incremental strain and the eriod discount- 
ing the centrifuge deceleration. A value of 2 x lo- P s-l was chosen 
from these results as a representative strain rate to compute the scaling 
parameters. 

Fold theory predicts that the dominant fold wavelength increases for 
a viscous system with inverted density stratification under the influ- 
ence of gravity (Ramberg 1970). Dow Corning silicone putty has a 
lower density than Plasticine or the PL-DC mixture (p = 1450 kg 
mm3). To test whether the folding was affected by the buoyancy of the 
basal CD layer, one model was constructed with a dense basal 
detachment (p = 1800 kg mp3), made of a mixture of powdered galena 
with Rhodorsil gomme, a silicone bouncing putty. Folds were found to 
have the same style and mean wavelength as models with the less dense 
DC detachment. Apparently, under these experimental conditions, 
buckling is more strongly controlled by the viscosity contrast of the 
laminate than by the density of the matrix. Because it was more readily 
available, DC was used as the detachment material. 

The known and estimated experimental parameters yield a ratio of 
lengths (model to nature) of approximately 5 x lo-” (Table 1). For 
example, 1 cm length in the model is analogous to about 2 km in 
nature. Individual layers in the microlaminate are approximately 0.025 
cm thick, analogous to strata 50 m thick in nature. In summary, use of 
the centrifuge allows use of relatively viscous materials to represent 
regional-scale structures that are affected by both tectonic and gravi- 
tational forces. 

To test whether the laminate needed its upper surface confined, two 
models were constructed with different confining materials. A 3 mm 
layer of PL was used as the strong confining layer above a 3 mm 
bilaminate with a 1 mm DC basal detachment. When shortened 30% in 
one direction, the PL buckled with an average wavelength of approxi- 
mately 17 mm, more than twice the wavelength of the unconfined 
bilaminate. In the inner arc of the PL folds, the laminate deformed as 
short wavelength, tight folds. In the outer arc, the laminate folded with 
the same wavelength as the PL confining unit. Although this stratigra- 
phy may represent some geologic occurrences, this study seeks to 
model the multilayer folding without the influence of adjacent, strong 
units. When a 3 mm layer of DC was tested as a weak confining layer, 
the DC supported no surface topography and thickened uniformly. 
Vertical slices through the model revealed concentric fold profiles in 
the bilaminate, insignificantly different in style, wavelength or ampli- 
tude from the unconfined models. The scaling parameters calculated 
above (Appendix B) suggest that the laminates represent a section of 
unconfined crust less than 1 km thick. At such shallow depths, 
dominantly brittle deformation is expected, but not observed in the 
models. Accordingly, the models are better analogs for depths where 
ductile processes dominate than for thrust belt structures. Because 
confinement of the models insignificantly affected their structural 
style, and to allow observation of the evolution of the top surface, the 
laminates were deformed unconfined. 

APPENDIX C 

Preliminary experiments 

To test the necessity of a basal detachment, three models were 
constructed with the laminate placed directly on a rigid, lubricated 
base. Laminates of different colors of DC (model ~223, Dr = 34%, D2 
= 39%; ~226 Dr = 65%, D2 = 56%) thickened rather than buckled. 
No surface topography developed after either the first or second 
deformation; however, the surticial grid strain is heterogeneous. The 


