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Fold interference is used to identify areas of polyphase deformation and to

evaluate their deformation history. In this study, dynamically scaled physical

models were shortened in two orthogonal directions in a centrifuge to test the

effects of material properties and deformation history on the style of fold

interference.

Models shortened sequentially demonstrate that rheological contrast

strongly controlled the interference style. Models with low competence contrast

layering had circular to elliptical interference patterns. In addition to folding, the

models accommodated strain by significant layer-parallel shortening. Models

with high competence contrast layering had folded early hingelines and axial

surfaces. In plan view, the second-generation folds were lobate-cuspate to box-

style, and the axial traces of the box folds formed conjugate pairs.
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Models shortened coevally had distinct structural styles from the

sequentially shortened models, as illustrated by serial Computed Tomographic

(CT) X-ray scans. High competence contrast models were dominated by irregular

elliptical to crescent map-shapes in the center of the models. Near the model

edges, folds had straight hingelines, parallel to the boundaries. Coevally

shortened models faulted and fractured less commonly than did the sequentially

shortened models. Although some of the structures resembled superposed folds,

the regionally inconsistent fold orientations and overprinting relationships, as well

as the predominance of dome-and-basin over crescent-style interference

differentiated coeval from sequential fold interference.

For both deformation histories, gravitational body forces effectively

damped the vertical amplification of folds, thereby accentuating the change in fold

style with depth.

Comparison of results from these models with regional-scale natural

examples demonstrates that buckle-fold interference occurs in a wide range of

rock types and tectonic settings. Comparison of the sequentially shortened, high

competence contrast models with the Narragansett Basin, Rhode Island, suggests

an alternative tectonic model for its third phase (D3) of Alleghenian deformation.

According to previous tectonic models, D 3 sinistral shear produced both E-W

trending folds and sinistral kinematic indicators. I propose that the same features

could be caused by N-S shortening, which is locally partitioned into a NE-

trending megakink band.
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Chapter 1. Introduction

Fold interference is a common and visually striking structural style in

orogenic belts. It characterizes the metamorphic cores of those orogenic belts that

have undergone numerous pulses of deformation. It also occurs at lower

metamorphic grades and in the foreland regions of orogenic belts, where different

deformation mechanisms and structural styles are prevalent. Fold interference is

used to identify areas of polydeformation and to interpret their kinematic history.

Because the geometry of fold interference depends on the rheology of the rocks

deformed as well as their deformation history, such interpretation can be

ambiguous.

In this study, physical models are used to test directly the effect of

gravitational body forces, competence contrast, degree of shortening and

deformation history on the style of fold interference. Models are dynamically

scaled to represent structures with wavelengths of approximately 1 km.

Accordingly, the models are analyzed using the techniques of the field geologist and

are compared to regional field examples in a variety of geologic settings. Results

from the models and results from field work are combined to offer a new

interpretation of part of the tectonic history of the Narragansett Basin, RI.
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Chapter 2. Physical Models of Fold Superposition

Introduction

Fold 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 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, Thiessen & Means 1980,

Thiessen 1986, Perrin et al. 1988, Watkinson & Thiessen 1988). Such interference

patterns have been reproduced in card-deck experiments where passive line markers

were deformed by heterogeneous 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 isometric bending (i.e.

folding without thickness changes) predict that a competent layer cannot refold as a

simple dome or basin structure (Lisle et al. 1990). Instead, crenulations with axes
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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 superposed 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, Raj 1984, Dubey 1984,

Odonne & Vialon 1987, Ghosh et al. 1992, 1993, Grujic 1993), as recently

summarized by Grujic (1993).

In this study multilayers with either negligible or significant (approximately

two orders of magnitude) competence-contrast were shortened sequentially 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 experiments 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 Fi

fold heterogeneities on F 2 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 centrifuge. 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
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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 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

incompetent silicone bouncing-putty (Dow Corning dilatant compound #3179,

abbreviated hereafter as DC), relatively 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 of approximately two orders of magnitude times that of the

silicone putty under the experimental conditions in this study (Table 2.1, Table 2.2,

McClay 1976, Dixon & Summers 1985, Weijermars 1986). Layers were stacked

and rolled together. Although no obvious 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 c223 and c226). The PL laminate (models c215)
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Table 2.1 Centrifuge run time

Exp# time (minutest

D1 D2 total

rDm max qmax

c223 28.58 28.67 57.25 2000 940

c 2 2 6 26.87 28.69 55.56 2000 940

c 2 1 5 5.51 40.10 45.62 2000 940

c 2 2 4 37.67 15.06 52.73 2000 940

c 2 1 6 12.00 18.24 30.24 2000 940

c22 2 42.08 31.61 73.69 2000 940

c 2 1 8 52.68 55.95 108.64 2000 940

c 2 1 7 33.18 61.10 94.28 2000 940

c 2 2 0 27.54 62.63 90.17 2000 940

c 2 2 1 32.54 95.03 127.57 2000 940

c 2 1 3 6.51 13.03 19.54 2000 940
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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 microlaminate

technique described by Dixon & Summers (1985). Air bubbles trapped in stacking

may have served as perturbations that initiated buckling. Each model comprised 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. 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 deformed in a 12 cm by 12 cm cavity in a digitally controlled

centrifuge with a2l cm radius. All models were deformed at 25°C at 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 2.1).
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During deformation the model layering was parallel to the centrifuge walls, so that

the centrifugal acceleration was directed normal to the layering (Fig. 2.1a).

Shortening was driven by a polyethylene ram with a stainless steel base that

was designed by M.P.A. Jackson, Applied Geodynamics Lab, Bureau of

Economic Geology, University of Texas (Fig. 2.1). The ram was displaced by a

spreading reservoir of dense putty (p = 1880 kgm* 3 ), a technique based on the

spreading wedge of putty shown inDixon & Summers (1985). The shortening rate

depends on the hydraulic head of putty in the reservoir and on the angular velocity.

Shortening typically began before the centrifuge reached a steady-state rotation rate.

The shortening rate decreased with additional time in the centrifuge, as the hydraulic

head diminished. Negligible shortening occurred as the centrifuge decelerated to a

stop. No relaxation of the structures occurred following their deformation in the

centrifuge. The reservoir was filled with either a dense silicone putty or a

homogeneous mixture of 50% dense silicone putty and 50% Plasticine, which

spread more slowly. The centrifuge was periodically stopped, at approximately 5

minute intervals, to photograph intermediate stages of deformation and to refill the

reservoir.

Superposed shortening was achieved by using two hydraulic rams (Fig.

2.1b). The rams had different basal curvatures to allow sliding in different

directions over the curved base of the model. The model was first shortened (Di)

parallel to the centrifuge axis by a ram with a curved base. The model was then

carefully extracted from the centrifuge. The model was trimmed as it rested on a

base with curvature equal to that of the equipotential surface. The first ram was

removed and replaced by a smaller, flat-based ram, positioned perpendicular to the
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Figure 2.1. Schematic setup of deformation apparatus used in the

centrifuge. For all models, layering is parallel to the centrifuge's
equipotential surface, (a) The centrifuge's rotation axis is normal to the

page. The centrifugal acceleration (g) causes dense putty to spread and

displace a plastic ram. (b) The centrifuge's rotation axis is parallel to the

page. After D\, a strip of undeformed laminate was inserted to fill space in

the centrifuge cavity. For plan views in the following figures, the D 2
shortening direction is oriented north.



9



10

first. The curvature of the model is thus left unchanged between Dj and D2. Prior

to the second shortening (D2), excess space in the model cavity was filled with a

strip of undeformed laminate of the same composition and thickness as the model.

In some experiments, during D 2 the model extruded into this inserted laminate.

Deformation in the centrifuge allows use of relatively viscous materials to

represent regional-scale structures that are affected by both tectonic and gravitational

forces.

Scaling and Material Properties

Physical models are reasonable analogs of natural phenomena if they are

geometrically, dynamically, and Theologically scaled (Hubbert 1937, Ramberg

1967 p. 2-5, 1981 p. 2, Weijermars & Schmeling 1986). A centrifuge aids

dynamic scaling by increasing the ratio of centrifugal acceleration in the model to

gravitational acceleration in nature (g). Accordingly, the model-to-natureratio of

gravitational body forces (Gr ) is increased:

where p r equals the density ratio and hr equals length ratio. Because dynamic

scaling requires that all significant forces are proportional, the ratio of surface

resistive or tectonic force (Tr ), controlled by the model-to-nature ratios of effective

viscosity (r| r ) and strain rate (£r), must also increase.

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 advantages of being

Or=Prghr ,
(2.1)

Tr= £r%, (2.2)
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easier to roll into fine layers, and they are easier to cut and photograph without

inducing further deformation.

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 Coming silicone bouncing putty and

Plasticine modeling clay are both non-Newtonian visco-elastic fluids (McClay

1976, Dixon & Summers 1986, 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 approximately two

orders of magnitude for these experiments (Dixon & Summers 1985) (Table 2.2).

At high strains, high strain rates, and high viscosity contrasts, Plasticine fractures

and occasionally faults. Therefore the deformation of the models does not represent

the purely ductile processes of the lower crust. 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 acceleration, and strain rate are

estimated. Values for the natural parameters of viscosity, strain rate, and density

are also estimated. Substituting these values into equations (2.1) and (2.2) yields

the model-to-natureratio of lengths (Table 2.2).

The centrifugal acceleration varied throughout the experiment; thus several

different values were compared for scaling purposes. The maximum acceleration,

940 times normal gravitational acceleration, is constant for all experiments (gmax in

Table 2.1). The average g (gmean) was computed using a linear approximation of
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Table 2.2 Parameters used for scaling calculations

unit material model nature model/nature

density P kg/m 3 DC 1.1x103 a 2.2x1 0
3 e 5.0x10"

1

PL 1.9x103 a

eff. r| Pa s DC 1.0x105 c 1.0x10 19 b 1.0x10' 14

viscosity PL 1.0x107 c 1.0x10 2 1 f 1.0x1 O’ 1 4

strain e s' 1 2.0x1 O' 3 a 1.0x10‘ 14 d 2.0x1 O' 1 1

rate

accel. gmax m/s
2 9.2x1 0 3 a 9.8 9.4x10 2

gmean 5.2x1 0 3 a 9.8 5.4x10 2

g‘ 7.1 x1 0 3 a 9.8 7.2x1 0 2

resistive t=et| Pa DC 2.0x10 2 b 1.0x105 b 2.0x1 03

force PL 2.0x104 b 1.0x1 0 7 b 2.0x1 03

body a=pgh Pa b 2.0x1 03

force

length h=o/pg km 1.0x1 O' 5 2.4 b 4.3x10" 6 calc.

from

gmax

1.0x10'
5 1 .3 b 7.5x10- 6 calc from

gmean

1.0x10' 5 1
.

8 b 5.5x10- 6 calc.

from

g'
DATA SOURCE:

a Measured in this study
b calculated from other parameters
c Weijermars & Schmeling 1986 and references therein

d Pfiffner & Ramsay 1982

e Turcotte & Schubert 1982

f Marble at approx. 500°C, Carter 1976
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the rate of centrifuge acceleration and deceleration. The mean equals the area under

the acceleration versus time curve, divided by the total time (an analogous technique

for computing normalized time in the centrifuge is described by Jackson et al.

1988). An additional value (g') was computed in a similar manner by disregarding

the centrifuge deceleration period (because little deformation occurred then). For

example, experiment c217 had a maximum gravitational acceleration equal to 940 g ,

mean equal to 524g, and g' equal to 725g.

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 two minutes of

centrifuge rotation, before its maximum, steady-state rotation rate. As the hydraulic

head declined, ram displacement diminished during the period of steady-state

rotation and was negligible during the period of deceleration. Because the

centrifuge 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 period discounting the centrifuge deceleration. A value of 2xlo'V 1 was chosen

from these results as a representative strain rate to compute the scaling parameters.

The known and estimated experimental parameters yield a ratio of lengths

(model to nature) of approximately sxl0-6 (Table 2.2). For example, Icm 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
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to represent regional-scale structures that are affected by both tectonic and

gravitational forces.

Analysis

Structural evolution was studied from photographs of the model surface

taken after each time step of centrifugal deformation. For select models, anticlinal

hinges of the first generation folds were marked on the model surface after Di

(heavy ink lines on model surfaces Figs. 2.3 d, 2.8a, and 2.8c) for comparison with

the deformedFi hinges after D2. After D 2 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 approximations. Crest-to-crest

wavelengths of first (Fi) and second (F2) generation folds were measured from

photographs of plan views of the models' surfaces. The three-dimensional

geometry of the structures was qualitatively evaluated by comparing the variation

with depth of horizontal sections and by comparing horizontal sections and profiles.

To reconstruct the fold geometry more quantitatively, structure contour

maps and stereograms were constructed (cf. Skjernaa 1975). Layer contacts of

select models were digitized from photographs taken at successive depths. The

digitized data volume was gridded using a kriging algorithm and contoured for

individual deformed surfaces with the software Spyglass Transform. Comparison

of the contours, a reconstructed three-dimensional surface, the digitized layer
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contacts, and photographs of the model surface confirms 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. They were plotted and

contoured 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. The results of the preliminary

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.

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 c223, Di=34%, D2=39%; model c226 Di=6s%, D2=56%)

thickened rather than buckled. No surface topography developed after either the

first or second deformation; however, the surficial grid strain is heterogeneous.

The deformation is associated with perturbations around air bubbles, in both profile

and map view. No periodic structures resembling folds formed. Layer-parallel

shortening is approximately 200% for model c223, and 500% for model c226. For

high competence-contrast layering without a detachment, tight chevron folds



16

formed preferentially at the boundaries of the model, adjacent to the moving ram

and the opposite wall. Few folds developed in the center of the model, away from

the boundaries. A thicker detachment unit was used to help distribute the

deformation away from the model boundaries.

Fold theory predicts that the dominant fold wavelength (i.e. the wavelength

which amplifies at the fastest rate) increases for a viscous system with inverted

density stratification under the influence of gravity (Ramberg 1970). Dow Coming

silicone putty has a lower density than Plasticine or the PL-DC mixture (p = 1450

kgm-3 ). To test whether the folding was affected by the buoyancy of the basal DC

layer, one model was constructedwith a dense basal detachment (p=lBoo kgm'3 ),

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.

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 approximately 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 stratigraphy may represent
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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 amplitude from the

unconfined models. The scaling parameters calculated above 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.

Low Competence-contrast

Low competence-contrast stratigraphy was deformed in five models (Table

2.3, Figs. 2.2, 2.3). The rheologic contrast between the basal detachment and

laminate 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 (Fig. 2.2, model c215) and the DC-PL

mixtures (Fig. 2.3, models c216 and c224, Table 2.3). The degree of strain

controlled differences between amplitude, wavelength, and layer-parallel shortening

of the two DC-PL mixture models (Fig. 2.3, Table 2.3). After D2, the high-strain

DC-PL laminate (c224) thickened by approximately 230% and its basal detachment
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Table 2.3. Models with low competence-contrast

Table 2.4. Models with high competence-contrast

model # materials #layers % shortening

D 1 D 2

mean

F1

wavelength
(cm)

F 2

c223 DC 1 2 34 39 N/A N/A

c226 DC 1 2 65 56 N/A N/A

c215 PL 1 6 44 31 1.30 2.25

c21 6 DC-PL mix 1 2 36 31 1.76 1.25

c224 DC-PL mix 1 2 52 44 1.03 1.70

model # materials #layers %

D 1

shortening

D 2

mean

F1

wavelength
(cm)

F 2

c222 DC&PL 1 2 1 8 1 7 0.83 1.01

c21 8 DC&PL 1 2 54 20 0.64 1.30

c21 7 DC&PL 1 2 44 33 0.63 1.20

c220 DC&PL 1 2 37 37 0.68 1.14

c221 DC&PL 1 2 33 33 0.70 1.90

c21 3 DC&PL 1 6 28 38 0.61 0.69
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Figure 2.2. Model c215, low competence-contrast PL laminate, Dj=44%,
D2=3l %. The strips of laminate inserted post-Di and pre-D2 were cropped
from most of these and subsequent photographs. For all the 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 millimeters, (a) Top
surface, (b) Horizontal section 12 mm deep.
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by approximately 150%, whereas the moderate strain mixture model (c216)

thickenedby at least 160% and its basal detachment by approximately 200%.

For all three models, during the first phase of shortening (Di) doubly-

plunging Fi hingelines developed normal to the shortening direction and parallel to

the ram. Fi axial surfaces are generally upright. Parasitic folds are present at the

contact between the laminate and the DC detachment.

During D2, regardless of rheology or degree of shortening, Fi hingelines

folded into domes and basins with upright, approximately planar Fi and F 2 axial

surfaces (Figs. 2.2, 2.3). In models with differential shortening (c215, Fig. 2.2),

domes and basins are elongate normal to the direction of greater shortening; they are

equant for the model with approximately equal degrees of Di and D 2 shortening

(c216, Figs. 2.3a, b). Horizontal sections show simple circular to elliptical

interference patterns, which lack multiple inflections of curvature (Figs 2.2b, 2.3b,

2.3e). Rare, crescent-shaped interference occurs where small domes or basins are

juxtaposed (central region of c216, Fig. 2.3b).

Structure contours and poles to the top surface were reconstructed formodel

c216 (DC-PL mixture, Dj=36%, D2=3l%)(Figs. 2.4 & 2.5a). 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 F 2 axes (Fig. 2.5b). The orientation of Fi

and F 2 hinges demonstrates that both Fi and F 2 hingelines are curved, but lie on

approximately planar, steeply dipping, orthogonal axial surfaces, as expected for

dome-and-basin structures (Fig. 2.5c).
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Figure 2.4. Structure contours of the top surface of c216 (compare with

Fig. 2.3a).
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Figure 2.5. (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'. (c) Equal area projections ofFj and F 2 hingelines measured directly
from the structure contours.
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High Competence-contrast

Six models of a DC and PL multilaminate demonstrate that buckle fold

interference is more complex where the stratigraphy has a high competence-contrast

(Table 2.4, Figs. 2.6 - 2.8). All models in this series were made of alternating

layers of DC and PL above a basal detachment.

Fi folds are typically doubly-plunging (Fig. 2.6a). With progressive D\

shortening, these periclines linked to form folds with apparently curved hingelines

and axial surfaces, a process also observed in other buckle fold models (Ghosh &

Ramberg 1968, Dubey & Cobbold 1977, Blay et al. 1977, Guterman 1980). Folds

inmodels with high competence-contrast have shorter F\ wavelengths for the same

amount of shortening than Fi wavelengths in low competence-contrast models

(Table 4). In profile, the F] fold styles are predominantly lobate-cuspate, but also

include box style, and chevron (Fig. 2.6a). PL layers tend to maintain their

thickness and commonly are fractured and rarely faulted in the inner-arc of

anticlines. DC layers are thickened in the hinges.

During D2, Fi axes and axial surfaces folded to produce both dome-and-

basin (Type 1) and crescent-style (Type 2) interference. Because of steeply

plunging F 2 hingelines, vertical sections normal to the D 2 shortening direction

show fold styles ranging from angular, open folds to circular interference shapes

(Fig. 2.6b). Accordingly, plan views are better indicators of fold interference style

and F 2 fold style.

Structures most closely resembling domes and basins characterize the model

with relatively small shortening strains in both directions (c222, Fig. 2.7). F 2 folds
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Figure 2.6. Models with high competence contrast. Laminates in all

models are alternating layers of DC (lightest colored layers) and PL (dark
layers), (a) Oblique view of periclinal Fj folds (model c217, Dj=44%,
D2=33%). (b) Typical F 2 profiles (model c2lB, Di=s4%, D2=20%).
Because F 2 plunge varies with depth, the vertical section lacks a

characteristic fold style.
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Figure 2.7 Model c222, Dj=l7%, D2=18%. (a) Top surface.

(b) Horizontal section 10 mm deep, (c) Axial traces from horizontal

section 10 mm deep.
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Figure 2.8. Models with high competence contrast layering, (a) Model
c2lB, upper surface, (b) Model c2lB, Di=s4%, D2=20%, horizontal

section at 10 mm depth, (c) Model c217, D\=44%, D2=33%, upper
surface. Hinge migration is evident in the difference between inked pre-D2
Fi crests and the present Fi crests, (d) Model c217, horizontal section at

14 mm depth.
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with straight hinges and planar, upright axial surfaces occur in domains lacking Fi

folds (central region of Fig. 2.7). "L"-shaped and "T"-shaped folds occur where

F] and F 2 folds abut one another, but show no overprinting relationship (Fig.

2.7b)(cf. Skjemaa 1975). Fi and F 2 fold intersections locally form the corners of

square domes or basins. Where F\ folds are well developed, their axes and axial

surfaces are refolded about steeply dipping F 2 axes as open, lobate-cuspate style F 2

folds (Figs. 2.7b, c). Because of the spatial variation in interference style, it is

locally difficult to determine the sequence of fold superposition.

Fold interference is characteristically Type 2 for models with Di shortening

>20%, regardless of the amount of D 2 shortening (models c213, c217, c2lB, c220,

c221). In plan view, Fi hingelines and axial surfaces are refolded as broad box,

chevron, or lobate-cuspate style F 2 folds (Figs. 2.8a, c). F 2 hinges curve gently

and change plunge along their length. Minor domes and basins are locally parasitic

upon larger crescent-shaped structures. The hinges ofminor domes and basins and

the grid lines commonly fan around the F 2 axial trace (Fig. 2.8c). Narrow zones of

tightly refoldedFi folds occur inconjugate sets that are oblique to either shortening

direction and parallel to the axial traces of the box folds (Fig 2.8a, c). The

conjugate sets are distributed throughout the model, and thus are not comer 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

conjugate strain zones and change in F 2 hinge orientation coincide with Fi periclinal

depressions. Fi hinges that were marked prior to D 2 do not coincide with the

deformedFi crest, evidence that theF] hingelines migrated laterally across material

points during D 2 deformation (i.e. hinge migration) (Fig. 2.8c).
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Horizontal sections of models with >20% Di shortening show a

combination of complex elliptical and crescent map patterns and a change of

structural style with depth (Figs. 2.8b, d). Shallow depths show simple crescents

at F 2 crests and ellipses elongate parallel to the axial traces of box-folds and minor

domes. Deeper horizontal sections show Fi axial traces refolded into chevron,

cuspate-lobate and box-style folds. PL layers tend to be faulted, fractured, and

boudinaged in the conjugate zone traces. The conjugate zone intersections are loci

of the most complex interference shapes. The progression from inner to outer-arc

of a F 2 fold is typically expressed as a change in interference style from ellipses

elongate normal to the D 2 shortening direction, to tight crescents, to broad crescents

elongate normal to the Di shortening direction. Axial traces at different depths

show a change in folded Fi axial traces from cuspate to lobate, or from single- to

double-hinged (c217, Figs. 2.9 & 2.10). Note that the fold style ofFj axial traces

is similar to the style of Fi folds in profile (compare Figs. 2.9 and Fig. 2.6a).

Additionally, F 2 axial traces branch or bifurcate at different depths. Axial traces

from different depths projected onto the same plane demonstrate that both Fi and F2

axial surfaces dip steeply (Fig. 2.10).

Differences between the interference styles in models with >20% Di

shortening are related to the amount of shortening in each direction. Increased

degree of D\ shortening relative to D 2 shortening generally correlates with the

development of the conjugate strain zones. For a high ratio of Dj to D 2 shortening,

F 2 folds have a pronounced box-style in plan view (c2lB, D\: D2=2.7, Figs. 2.8a,

b). An approximately equal ratio of Di and D 2 shortening favors the development

of rounded, lobate-cuspate style F 2 folds (c221, D\ : D2=l ; c220, Di: D2=l; c217
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Figure 2.9. Axial traces of model c217 (compare with Fig. 2.8c). Fi axial

traces are refolded into lobate-cuspate and box-style folds. F 2 axial traces

are defined by the maximum curvature ofFi axial traces, small domes and

basins superimposed upon the broader refolded Fi folds, and the conjugate
traces of box-style Fi folds, (a) 10 mm deep, (b) 14 mm deep, (c) 18

mm deep.
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Figure 2.10. Axial traces of model c 217. (a) Traces of Fi anticlines,
projected onto a single plane to illustrate change in fold style with depth,
(b) F 2 axial traces projected onto a single plane.
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Di: D2=1.33; Figs. 2.8c, d). The lateral movement of aFi Crestline through

different material points during D 2 shortening, i.e. hinge migration, is most

pronounced in models with approximately equal degrees of Dj and D2, suggesting

that a minimum amount ofDj shortening is necessary to develop the Fi hinge, yet a

high degree of Di shortening results in a sharp Fi hinge zone where fold axis

migration is inhibited (cf. Ghosh et al. 1993). For a low ratio of Dj to D2

shortening, open Fj folds are refolded as open F2's (c213, Dj: D 2 = 0.73). The

conjugate zones are weakly defined by broad, crescent-shaped map patterns or

folds in the Fi axial traces.

Structure contours of the uppermost Plasticine surface illustrate the highly

noncylindrical fold style (c217, Di = 44%
, D 2 = 33%) (Fig. 2.11). Because the

structural style of refolded high competence-contrast layering is more complex, this

reconstruction is probably less accurate than the reconstruction for the models with

low competence-contrast layering. No structural trend is evident from the

projection of 2400 equally distributed poles to this surface (Fig. 2.12a, compare

with Fig. 2.5a). The lack of vertical dips on the stereogram may be an artifact of

smoothing done by the contouring software. Structural trends are more apparent if

some of the data are separated into domains defined by major Fi and F 2 axial traces

(Fig. 2.12b).

Fj hinges measured from the structure contours vary in both trend and

plunge, but are predominantly horizontal (Fig. 2.12c). Thus the primary effect of

D 2 shortening is the refolding of originally subhorizontal Fi hinges within the

horizontal plane, about steeply plunging F 2 axes. A secondary population of Fj

hinges varies in plunge along a north-south trending girdle, indicative of a Type 1
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Figure 2.11. (a) Structure contours of the upper PL surface of c217.

(b) Enlargement of boxed area in (a). Fi and F 2 axial traces bound the
structural domains in Fig. 2.12.
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Figure 2.12. Orientations of bedding and fold axes for the surface

contoured in Fig. 2.11. Fold hingelines 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) Bedding poles over entire surface, (b)
Bedding poles subdivided by domains, (c) F] hinge lines of the entire

surface, (d) Fi hinge lines subdivided by domain, (e) F 2 hinge lines

measured from entire surface, (f) F 2 hinge lines subdivided by domain.
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style of refolding. Fi hinges generally change trend as they cross aF2 axial trace

(Fig. 2.12d). Within a limb of a major F 2, the plunging Fi hinges roughly define

great circles that represent the local Fj axial surfaces. The poor definition of the

great circles suggests that even within a limb, the axial surfaces are non-planar and

the fold style is noncylindrical.

F 2 hinges measured from the structure contours trend east or west, with

variable plunge (Fig. 2.l2e)(cf. Ramsay 1967 p.545 Fig. 10-28). One might

erroneously interpret the spread of F 2 hinge orientations as evidence of a third

folding event, with a shallow, north-trending axis. Data separated into domains,

however, show that F 2 hinges change orientation on opposite limbs of major Fi's

(Fig. 2.12f). The spread in F 2 orientation results from the folding of Fi limbs with

different orientations and curvatures, refolding of initially periclinal F\ axes,

fanning of minor F 2 axes around major F 2 folds, and the concentration of

deformation along the conjugate traces of box-folds.

DISCUSSION

Comparison with Previous Work

The models of this series include many features present 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 1981, Odonne & Vialon 1987,

Ghosh et al. 1992, 1993, Grujic 1993). Heterogeneities formed during Fi cause a



47

heterogeneous interference style (Ghosh & Ramberg 1968, Skjernaa 1975). Both

Type 1 and Type 2 interference patterns are found in the same model (Watkinson

1981, Ghosh et al. 1992, 1993, Grujic 1993). Fi hingelines migrate across

different material points during D 2 (Ghosh 1974, Ghosh et al. 1992, 1993, 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.

Models in this study have no evidence of Mode 4, where Fj folds are isoclinal and

there is no hinge migration.

The results that are common to models with either insignificant (previous

work) or significant (this study) body forces, therefore, should be qualitatively

analogous to both outcrop- and regional-scale fold interference.

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 Di, centrifugal acceleration (analogous to gravitational acceleration

in nature) opposes Fi amplification (Fig. 2.1a). Gravity effectively damps the Fi

shapes. Fi folds have more pronounced box-style outer-arcs than the first-

generation folds of previous buckle-fold interference models, so gravity contributes

to the change with depth of the fold interference style. Gravity opposes F 2

amplification parallel to upright Fi axial surfaces, so it aids F 2 amplification normal
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to Fi axial surfaces, enhancing Type 2 interference. 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.

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. 2.4 & 2.11). Fi fold hingelines developed parallel to the moving

rams; however, initially straight F] axial traces show no evidence of differential

displacement due to adherence to the sidewalls. During D 2 the models extruded

slightly into the strip of undeformed laminate (curved right-hand boundary ofFigs

2.3 - 2.8). The upper, free surface provided a rheologic interface that affected the

deformation, especially of the low competence-contrast models.

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 or preexisting

basement faults (e.g. Braun 1993; natural examples which were influenced by

natural boundaries are described in Ch. 4). In this study, the boundary conditions

are not systematically varied, so their influence is difficult to quantify.

Nonetheless, 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.
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Strain Accommodation

Unlike previous work where Fi fold style was the primary determinant of

interference style (Ghosh & Ramberg 1968, Watkinson 1981, Odonne & Vialon

1987, Ghosh et al. 1992, 1993, Grujic 1993), in this study competence-contrast

was the important variable. Low competence-contrast stratigraphy accommodates

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 Di to D 2 shortening or the amplitude of Fi folds (compare Figs. 2.3 e and 2.7b).

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

hinge zones. The interference patterns are complex hybrids between Type 1 and

Type 2 interference, with Type 2 interference dominant. Both Fi folds in profile

and F 2 folds in plan view include 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. F 2 fold wavelength is generally greater

than Fj wavelength, regardless of percent shortening in either direction, suggesting

that the corrugation of the model during Di establishes a structural anisotropy

(Watkinson & Cobbold 1981), which strengthens the model (Ramsay 1967 p.

548).

The presence of a basal detachment controls the shortening of both high and

low competence-contrast laminates. The rheologic contrast between the detachment
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and the laminate provides a localized, planar anisotropy, 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 interlaminar flow of the less competent DC layers. This

leads to different orders of folding and of fold interference (cf. Ramberg 1964,

Ghosh et al. 1993).

The development of a structural anisotropy subparallel to Fi axial surfaces

facilitates the development of Type 2 fold interference. High competence-contrast

laminates that were shortened by more than 20% deformed in a lobate-cuspate Fj

fold style, so that the DC basal detachment flowed into the cusps of the Fj

anticlines. The resultant alternation of steeply dipping laminate with the less

competent detachment defined a steep, planar 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

Schwerdtner and van Berkel (1991) and Schwerdtner et al. (1989). In models with

low competence-contrast, and in models with high competence-contrast but low D\

shortening, Type 2 interference is rare because the Di anisotropy is weakly

developed.

The Di structural anisotropy also facilitates the development of box-style F2

folds and the partitioning of the D 2 shortening strain into the conjugate high-strain

zones. The pronounced box-style F 2 folds in map view that characterize models
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with a high degree of D] shortening (Fig. 2.8a) are thus broadly analogous to kink

folds that develop in profile in highly anisotropic rocks (e.g. Dewey 1965, Cobbold

etal. 1971).

Although for similar folds the bulk shortening and elongation directions

control the style of fold interference (Ramsay 1962, 1967 p. 521), in this study the

bulk strain axes were not the chief control. Indeed, Grujic (1993) demonstrated

experimentally that D 2 extension direction is a minor influence on interference type

of superposed buckle folds. In this study, the bulk strain axes were not

systematically varied. The D 2 direction of maximum shortening was fixed, but the

D 2 extension direction may not have been. During D2, rigid walls parallel to the Fi

axial surfaces impeded significant horizontal extension, normal to the Fi axial

surfaces. Slight extrusion into the strip of undeformed laminate inserted prior to D2

(Figs. 2.3 & 2.8), however, is evidence of a component of D 2 extension normal to

the Fi axial surfaces. Accordingly, the Fi axial surfaces did fold, with an

amplification direction normal to the rigid sidewall. Thus the models' boundary

conditions did not impose bulk plane strain for D2, allowing the simultaneous

development 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 (c224, Fig. 2.3d), further evidence that rheology rather

than boundary conditions controlled the interference style.

Implications for Field Analysis of Regional Fold Superposition

Low competence-contrast

The models predict that in rocks with low competence-contrast, folds
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recognized as simple map patterns without curvature-accommodation folds, with

planar foliation, and with a variety of plunges, but consistent trends for both Fi and

F 2 axes. The sequence of folding is 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

directions (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 ofType 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 p. 520-553,

Williams 1985). Because the models represent regional-scale fold superposition,

the lateral and depth variation of Fi and F 2 trends and interference style are

analogous to map-scale heterogeneity. Recognition of the factors that affect the

local style and orientation of structures formed by superposed buckling may help

regional correlation of fold generations in rocks.

In the models where Dj shortening is less than 20%, the initial Fi fold

distribution affects the interference style (Fig 2.7)(cf. Ghosh & Ramberg 1968,
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Skjernaa 1975). If domains of different initial Fj style and distribution were

mapped independently, the regional fold sequence might be misinterpreted and only

one fold generation identified. Where the Fi and F 2 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 F 2 fold style. In the models, Fi

periclinal depressions coincide with complex F 2 fold style (cf. Ghosh & Ramberg

1968 Fig. 8 p.98, Skjernaa 1975). In the field, discontinuous Fi or F 2 axial traces,

intersection of box-fold axial traces, irregular interference patterns with multiple

inflections of curvature, or a distinct, localized change in fold style of deformedFi

axial traces could be evidence of variation in the initial plunge of Fi axes.

Additionally, in some of the models adjacent or bifurcating Fi periclines have axial

traces that appear to be coaxially refolded (e.g. left, central portion of Fig. 2.8b).

Buckling of these axial traces could be misinterpreted as a third phase of folding in

the absence of crosscutting cleavages or refolded lineations (Fig. 2.13).

Refolded Fi hinges show a spread in orientation that is difficult to interpret

from the stereograms alone. The equal-area projections of folded Fi hinges form

neither a great-circle distribution expected for shear folding nor a small-circle

distribution expected for flexural slip folding (Fig. 2.12c) (Weiss 1959, Ramsay

1967 p. 550). Perhaps 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 respect to grid markers is further evidence of non-passive behavior

of early fold hinges (Ghosh 1974, Ghosh et al. 1993, Grujic 1993). Hinge
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Figure 2.13. An interferencemap pattern (part ofFig. 2.8b) with two

interpretations that could be differentiatedby cleavage traces (Si, S2, S3)
axial planar to each fold generation, (a) Trace of layering (S 0). (b)
Interpretation from known surface structure (Fig. 4a). Two phases of

folding produce two distinct, nearly orthogonal, axial-planar foliation traces

(Si and S2). (c) Cleavage traces if three fold generations formed the same

map pattern.
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migration could be recognized in the field as lineations, such as veins or the axes of

minor crenulations, that are not coincident with the present fold hinge, or by axial

planar cleavage that transects refolded Fi axes (Odonne & Vialon 1987).

Steeply plunging F 2 hingelines are associated with box-style interference

patterns in the models. Analogous map patterns in nature would be expressed as

broad, straight-limbed regions offset by conjugate zones of high strain, or as kinks

of Fi 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 superposition. The conjugate zones could be erroneously

mapped as shear zones or as axial traces of folds that are independent in orientation

and origin of both fold generations, especially if only one of the zones were

exposed. The presence of box-style F 2 folds in plan view could be used to infer a

strong anisotropy developed during Di.

Cuspate-lobate style F 2 folds in plan view show a progressive change in

interference style from inner to outer-arc (e.g. model c217, Fig. 2.8c). Grid

markers and axes of minor folds fan around the major F 2 axis. In the field, these

features correspond to fanning cleavage and radiating minor hinges (cf. variation in

"radial" fold orientation, Fig. 1 Julivert & Marcos 1973). The dispersion of D2

structural elements could be misinterpreted as evidence for additional phases of

shortening. This style differs markedly from interferenceof similar folds where the

F 2 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 D 2 shortening direction, are
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superimposed on the crests of larger-wavelength Type 2 patterns (Figs. 2.8b, d).

Sections at different depths show that Fi axial traces change fold style from

cuspate to lobate or from single-to-double hinged (Figs. 2.9 & 2.10). 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 represent 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 techniques for the analysis of polydeformed regions (e.g. 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 superposed

passive folds because buckle-fold interference produces more local variation in

structural style and orientation (compare domains used to construct stereograms,

Figs. 2.4 & 2.11).

Conclusions

Physical models deformed under conditions of significant gravitational body

forces show many of the same features as previous physical models of fold

superposition, deformed under conditions of insignificant gravitational body forces.

Thus the results are qualitatively comparable to both outcrop and regional-scale
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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.

Physical models demonstrate that rheology is an important control of fold

interference style. For low competence-contrast layering, fold interference is

characterized by simple, homogeneous domes and basins. For high competence-

contrast layering, dominantly Type 2 fold interference is heterogeneous laterally and

with depth. The presence of initially periclinal Fi folds, box-style F 2 folds with

conjugate zones of high strain, minor F 2 folds that fan around major F 2 traces,

change in F 2 style from the inner- to outer-arc, and change in F 2 style with depth

produce a wide variety of style and orientations of fold interference, which could be

mistaken for evidence of more than two fold generations.
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Chapter 3. Comparison of Physical Models of Coeval and

Superposed Shortening

Introduction

Folds are commonly assumed to be cylindrical or easily decomposed into

cylindrical domains. The geometry of cylindrical folds is described by the

orientation of the fold axis and the axial plane and by the profile shape (e.g.

interlimb angle, curvature, wavelength, amplitude). For cylindrical folds, the

significance of fold style has been well-studied analytically, numerically, and

experimentally (e.g. Hudleston 1973, Cobbold 1976, Honea & Johnson 1976,

Parrish et al. 1976, Smith 1979, Lan & Hudleston 1991). Highly noncylindrical

folds are more enigmatic, however, in both their description and interpretation

(Williams & Chapman 1980). Noncylindrical folds may form due to a variety of

mechanisms: (1) shortening in more than one direction during a single event (e.g.

Treagus & Treagus 1981); (2) shearing (Campbell 1958, Wilcox et al. 1973,

Ghosh & Sengupta 1984); (3) heterogeneous shortening across noncylindrical

obstacles or natural boundaries oblique to the shortening direction (e.g. Dubey &

Cobbold 1977, Marshak et al. 1992, Braun 1993, Marques & Cobbold 1995); (4)

gravitational inversion in the case of salt domes and some gneiss domes (Ramberg

1967 p. 87-105); or (5) polydeformation (Ramsay 1962). Previous theoretical,

experimental, and field studies of noncylindrical folds have yielded an incomplete

set of criteria that would allow their genesis to be inferred from their geometry.
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In particular, the dome-and-basin style of fold interference could form in

either a single, constrictive event or from the superposition of two non-coaxial

phases of shortening (Ramsay 1967 p. 520-521). Such a duality of structural

genesis has been demonstrated for domes and basins produced by heterogeneous

shear in card deck models (O’Driscoll 1962). For a competent layer buckled in the

field of constriction, Ramsay (1967 p. 113) predicted a complex, irregular

"crumpling". It is unclear how this structural style would differ from that caused

by superposed shortening. If present, foliations could be used to diagnose

deformation history: a single foliation would indicate folds produced in a single

shortening event, and two foliations would indicate two shortening events (Ramsay

1962). In rocks lacking foliation, however, the relationship between structural

style and sequence of shortening remains ambiguous.

In this study, physical models were shortened simultaneously in two

orthogonal directions under the same boundary and deformation conditions to

determine the differences between coeval and sequential buckle-fold interference.

Previous Analytical Studies of Noncylindrical Folds

Numerical analyses predict different geometries of noncylindrically folded

layers with different rheological properties. For an elastic plate in an elastic matrix,

simultaneous buckling in two orthogonal directions produces folds with equal arc-

lengths in both directions only if the applied stresses are equal in both directions. If

the stresses are unequal, cylindrical folds develop with their axial surfaces normal

to the direction of greater stress (Ghosh 1970). For the simultaneous buckling of a

thin viscous layer in a viscous matrix, the arc-lengths are proportional to the
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shortening rates in different orientations (Ghosh 1970). Simultaneous shortening

with unequal shortening rates thus forms domes and basins elongate in the direction

of the slower shortening rate. Conversely, simultaneous shortening with equal

shortening rates in two orthogonal directions yields domes and basins with equal

arc-lengths in orthogonal directions. Further, the arc-length produced by coeval,

orthogonal shortening is greater by a factor of V 2 than the arc-length of a fold

produced from a single direction of shortening (Ghosh 1970). Fletcher (1991)

analyzed the coeval shortening in two orthogonal directions of a thick viscous plate.

For unequal shortening rates in different directions, the cylindrical perturbation with

its axis normal to the direction with the highest shortening rate is preferentially

amplified. For equal shortening rates, cylindrical perturbations in different

orientations grow at the same rate. Significantly, the noncylindrical, symmetrical

"egg-carton" fold form (Ramsay 1967 p. 521) is not preferentially amplified.

Neither Ghosh’s nor Fletcher’s analysis includes significant gravitational body

forces, so their predictions are valid for folds of wavelengths less than about 100 m

(Ramberg 1967 p. 75).

Previous Physical Models of Coeval Fold Interference

Results from previous physical models illustrate some differences between

the style of buckle-fold interference of sequentially and coevally shortened

materials. Sequential shortening of competent layers resulted in refolded early

hingelines and axial surfaces (Ch. 2; Skjemaa 1975, Watkinson 1981, Ghosh etal.

1992, 1993, Grujic 1993). Constrictive buckling of a single competent layer

resulted in variably trending, shallowly plunging, upright folds with locally curved
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hingelines and axial surfaces (Ramberg 1959, Ghosh & Ramberg 1968).

Hingelines from adjacent folds locally radiate from a central point (Ghosh &

Ramberg 1968). Two-dimensional interference patterns normal to the axis of

constriction show closed map patterns with curvature-accommodation folds

(Ramberg 1959).

The apparent differences between sequential and coeval buckle fold

interference may be the result of the boundary conditions rather than the shortening

history. In plan view, previous sequentially shortened models had rectangular

boundaries parallel to the shortening directions (Ch. 2; Skjemaa 1975, Watkinson

1981, Ghosh et al. 1992, 1993, Grujic 1993), whereas the constrictional models

had circular boundaries (Ramberg 1959, Ghosh & Ramberg 1968). Because

structural orientation is commonly controlled by the orientation of rigid boundaries,

it is not surprising that irregular curvature and radial fold orientation are associated

with curved boundaries.

In this study, multilayered models were shortened simultaneously in two

orthogonal directions. The models were designed with the same materials,

deformation conditions, and rectangular boundary conditions used for the

sequentially shortened models described in Chapter 2. Unlike previous analytical

and experimental work (Ramberg 1959, Ghosh & Ramberg 1968, Ghosh 1970,

Fletcher 1991), these models were deformed with significant gravitational body

forces and are thus analogous to km-wavelength folds (Ch. 2).
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Methods

Seven models were shortened coevally in two orthogonal directions. Model

materials, number of layers and thickness of the laminate, experimental duration,

centrifugal acceleration (in rotation per minute and multiples normal gravitational

acceleration), and amounts of shortening parallel to the ram (Dx) and the sidewalls

(Dy) are listed in Table 3.1.

Stratigraphy

In a single experiment (c225), stratigraphy with negligible competence

contrast was deformed. Stratigraphy consisted of different colored layers of a

homogeneous mixture of equal parts DC and PL (Ch. 2). High competence-

contrast stratigraphy, represented by alternating layers of the DC and PL, was

deformed in the remaining experiments. For all models, a 1 mm layer of DC acted

as a weak detachment at the base of each laminate.

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. The base and

vertical faces of all models were lubricated (National Wax Co., Paxwax 6364-1 A)

before deformation.

Deformation

Deformation was driven by centrifugal acceleration (Ch. 2). Coeval

shortening was achieved by simultaneous movement of three hydraulic rams (Fig.

3.1b). As the dense putty in the reservoir spread, a plastic ram both shortened the

model in one direction and displacedfaulted Plasticine sidewalls. Shortening of the
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EXP

Coevallv shortened models

Stratiaraphv* Time

materials layers h (mm) (min)

rpm amax %

Dx

Strain

Dy Dy/Dx
C225 DC-PL mix 12 3 25.1 2000 940 17 27 1.6

c21 4 DC & PL 16 3 2.5 2000 940 19 29 1.5

C227 DC & PL 12 3 12.2 2000 940 17 26 1.5

c211 DC & PL 16 5 4.2 2000 940 25 29 1.1

c 2 2 8 DC & PL 12 3 18.0 2000 940 23 23 1.0

c2 1 2 DC & PL 11 5 4.0 2000 940 29 29 1.0

c23 7# DC & PL 6 4 30.1 2000 940 26 27 1.0

Seauentiallv shortened models

EXP StratiaraDhv* Time rpm amax % Strain

materials layers*a (mm) (min) D1 D2 D1/D2

c21 6 DC-PL mix 12 3 30.2 2000 940 36 31 1.2

c21 7 DC & PL 12 3 94.3 2000 940 44 33 1.3

c23 5# DC&PL 6 5 37.5 2000 940 33 24 1.4

h=thickness

‘excluding the detachment layer
#models that were CT scanned
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Figure 3.1 Schematic setup of deformation apparatus used in the

centrifuge. For all models, layering is parallel to the centrifuge's
equipotential surface, (a) The centrifuge's rotation axis is normal to the

page. The centrifugal acceleration (g) causes dense putty to spread and

displace a plastic ram. (b) The centrifuge's rotation axis is parallel to the

page. As the plastic ram is displaced, faultedPlasticine sidewalls are

extruded in an orthogonal direction. Dy and Dx are reference directions
used in subsequent figures.
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sidewalls caused triangular fault blocks to extrude in a direction perpendicular to the

displacement of the plastic ram. In this manner, the model maintained straight,

orthogonal boundaries while it was shortened in two directions. The shortening

was coeval, though not necessarily at identical strain rates.

Analysis

Models were qualitatively analyzed from photographs (see methodology,

Chapter 2). To reconstruct the fold geometry more quantitatively, layer contacts of

a representative model (c214) were digitized from photographs taken at successive

depths. This model was chosen because a complete set of horizontal slices at 2 mm

intervals allowed a more thorough three-dimensional reconstruction of structure

contours and structural orientations.

To further compare the final, internal geometry of structures produced

during sequential and coeval shortening, two models were scanned in a GE 9800

Computed Tomographic (CT) medical X-ray scanner. A CT scan differs from a

traditional X-ray in that the X-ray beam rotates around the subject. Because of

different X-ray attenuation by materials of different densities, an axial image can be

reconstructed from the cumulative attenuation of each ray-path (Wellington &

Vinegar 1987). For this study, a 1.5 mm wide X-ray beam rotated around the

model in a vertical plane, perpendicular to the initial model layering. A series of

adjacent scans at 1.5 mm intervals was taken for each model. In the resultant

images, the Plasticine layers (p=l.B g/cm
3

) appear white and silicone putty layers

(p=l.l g/cm3) appear black. The ISG Camra Allegro software package was used

to convert the volume of data to planar images in different orientations and to
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graphically reconstruct the deformed surfaces. Because the axial scans were

adjacent to one another, the software automatically reconstructed planar images with

minimal interpolation. Reconstruction of three-dimensional surfaces, however,

required manually digitizing the layer contacts in each serial image, and thus

required a degree of interpretation. After X-ray imaging was complete, the models

were also cut horizontally at 2 mm intervals and photographed.

There are several differences between CT imagery and photography of

model sections. The primary advantage of CT image analysis is that it is a non-

destructive technique (cf. Coletta et al 1991, Wilkerson et al 1992). Whereas a

model is difficult to physically section in more than one orientation, serial X-ray

data allow cross sections, map views, and deformed surfaces to be graphically

reconstructed and viewed simultaneously. The primary disadvantage of the CT

scanning technique is its resolution, approximately 1 mm. The models that were

CT scanned were constructed with thicker layers than is ideal, considering the

scaling relationships discussed in Chapter 2. Additionally, because the CT value

primarily records density contrast, different layers of the same material are locally

difficult to correlate, especially in map view. Finally, because the X-ray beam is

1.5 mm in width, the image represents an average CT signal for each x-y

coordinate. Consequently, where the layering changes orientation within the 1.5

mm sampled, the image is poorly resolved. The best-resolved images are profiles

of locally cylindrical structures.



69

Results

Experimental Results

Seven models were shortened coevally in orthogonal directions (Table 3.1).

Although the models vary in stratigraphy and amount of deformation, all the models

formed noncylindrical folds in varying orientations. None of the models formed

simple, symmetrical dome-and-basin folds.

Layering with negligible competence contrast (c225, Dx=l7%, Dy=27%,

Fig 3.2), deformed predominantly by thickening, without the development of

surface topography (Fig 3.2a). In the central region of the model, the grid is nearly

homogeneously deformed, without a periodic pattern of domes and basins on the

surface, or periodic circular interferencemap-patterns (Fig. 3.2b). Near the comers

of the Plasticine sidewalls, surface grid strain is most heterogeneous. Straight-

hinged folds that are parallel to the rectangular boundaries formed near the edges.

In horizontal section, they are expressed as narrow, elliptical interference patterns.

More circular interference shapes superposed on the elliptical shapes indicate that

the folds have local culminations and depressions. For all other coeval shortening

models, significant competence-contrast layering was deformed.

High competence-contrast layering deformedby buckling in noncylindrical

folds (Figs. 3.3 -3.6). Straight-hinged folds initiated near the boundaries. During

subsequent shortening, the folds propagated toward the center of the model. Folds

with orthogonal trends intersected to form a "log-cabin" pattern, without a

consistent orientation of the apparently younger fold set (e.g. Fig. 3.4a). The

length of the hingelines tends to decreasefrom the outer edge to the center of the
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Figure 3.2 Coevally shortened, low competence-contrast (c225, Dx=16.7%,
Dy=26.5%). An initially square grid with 5 mm spacing was printed on the model
Scale in millimeters, (a) Top surface. No surface topography developed during
shortening, (b) Horizontal section, 2 mm depth. No interference patterns
developed in central region of the model.
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Figure 3.3 Coevally shortened, high competence-contrast (c228, Dx=Dy=23%).
An initially square grid with 5 mm spacing was printed on the model. Scale in

millimeters. Top surface. Two sets of folds developed parallel to the two

shortening directions. Note that some regions of the model are dominated by a

single fold set.



72

Fig. 3.4 Coevally shortened, high competence-contrast (c212, Dx=Dy=29%). An

initially square grid with 5 mm spacing was printed on the model. Scale in

millimeters, (a) Top surface. Note that on the left-hand boundary, the laminate
deformed by vertical slip along the face of the ram. This anomalous deformation

style did not propagate throughout the model, (b) Horizontal section, 10 mm

depth.
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Figure 3.5 Coevally shortened, high competence-contrast (c227, Dx=l7,
Dy=26%). An initially square grid with 5 mm spacing was printed on the model.

Scale in millimeters, (a) Top surface. The folds preferentially trend parallel to Dx

These folds resemble periclines produced by shortening in a single direction

(compare with Fig. 2.3a). (b) Horizontal section, 8 mm depth.
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Figure 3.6 Coevally shortened, high competence-contrast (c214, Dx=l9,
Dy=29%). An initially square grid with 5 mm spacing was printed on the model.

Scale in millimeters, (a) Top surface, (b) Horizontal section, 10 mm depth.
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model, so that folds in the center of the model more closely approximate equant

domes (Fig. 3.4 & 3.6). There is no systematic difference between the style of

folds formed parallel to the solid ram and the faulted sidewalls. Folds with

hingelines oblique to the shortening directions occur near the comers of the models

(Figs. 3.4a, 3.5a, 3.6a), and their orientation may be governed by their proximity

to the boundary. Models with differential shortening generally developed a

preferred orientation of hingelines trending normal to the direction of greater

shortening (Figs. 3.5, 3.6), similar to the expected behavior of an elastic plate

(Ghosh 1970). Apart from the rare folds trending normal to the direction of lesser

shortening, the structures in the differential-shortening, coeval models resemble

periclinal folds associated with buckling in one direction (Fig. 2.6a).

The two-dimensional interference patterns of horizontal sections include

irregular, elliptical, crescent-, and diamond-shaped forms (Figs. 3.4 b -3.6b).

Near the center of the model, the interference shapes have a low aspect ratio (<2:1).

Elliptical forms with high aspect ratios (>4:1) and with long axes parallel to the

boundaries occur near the boundaries. Crescent or triangular patterns characterize

the intersection of two different trends. Unlike Type 2 interference associated with

refolding, such crescent patterns lack a consistent orientation of apparent refolding

in different regions of a single model. Nearly circular interference patterns also

occur where two fold trends intersect (Fig. 3.4 b & 3.6b), indicating that these

regions are structural culminations or depressions. In some of the models, closed

interference patterns have multiple inflections of curvature (Figs. 3.4 b & 3.6b),

indicative of curvature-accommodation folding (Lisle et al. 1990). Axial traces are

gently curved, without a consistent sense of concavity (Fig. 3.7). Hingelines of
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Figure 3.7 Axial traces mapped from the surface contoured in Fig. 3.8a.(c214
Dx=l9% Dy=29%).
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different orientations intersect at a high angle, in "T" or "Y" shaped patterns.

Hingelines do not radiate about a central point.

Structure contours of the uppermost PL surface of a representative model

(c214, Dx=l9%, Dy=29%) delineate folds oblique to the boundaries, near the

center of the model (lower right-hand comer of boxed area, Fig. 3.8). Near the

model boundaries, contours define more cylindrical structures, with hingelines

parallel to the walls.

The poles to the surface contoured suggest that the model comprises

variably oriented, nearly cylindrical folds (Figs. 3.9 & 3.10). The equal-area

projection for the coeval fold model includes two girdle patterns that are parallel to

the two shortening directions (Fig. 3.9). Data from the interior of the model also

show well-developed girdles, particularly if the data are separated into domains

(Fig. 3.10). The girdles define horizontal fold axes that trend parallel to the Dy

direction (domains 2 and 3) or parallel to the Dx direction (domain 1). The most

interior domain (domain 4) trends obliquely to both shortening directions.

Hingelines measured from the structure contours are generally horizontal

(Fig. 3.11a, b). On the contoured projection, the hingelines are preferentially

oriented parallel to the Dx and Dy shortening directions (Fig. 3.11b). The data

maximum is parallel to the Dx direction, normal to the direction of maximum

shortening. Unlike the Fi hingelines of the sequentially folded models (Figs. 2.5c

& 2.12c), hingelines of the coevally folded model lack a girdle distribution defined

by a spread in hingeline plunge.
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Figure 3.8. (a) Structure contours for the uppermost Plasticine layer of
model c214. (b) Detail of boxed area in (a). Structural lows (dashed lines)
delineate domains plotted in Fig. 3.10
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Figure 3.9 Lower-hemisphere, equal-area projections of orientations of the

uppermost Plasticine layer of model c214. (a) Poles to layering, (b) Data

contoured according to the method of Kamb (1959).
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Figure 3.10 Lower-hemisphere, equal-area projections of poles to the

uppermost Plasticine layer of model c214. Domains, shown in Fig 3.8b,
are separated by major structural lows (dashed lines). Best-fit fold axis to

each domain is shown as a box.
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Figure 3.11 Lower-hemisphere, equal-area projections of orientations of

anticlinal hingelines, measured from the structure contour map of the

uppermost Plasticine layer of model c214 (Fig. 3.8). (a) Hingeline
orientations, (b) Data contoured according to the method of Kamb (1959).
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Orientation Ellipsoids

The orientation tensor was calculated for the poles to layering for three

models: coeval shortening of high competence-contrast layering (c214, Dx=l9%,

Dy=29%), superposed shortening of high competence-contrast layering (c217,

Di=44%, D2=33%), and superposed shortening of low competence-contrast

layering (c216, Di=36%, D2=31%). The orientation tensor is a second rank tensor

whose principal axes describe an oriented ellipsoid (Scheidegger 1965). The tensor

is calculated from the direction cosines (lj, mi, nj) of each vector (i) of a population:

The relative length of the normalized eigenvectors (Sj>S2>S3■ S]+S2+S3= 1) of the

orientation tensor depends on the distribution of bedding pole orientations

(Woodcock 1977, Woodcock & Naylor 1983, Fisher et al. 1987). The maximum

eigenvalue is the direction that minimizes the moment of inertia of a population of

orientation data, which is a measure of the mean orientation of the population.

Correspondingly, the minimum eigenvector is the direction which maximizes the

moment of inertia; for a great-circle distribution of data, this direction corresponds

to the fold axis (Watson 1966). The ratio of maximum to intermediate eigenvalues

(S l/S2) of each tensor was plotted against the ratio of intermediate to minimum

eigenvalues (S2/S3) (as summarized by Woodcock & Naylor 1983, Fisher et al.

1987, Woodcock 1987). The plot is analogous to the Flinn (1962) diagram for the

strain tensor. The statistic

£li 2 Eijmj H,n,

Zmili Zmi2 Zmini

Xnjli Znimi £nj2
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measures the shape of the orientation ellipsoid, and the line K= 1 separates the fields

representing prolate (K> 1) and oblate orientation ellipsoids (K< 1) (Woodcock

1987). Theratio of maximum to minimum eigenvalues

represents the strength, or degree of preferred orientation, of a population of

orientations (Woodcock 1977). Increased £ corresponds to a stronger orientation

fabric.

These statistics are used to measure fold style. For example, flat-lying

layers have a strong point-clustering of bedding-poles on a stereogram. The axial

ratios of their eigenvalues would plot in the prolate field (A>>l) on Figs. 3.12a-c.

Cylindrically folded layering, which has a girdle distribution on a stereogram,

would plot in the oblate field (#<<l). Randomly oriented layering with a nearly

uniform distribution on a stereogram would plot near the origin (low %). Conical

folds are expected to plot in the prolate field. I predict symmetrical, dome-and-

basin style folds to project on a stereogram as a diffuse, symmetrical cluster of

bedding poles, and their orientation tensors to plot as weakly developed (low g) ,

prolate orientation ellipsoids (AT>l). Multimodal data resulting from

polydeformation would have isotropic orientation ellipsoids, which plot near the

origin (Woodcock & Naylor 1983).

Using the software Stereonet, magnitudes of the eigenvectors (S],S2,S3),

trends and plunges of S 3 (the best-fit fold axis), the semi-axes (in degrees) of cones

of error for S] and S3, K, and t, were calculated for the entire gridded surface of

K = InOVS2)/ In (S2/S3) (3.1)

£= ln(S;/Sj) (3.2)



88

Figure 3.12 Eigenvalue ratios of orientation tensors for three models. Data

represent the surfaces contoured in Figs. 2.5, 2.9, 3.8, a region of the
surface comprising several domains, or the individual domains. Heavy
line, where K= 1, separates the fields of oblate and prolate orientation

ellipsoids, (a) Superposed shortening, low competence-contrast model

(c216, Dj=36%, E>2=3l %). All data fall in the prolate field, indicating
noncylindrical folds. Domains shown in Fig. 2.5. (b) Superposed
shortening, high competence-contrast model (c217, Di=44%, D2=33%).
Domains can be chosen which fall in the oblate field, indicating cylindrical
folds. Domains shown in Figs. 2.9 & 2.10. (c) Coeval shortening, high
competence-contrast model (c214 Dx=l9% Dy=29%). All data are prolate,
but the domains have lowerK, indicating a more cylindrical fold style.
Domains shown in Fig. 3.8.
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each model, a subregion of each model comprising several domains, and the

individual domains within the subregion (Table 3.2).

Tensors for the low competence-contrast, sequentially shortened model plot

in the prolate field (Fig. 3.12a). The data from domains represent transects along a

F 2 limb or crest (Figs. 2.4 & 2.5). Unexpectedly, the data from F 2 limbs are all

not systematically more oblate (lower K) than data from the combined domains

(open and filled squares).

Tensors for the high competence-contrast, sequentially shortened model

span the oblate and the prolate field (Fig. 3.12b). The tensor calculated for the

entire surface (open square) yields a weakly prolate ellipsoid. A subset of the data

(boxed area of Fig. 2.11) plots on the line £=l (filled square). If this subset is

further separated into domains bound by Fj and F 2 axial traces (Fig. 2.11 b &

2.12b), the data plot primarily in the prolate field (filled circles). Each domain

represents an approximately planar part of a fold limb, so the poles to layering

project on a stereogram as a cluster (Fig. 2.12b). The variation in the shape of

orientation ellipsoids from different domains is caused by minor folds within a

domain. Combined domains represent either a limb of a major Fi fold (filled

diamonds) or a limb of a major F 2 fold (filled triangles). In both cases, the

orientation tensors are more oblate than the tensors for the individual domains

(filled circles). The data combined across F 2 axial traces are more oblate than the

data combined across Fi axial traces, indicating that the later set of folds is more

cylindrical than the early set.

Orientation ellipsoids for the coeval shortening model plot within the prolate

field (Fig. 3.12c). The data for the entire surface (open square) yield a strongly
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Table 3.2 Eigenvalues of orientation tensors

Exp domain n S1 S 2 S3 In

(S1/S2)
In

(S2/S3)
K

Coevallv shortenend. hiqh comDetence contrast

c214 all 3779 0.726 0.144 0.131 1.62 0.10 16.55
c214 1,2,3,4 557 0.787 0.120 0.093 1.88 0.26 7.17
c214 1 162 0.754 0.171 0.075 1.48 0.82 1.80
c214 2 122 0.817 0.143 0.041 1.75 1.25 1.40
c214 3 64 0.833 0.130 0.037 1.86 1.26 1.48

c214 4 209 0.810 0.140 0.050 1.75 1.03 1.70

Seauentiallv shortenend. low comDetence contrast

c216 all 2499 0.912 0.060 0.028 2.73 0.76 3.60

c216 a, b, c 297 0.812 0.116 0.072 1.95 0.48 4.02
c216 a 99 0.905 0.073 0.022 2.52 1.19 2.13

c216 b 99 0.919 0.060 0.021 2.72 1.07 2.54
c216 c 99 0.844 0.082 0.074 2.33 0.11 20.60

Seauentiallv shortenend. hiah comDetence contrast

c217 all 2399 0.544 0.247 0.209 0.79 0.17 4.74

c217 1,2,3,4,5,6,7,8,9 684 0.471 0.316 0.213 0.40 0.39 1.02

c217 1 83 0.771 0.147 0.082 1.66 0.58 2.85

c217 2 102 0.799 0.107 0.095 2.01 0.12 17.02

c217 3 87 0.722 0.170 0.108 1.44 0.45 3.18

c217 4 45 0.614 0.252 0.134 0.89 0.63 1.41

c217 5 60 0.679 0.257 0.064 0.97 1.40 0.70

c217 6 52 0.751 0.175 0.074 1.46 0.86 1.70

c217 7 88 0.646 0.242 0.112 0.98 0.77 1.29

c217 8 86 0.731 0.186 0.083 1.37 0.81 1.70

c217 9 74 0.643 0.235 0.122 1.01 0.65 1.54

c217 1&2 186 0.583 0.323 0.091 0.59 1.26 0.47
c217 2&3 191 0.570 0.327 0.103 0.56 1.15 0.48

c217 4&5 105 0.585 0.270 0.145 0.77 0.62 1.24

c217 5&6 112 0.641 0.278 0.081 0.84 1.23 0.68

c217 7&8 174 0.550 0.338 0.113 0.49 1.10 0.44

c217 8&9 160 0.565 0.320 0.115 0.57 1.02 0.56

c217 1&4 128 0.586 0.263 0.151 0.80 0.56 1.43

c217 2&5 163 0.535 0.315 0.150 0.53 0.74 0.71

c217 4&7 134 0.509 0.269 0.222 0.64 0.19 3.26

c217 5&8 147 0.469 0.324 0.207 0.37 0.45 0.83

c217 6&9 127 0.419 0.385 0.196 0.09 0.68 0.13

c217 3&6 140 0.484 0.361 0.155 0.29 0.85 0.35



92

Table 3.2 (continued)

Exp domain S1/S3 % S1 S3 T 3 P 3

error cones error cones

maxi mini max 3 min3

Coevally shortenend, high competence contrast

c214 all 5.56 1.716 1.1 1.0 20.9 1.0 103 2

c214 1,2,3,4 8.51 2.141 2.5 2.1 21.1 2.1 107 0

c214 1 10.03 2.306 6.2 3.40 11.8 3.3 270 3

c214 2 19.91 2.991 6.0 2.8 9.7 2.6 175 6

c214 3 22.58 3.117 7.3 3.7 13.7 3.7 185 14

c214 4 16.23 2.787 4.5 2.5 8.1 2.4 290 4

Seauentiallv shortenend. low competence contrast

c216 all 32.58 3.484 7.0 0.5 3.4 0.5 77 12

c216 a, b, c 11.34 2.429 3.2 2.2 14.9 2.2 270 3

c216 a 40.97 3.713 3.5 2.2 11.5 2.2 3 13

c216 b 44.39 3.793 3.1 2.2 10.6 2.1 178 3

c216 c 11.47 2.440 4.6 4.1 � * 163 29

Seauentiallv shortenend. hiah competence contrast

c217 all 2.61 0.958 3.0 2.5 14.6 2.5 199 3
c217 1,2,3,4,5,6,7,8,9 2.21 0.792 11.3 5.0 10.7 5.0 91 30

c217 1 9.38 2.238 6.9 5.3 24.5 5.1 82 28

c217 2 8.42 2.131 5.3 5.0 � * 112 21

c217 3 6.68 1.899 7.0 6.0 34.2 5.9 80 28

c217 4 4.58 1.522 19.1 10.4 30.1 10.4 310 19

c217 5 10.68 2.369 15.7 5.2 11.8 5.2 245 42

c217 6 10.09 2.312 10.1 5.5 19.7 5.4 288 49

c217 7 5.75 1.749 � � * � 119 48

c217 8 8.79 2.174 8.5 4.5 22.0 4.6 61 50

c217 9 5.25 1.658 13.7 8.3 22.2 8.2 94 30

c217 1&2 6.39 1.854 14.3 4.8 6.2 4.8 93 34

c217 2&3 5.52 1.708 14.7 5.2 6.8 5.2 92 35

c217 4&5 4.04 1.397 14.9 7.2 16.7 7.1 278 29

c217 5&6 7.91 2.068 12.2 4.5 9.2 4.4 257 43

c217 7&8 4.88 1.585 17.2 4.9 9.0 5.0 92 43

c217 8&9 4.90 1.588 14.0 5.5 10.0 5.5 94 36

c217 1&4 3.90 1.360 11.4 7.4 18.2 7.3 64 8

c217 2&5 3.57 1.274 12.2 6.3 15.1 6.2 313 6

c217 4&7 2.30 0.831 14.8 12.0 56.6 12.1 77 22

c217 5&8 2.26 0.815 17.8 11.3 26.1 11.2 313 4

c217 6&9 2.14 0.763 � * * � 223 11

c217 3&6 3.13 1.141 24.8 7.9 12.7 7.9 223 13

* not enough data to calculate error cone axes

n number of data points
S eigenvalue
K [ln(S1/S2)]/[ln(S2/S3)]
p In (S1/S3)

T3 trend of S3 (calculated fold axis)

P 3 plunge of S3
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prolate ellipsoid. A data subset from the central region of the model (Fig. 3.8b)

also plots in the prolate field (filled square). Domains, which are anticlines

separated by structural lows (Fig. 3.10), plot within the prolate field. Individual

domains are more oblate (lower K) and have stronger orientation fabrics (higher £)

than the combined data. Thus the apparently noncylindrical fold style of the central

region of the model can be divided into domains of more cylindrical folds.

For all three models, data for the entire surface plot within the prolate field,

confirming that all of the fold styles are noncylindrical (compare Figs. 3.12a, b, c).

The coevally shortened model has the highest value of K, indicating the least

cylindrical fold style. Evidently, the intersection of the two girdle distributions

(associated with the two dominant fold sets) yields a strong point-clustering of

poles to layering (Fig. 3.9). The sequentially shortened, low competence-contrast

model has the highest value of £ because the low limb dips in the model allow little

spread in orientation of bedding poles (Fig. 2.5a). The sequentially folded, high

competence-contrast model has the lowest value of £ indicating the most random

orientation fabric, as predicted. The low £ value is the result of complex refolding

of bedding, which obscures original Fi cylindricity.

In sum, eigenvector analysis helped identify the model with the most

random orientation fabric, which resulted from the superposed shortening of high

competence-contrast layering (open square, Fig. 3.12b). Eigenvector analysis also

identified the region that most closely approximated cylindrical folding, which

occurred in the same model, where domains were bounded by Fi axial traces.

These results confirm that the interpretation of structurally complex areas requires
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data to be divided into domains bounded by structurally significant elements (cf.

Turner and Weiss 1963 p. 175).

Eigenvector analysis illustrates some of the differences in fold styles

between the models. Eigenvalue plots, however, could not be used to uniquely

identify either the shortening history or rheology of the models. This type of

analysis is better used as a quantitative measure of fold geometry, for comparing

different data sets, than as a determinant of fold mechanism or of deformation

history.

CT X-ray Images

Coevally and sequentially shortened models that were CT-scanned had

relatively thick layers, but they deformed with the same general structural styles as

more finely laminated models (c235, Dj=33%, D2=24%, Fig. 3.13; c237,

Dx=26%, Dy=27%, Fig. 3.14, Table 3.1, Table 3.3). Folds of the thickly layered

models, however, had greater wavelength, fractured more commonly, and had

more pronounced boundary effects. CT images away from the boundaries allowed

the measurement of average thickness of the laminate and arc-length of fold profiles

(Table 3.3, Figs 3.15 and 3.16).

CT scans show several features not recognized by previous analytical

techniques. The sequentially folded model fractured more commonly than did the

coevally folded model (compare Figs. 3.15 & 3.16). More abundant fracturing

may have been caused by the greater D\ shortening for the sequentially shortened

model than for either direction of shortening of the coevally shortened model.

Fractures are preferentially located in the Fi hinge zones (3.15a). Fi folds have
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Table 3.3 Measurements from CT images

%strain L s w s h s A s

c 2 3 5

c 2 3 5

D1 33.00

D 2 24.00

16.50

15.30

3.14

4.71

12.42

10.42

3.13

4.62

4.99

6.32

0.83

1.29

2.74

2.17

0.45

0.56

c 2 3 7

c 2 3 7

Dx 26.00

Dy 27.00

13.62

10.40

2.78

4.11

10.90

10.40

2.55

4.11

4.42

4.77

0.44

0.84

1.44

0.72

0.38

0.19

all measurements in mm

L = mean arc-length
w = mean wavelength
h = mean thickness of laminate (excluding detachment)
A = mean amplitude
s = standard deviation
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Figure 3.13 Photographs of the sequentially shortened, high competence-contrast
model that was CT scanned (c235, Dj=33%, D2=24%). An initially square grid
with 5 mm spacing was printed on the model. Scale in millimeters, (a) Top
surface. Laminate inserted between Di and D 2 is located near the right-hand
boundary, and lacks grid, (b) Horizontal section, 10 mm depth.
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Figure 3.14 Photographs of coevally shortened, high competence-contrast model

that was CT scanned (c237, Dx=26%, Dy=27%). An initially square grid with 5

mm spacing was printed on the model. Scale in millimeters, (a) Top surface, (b)
Horizontal section, 10 mm depth.
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longer wavelengths and higher amplitudes than do folds of the coevally shortened

model (Figs. 3.15 a and 3.16, Table 3.3). Profiles parallel to the D 2 direction lack a

regular periodicity (compare Figs. 3.15 a & 3.15b). In the coevally shortened

model, the fold profiles in orthogonal directions show little difference in fold

wavelength or style (compare Figs. 3.16 a & 3.16b).

For the sequentially shortened model, graphical reconstructions of the

Plasticine surfaces show that fractures are concentrated in the anticlinal hinge zones,

and the fractures are curved (Fig 3.17a). Evidently, the Plasticine layers fractured

during an early stage of deformation, and the fractures were folded during D2

shortening. Near the top of the model, anticlines are lobate-style (Fig 3.17a),

whereas near the base of the model anticlines are cuspate (Fig. 3.17b). Graphical

reconstructions of the top and bottom Plasticine surfaces of the coevally folded

model also show that the anticlinal style changes from lobate to cuspate with depth,

but the reconstructions show little evidence of fracturing (Fig. 3.18).

Discussion

Gravity Effects

The results from this study, which included significant gravitational body

forces, are generally similar to results from previous studies with insignificant body

forces (Ramberg 1959, Ghosh & Ramberg 1968). These similarities predict that

horizontal, coeval shortening would produce horizontal folds in a variety of

orientations at both the outcrop and regional scales. Gravitational body forces

likely damped the vertical amplification of the folds, as in the sequentially shortened

models (Ch.2), thereby accentuating the change in fold style with depth (Figs. 3.17
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Figure 3.15 Vertical profiles through sequentially shortened model (c235,
Di=33%, D2=24%). Each division in scale equals one cm. Inverse image,
so PL appears black and DC appears light, (a) CT axial scan, parallel to the

D] direction, (b) Graphical reconstruction of profile normal to the CT

scan, parallel to the D 2 direction, (c) Map view graphical reconstruction of

model c235. Solid lines mark the position of profiles in Fig. (a) and (b).
Laminate inserted between Dj and D 2 marked with "L".
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Figure 3.16 Vertical profiles through coevally shortened model (c237,
Dx=26%, Dy=27%). Inverse image, so PL appears black and DC appears
light. Each division in scale equals one cm. (a) CT axial scan, parallel to

the Dx direction, (b) Graphical reconstruction of profile normal to the CT

scan, parallel to the Dy direction, (c) Map view graphical reconstruction of
model c237. Solid lines mark position of profiles in (a) and (b).
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Figure 3.17 Graphical reconstruction from serial CT scans of deformed
Plasticine layers for the sequentially shortened model (c235). Light source

is from the upper left, (a) Plan view of the top of the uppermost Plasticine

surface. Note the curved fractures in the crests of the anticlines, (b) Plan

view of the top of the bottom Plasticine surface. Note the change in style
between lobate anticlines in (a) and cuspate anticlines in (b).



104



105

Figure 3.18 Graphical reconstruction from serial CT scans of Plasticine

layers from a coevally shortened model (c237) Light source is from the

upper left, (a) Plan view of the top of the uppermost Plasticine surface.
Note the curved fractures in the crests of the anticlines, (b) Plan view of

the top of the bottom Plasticine surface. Note the change in style between

lobate anticlines in (a) and cuspate anticlines in (b).
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& 3.18). Additionally, the vertical damping of folds may have constrained the

plunge of the fold hingelines. Accordingly, coeval shortening may produce

regional-scale folds with predominantly horizontal hingelines and outcrop-scale

folds with more variable plunge. Such a direct dependence of fold style on scale,

however, is poorly supported by the comparison of structures in this study and

previous studies (Ramberg 1959, Ghosh & Ramberg 1968). Experimental

variables other than gravity, such as boundary conditions, better account for the

differences in fold style between this study and previous work.

Boundary Effects

The location and shape of the model boundaries influenced the orientation,

amplitude, and location of the structures. The folds have greatest amplitude near

the boundaries (Fig. 3.8), and the fold hingelines have a preferred orientation

parallel to the boundaries and the shortening directions (Figs. 3.7, 3.11). In the

center of the models, the interference patterns have the most equant shape and are

oriented obliquely to the shortening directions. Comparison of the generally

orthogonally oriented hingelines in coeval folds of this study with the radial

hingelines of constrictively shortened models with circular boundaries (Ramberg

1959, Ghosh & Ramberg 1968) further demonstrates the strong influence of

boundary shape on fold orientation. The effects of near-field, rigid boundaries are

neither ideal nor entirely artificial, given that natural structures do depend on the

presence and orientation of natural boundaries such as continental margins or

preexisting basement structures. Despite the effect of the rigid boundaries in the

present study, the shape and orientation of boundaries were the same for the
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coevally shortened models and the sequentially shortened models. Therefore, the

boundary effects do not cause the principal differences between their fold

interference styles.

Comparison of Coevally and Sequentially Shortened Models

The low competence-contrast, coevally shortened model deformed primarily

by thickening. Lack of surface topography, minor surficial grid strain, and simple,

non-periodic interference map patterns away from the boundaries are evidence for

deformation by layer-parallel shortening rather than buckling. Although the

materials were identical to those used in some of the sequentially shortened models

(c216, Fig. 2.3), the rheologic interfaces between the detachment unit, the laminate,

and free upper-surface did not buckle during coeval shortening. Where rheologic

contrast is subtle, buckling is evidently favored by plane strain, a condition

approximated by Di shortening of the sequentially shortened models.

High competence-contrast, coevally shortened models deformed into nearly

horizontal folds with straight to gently curved hingelines in variable orientations.

None of the models is characterized by symmetrical, open domes and basins. Thus

a multilayer with high competence-contrast accommodates coeval shortening

differently from heterogeneous sheared card-deck models (O'Driscoll 1962) and

from a thin viscous plate (Ghosh 1970). Broad anticlines and tight synclines

suggest a lobate-cuspate fold style that is consistent with buckling mechanism (Fig.

3.16). Models with differential shortening (and model c228 with equal shortening)

in different directions show a preferred orientation of fold hingelines, consistent
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with predictions for the coeval shortening of an elastic plate (Ghosh 1970) and for a

thick viscous plate (Fletcher 1991).

Sequential and coeval shortening produced distinct structural styles. Unlike

the sequentially shortened models, coevally shortened models developed no tightly

refolded hingelines or axial surfaces. Instead of the non-plane, noncylindrical folds

(Turner & Weiss 1963 p.109) produced by sequential shortening, coeval

shortening tended to produce plane, noncylindrical to cylindrical folds in various

orientations (Fig. 3.10 and 3.12).

The structures in the coevally shortened model most closely resemble the

sequentially shortened model with low Di shortening (c222, Fig 2.7). In both

cases, some domains of the model are dominated by fold sets of a uniform

orientation, and crescent-shaped interference patterns occur at the intersection of

different fold sets. In the sequentially shortened model, however, there are also

domains where the Fi hingelines, axial traces, and axial surfaces are folded (Fig.

2.7c). The same sequence of refolding and orientation of younger structures occurs

in different domains throughout the model. Regionally consistent overprinting

relationships can thus be used to differentiate sequential from coeval shortening,

even where the degree of shortening is relatively low.

Some domains of the coevally shortened models are similar to sequentially

shortened models with >20% Dj shortening (Fig. 2.8). The coevally folded

models have gently curved hingelines and map-view interference patterns shaped

like broad crescents (Figs. 3.4 - 3.7). Such curvature is caused by the refolding of

early hingelines during progressive shortening in two directions. Apparent

curvature of the hingelines also occurs where folds of different trends intersect (cf.
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Ghosh and Ramberg 1968). Because the rams moved in different directions and

with different strain rates, however, folds with curved hingelines show a regionally

inconsistent orientation of refolding (Fig. 3.7).

The hingeline orientations of the coevally shortened models vary in trend

within an approximately horizontal plane (Fig. 3.11). To a first order

approximation, equal-area projections hingelines of the coevally shortened model

resemble the refolded Fi hingelines of the sequentially shortened model (Fig.

2.12c). Those of the coeval model could be mistaken for hingelines refolded about

a vertical axis. Separation of the hingelines into domains, however, demonstrates

that Fi hingelines change orientations systematically across sets of subparallel F2

axial traces (Fig. 2.12d). For the coeval model, the best-fit fold axes change

orientations across variably oriented domain boundaries (Fig. 3.10). Dividing the

data into domains aids the differentiation of hingelines reoriented by a single

direction of superposed shortening from hingelines that nucleated in variable

orientations during coeval shortening in more than one direction.

The different fold styles in profile indicate that the coevally and sequentially

shortened models accommodated the imposed strain differently. In the sequentially

shortened models, tight Fi fold profiles and fractures in the Fi hinge zones (Fig.

3.15a) demonstrate that strain was concentrated in the hinge zones of the Fi folds.

Most pronounced fracturing is present where F 2 folds have the maximum curvature

(Fig.3.l9a), the predicted locus of maximum superposed strain (Ghosh 1974).

Fewer fractures and the more open, rounded folds in the coevally shortened models

are evidence that strain was more homogeneously distributed than in the

sequentially shortened models (3.16a). Mean arc-length and fold amplitudes are
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smaller for the coevally shortened model than for Fj profiles of the sequentially

shortened model (Table 3.3), inconsistent with Ghosh's (1970) calculation for a

thin viscous layer. Multiple inflections of curvature in map-view interference

patterns (Lisle et al. 1991) (Figs. 3.4 b -3.6b) are rare in coevally shortened

models, but common in sequentially shortened models (Figs. 2.7 b & 2.8b, d). The

presence of strain-incompatibility features such as fractures and curvature-

accommodation folds suggest that isometric bending of a competent unit is more

difficult to achieve by sequential than coeval shortening. Sequential shortening may

resist isometric bending because it requires the refolding of Fi limbs which have

different attitudes and curvature (cf. Ramsay 1967 p. 546-547).

The prevalence of fractures in the superposed shortening models (Fig. 3.17)

compared with the coevally shortened models (Fig. 3.18) is consistent with theory

of lesser total strains during folding within the constriction strain field than within

the flattening strain field (Treagus and Treagus 1981). Thus strain markers in

regions thatdeformed during a single, constrictional event should record strains of

a smaller magnitude than markers deformed during polydeformation.

Field Applications

Physical models predict that, on the regional scale, folds produced by

coeval shortening plunge shallowly and vary in trend, but lack tightly refolded

hingelines and axial traces (cf. Figs. 2.9 & 3.7). In the field, coeval shortening

may be recognized by domains of nearly uniform fold orientation, domains where

different fold trends abut one another, and domains where hingelines and axial

traces are gently curved. Sequential shortening may be recognized by one set of
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hingelines and axial traces that are folded, and an additional set of hingelines and

axial traces that are highly oblique to the first set and parallel to their axial surfaces.

Implications for Restoration

Shortening in two directions associated with rigid, highly oblique

boundaries may be uncommon geologically. Examples of analogous natural cases

include the interfering strain fields of adjacent, coeval plutons, the shortening

constrained by oblique basement uplifts or lateral ramps, or a curved fold belt that is

concave towards its foreland. More generally, these models have implications for

noncylindrical folds that develop in the absence of plane strain.

Cross section restoration commonly assumes that plane strain conditions are

maintained in the direction of tectonic transport (e.g. Elliott 1983, Geiser 1988).

Sections across noncylindrical structures and across oblique footwall ramps are

thus typically avoided in cross section construction. Recent research, however, has

focused on precisely such non-plane strain regions of fold belts (e.g. McDonough

& Simony 1989, Wilkerson et al. 1991, 1992, Marshak et al. 1992, Apotria 1992,

Braun 1993, Kveton 1994). New techniques are being developed to restore in

three-dimensions deformed surfaces and volumes (e.g. Schultz-Ela 1988, McCoss

1988, Gratier et al. 1991, Rouby et al. 1993a, 1993b, VonWinterfeld & Oncken

1995). The present study suggests that the deformation history, i.e. whether the

deformation is sequential or coeval, influences both the orientation and style of

structures. I proprose that the restoration of deformed three-dimensionalstructures

will likewise depend on whether structures in different orientations are restored

sequentially or coevally. The deformation history will affect the geometry of the
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restored structures and the inferred amount of shortening in each direction. As

three-dimensional restoration techniques are refined, the sequence of restoration in

different directions should be considered a significant variable.

Summary

Bi-directional, coeval shortening of layering with significant competence-

contrast has a fold interference style distinct from that formed by superposed

shortening of the same material, with the same deformation and boundary

conditions. Coeval shortening produced horizontal folds, with approximately linear

hingelines and planar axial surfaces that have variable trend. The dominant style

was plane, noncylindrical folds, as opposed to the non-plane, noncylindrical folds

produced by sequential shortening of the same materials. Strain appeared to be

more homogeneously accommodated on a regional scale in the coeval than the

sequentially shortened model. Although structures produced by coeval and

sequential shortening are similar to one another locally, the two shortening histories

can be distinguished regionally. Coevally shortened folds are identified by the

predominance of elongate domes and basins over Type 2 interference, the lack of

tightly refolded hingelines and axial surfaces, the lack of regionally consistent fold

orientation, and the lack of regionally consistent overprinting relationships.
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Chapter 4: Comparison of Models and Field Examples

Fold interference occurs in a range of rock types and tectonic settings. It

is most common in the metamorphic cores of orogenic belts. There, metamorphic

layering typically has small to insignificant competence-contrast and deforms

with a similar fold geometry (Ramsay 1962). Fold interference also occurs in the

foreland regions of fold and thrust belts and in some accretionary prisms. There,

lower grade metamorphic rocks and sedimentary rocks, which have a high

competence-contrast between sedimentary layers or between a sedimentary

package and a weak detachment, more commonly deform by buckling. Regional-

scale buckle-fold interference is more complex than similar-fold interference.

Physical models of buckle-fold interference, described in Chapters 2 and

3, are dynamically scaled to represent structures affected by significant

gravitational body forces. Thus, the models represent folds with wavelengths

greater than about 200 m (Ramberg 1967 p. 75). The models were not designed

to mimic a specific field area. Indeed, the simplified stratigraphy, boundary

conditions, and deformation history of the models make a perfect natural analog

elusive. Nonetheless, many of the features of different models are seen in a

variety of natural examples, and they provide insight into fold interference

processes.

The high competence-contrast, superposed shortening models that

deformed in Type 2 interference, have the best natural analogs. In these models,

the map-patterns of F 2 folds show fold styles that are consistent with a buckling
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mechanism, including lobate-cuspate folds, kink-style folds, and detachment-style

folds. Thus buckling is inferred as an important mechanism for natural structures

with comparable structural styles. In the models with high competence-contrast,

dome-and-basin style (Type 1) interference is rare. Where present, domes and

basins typically include curvature accommodation folds (cf. Lisle et al. 1990),

which could be used to diagnose a buckling mechanism in nature. In both the

models and natural examples, dome-and-basin interference may be caused by

either coeval or sequential shortening, but tends to occur where two differently

oriented fold sets abut one another and where the fold style is open. Below are

comparisons between model and field examples of regional-scale fold interference

and implications for the natural features given the model interpretations discussed

in Chapters 2 and 3. Because Type 2 interference is better documented, it is

discussed first.

Type 2 Interference

Superposed shortening of high competence-contrast models preferentially

produced Type 2 interference, with lobate-cuspate, kink-style and detachment-

style F 2 folds. These styles are used to infer a buckling mechanism in the

following natural examples.

Buckle-styleF 2 Folds

In the high competence-contrast, superposed shortening models, steeply

plunging F 2 folds show fold styles in map view that are analogous to profiles of

competent layers buckled during a single deformation. Characteristic structures

include lobate-cuspate style F 2 folds, fanning of minor hingelines and strain
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markers, and increasing complexity of interference style from the outer- to the

inner-arc of F 2 folds (Fig. 2.8 & 2.9). The Asturian arc, northern Spain,

beautifully illustrates many of the features seen in the models (Fig. 4.1).

The Asturian arc is a Hercynian fold and thrust belt that is concave

towards its foreland (de Sitter 1960). In the hinterland, the fold hingelines and

thrust traces are gently curved. In the foreland, the Cantabrian Zone, two fold sets

form complex interference patterns, and no metamorphic foliation is developed.

One fold set has curved hingelines that are parallel to curved thrust traces. The

other set, termed the "radial set", trends highly oblique to the first set (Fig 4.1)

(Julivert & Marcos 1973). The extent to which the interference formed from

sequential or coeval shortening in different directions is controversial.

Many studies interpret the Asturian arc as an orocline where E-W

shortening produced gently curved thrust traces and fold hingelines (Pares et al.

1994, and references therein). During subsequent N-S shortening, the folds and

thrusts became tightly curved in map view, and the radial fold set formed

subparallel to the axial trace of the arc (Julivert & Marcos 1973). The orocline

interpretation is supported by the superposed shortening models (compare Figs.

2.8, 2.9, & 4.1). Like the models, the Austurian arc is characterized by tightly

curved Fi hingelines and nearly linear F 2 hingelines, both Type 1 and Type 2

interference, F 2 domes parasitic upon and elongate parallel to the axial traces of

broad F 2 crescents, fanning of F 2 axial traces, and complex interference patterns

in the inner-arc of F 2 folds.

Alternatively, the radial fold set may have formed coevally with the

thrusts, due to thrust motion over oblique and lateral ramps (Alvarez-Marron &



Figure 4.1. Interference in the Cantabrian Zone, Asturian Arc, northern

Spain (simplified after Julivert & Marcos 1973 Fig.l). The "arched" fold

set (gray lines) is associated with curved thrusts. The "radial" fold set

(black lines) may have initiated due to oblique thrusting, or may have been

superposed on the arched set as the Asturian Arc tightened during N-S

shortening. Note that the hingelines of the radial set fan about an average
E-W trend. See Fig. 4.12 for more detailed view of the interference

patterns.
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Perez-Estaun 1988, Perez-Estaun et al 1988, Stewart 1993, Alvarez-Marron

1995). Subsequent, clockwise, progressive reorientation of the dominant

transport direction reactivated lateral ramps as frontal ramps and amplified

interference structures in the core of the arc. Thus, in this case, the topography of

the footwall was a primary influence of fold interference style and location. Local

superposition of folds was controlled by the progressive reorientation of thrusts

associated within a generally constrictive shortening field, in a similar manner to

the progressive closure of a photographic iris (Perez-Estaun et al. 1988). If

structures had formed coevally, the models predict that variably oriented

horizontal folds would characterize the interference (Ch. 3); however, such

structures may have been obscured by subsequent N-S shortening.

Because both interpretations require a degree of N-S shortening

superposed on E-W shortening, the principal difference between the two models

is the role of thrust geometry. In this modeling study, thrusting was not an

important deformation mechanism (Ch. 2 and 3). Future mechanical analysis of

thrusting over oblique ramps would prove useful, not only where multiple

generations and orientations of thrust movements are suspected, but also where

noncylindrical folds are associated with a single thrust sheet (e.g. Apotria et al.

1992, de Lamotte et al. 1995).

Megakinks

In the models, kink-style interference is prominent where the stratigraphy

has a high competence-contrast, the deformation is polyphase, and a structural

anisotropy is developed during the first shortening event (Ch. 2, Fig. 2.8a, b). In
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the field, km-scale kink-style interference is evidence of an early-formed

structural anisotropy. This style of interference is well illustrated by megakinks

of the Lachlan Fold Belt, New South Wales, and of the Shimanto belt,

southwestern Japan.

In Ordovician turbidites of the Lachlan fold belt, Si foliation is broadly

kinked (Powell 1984, Powell et al. 1985)(Figs. 4.2-4.4). Upright Fi folds have

subhorizontal hingelines. Axial planar Si cleavage is vertical and is differentiated

into quartz- and mica-rich bands. The F\ hingelines generally trend NNE and are

consistently oriented within domains as wide as 10 km. The Fi hingelines change

orientation abruptly, by 20-30°, across zones 10-100 m wide. Like the Fi

hingelines in the models, Fi axes are refolded within a predominantly horizontal

plane, about steeply plunging axes (compare Figs. 2.12c, d and Fig. 4.4). Locally,

the megakink bands crosscut one another (Fig. 4.3). In the models, conjugate

high strain zones nucleated and intersected at Fi periclinal depressions (Ch. 2).

Similarly, in the field the location of the megakink zones is governed by pre-

existing structures. In the Lachlan fold belt, megakinks coincide with and

possibly nucleated on the Lachlan River lineament and the Murray River

lineament (Powell 1984)(Fig. 4.2). No kinking is present west of the

Tantawangalo fault, where the lithology changes to a more massive, less foliated

facies (Fig. 4.3). Contemporaneous E-W trending thrusts in cratonic Australia

and strike-slip faults that are subparallel to the kink zones in domains with a slaty

cleavage are further evidence that the kinks accommodate horizontal, N-S

shortening and that the structural style depends on the stratigraphy deformed

(Powell 1984).
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Figure 4.2 Megakinks in southeast Australia and their relationship to

thrusts in the craton (simplified after Powell 1984Fig. 3). Boxed regions
shown in detail in Figs. 4.3 and 4.11.
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Fig. 4.3. Megakinks (dashed lines) of nearly vertical S\ foliation (solid
lines) in the Lachlan fold belt, New South Wales (simplified after Powell
etal. 1985 Fig. 4).
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Figure 4.4 Equal area distributions of poles to S\ foliation (dots) and
lineations (x's and open circles) in different domains plotted in Fig. 4.3

(Powell et al. 1985 Fig. 4).
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In the Shimanto fold and thrust belt, southwestern Japan, weakly

metamorphosed sandstone and mudstone units also show kink-style fold

interference (Figs. 4.5 - 4.7). Nearly vertical bedding traces and subhorizontal

fold hingelines of are kinked about steeply plunging axes (Kano et al. 1990).

Between the kink zones, bedding traces and fold hinges are uniform in orientation

for distances of 5 to 30 km. Similar to the models (Fig. 2.8), the kink zones

locally form conjugate pairs or fan around a common axis (Figs. 4.6, 4.7). In the

Akaishi region, strike-slip faults are subparallel to the kink zone boundaries (Fig.

4.8). In the model with moderate Di shortening (c217, Di=44%, D2=33%),

variation in the inclination and curvature of layering caused a variation in F2

hingeline plunge (Fig. 2.12e, f). In southwest Japan, as in the Lachlan Fold Belt,

tight Fj folds have steeply dipping bedding surfaces, so the kink axes plunge

uniformly steeply (Fig. 4.7). This style of refolding closely approximates Mode 5

superposed buckling, defined where the first fold set is isoclinal and the second

set has vertical axes (Ghosh et al. 1993). The kink zones accommodated

shortening ranging from 2% to 20% in different parts of the belt. The

subhorizontal folds formed during subduction along Japan's eastern accretionary

margin. Kano et al. (1990) interpreted the megakink bands as formed during

back-arc spreading of the Sea of Japan. They proposed that the change in rotation

axes of the megakink bands in different domains reflects the change in orientation

of maximum horizontal stress that accompanied the progressive clockwise

rotation of southwest Japan, caused by differential opening of the Sea of Japan.

The presence of kink-style interference in the field signifies low

temperature, semi-brittle deformation of a rock with a strong structural anisotropy.
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Figure 4.5. The Shimanto belt, southwestern Japan, is bounded to the north

by the Butsuzo Tectonic line. Insets show locations of more detailed
figures.
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Figure 4.6. Megakinks of bedding traces in the Shikoku region, Shimanto

fold and thrust belt, southwest Japan (Fig. 6 Kano et al. 1990). Note that
kink bands form conjugate sets.



131



132

Figure 4.7. Megakinks of bedding traces and projections of poles to

bedding in the Ryujin region, Shimanto fold and thrust belt, southwest
Japan (Fig. 4 Kano et al. 1990).
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Figure 4.8 Megakinks of bedding traces in the Akaishi region, Shimanto F<
and Thrust Belt, Japan (Fig. 5 Kano et al. 1990). Megakink bands (dashed lin

are parallel to strike-slip faults.
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In both southwest Japan and southeast Australia, strike-slip faults are associated

with the kink bands. Because the kinks reoriented the foliation within discrete

zones, the percent shortening and rotation axes could be calculated (Powell 1984,

Kano et al. 1990).

Detachment Folds

Many of the sequentially shortened, high competence-contrast models

show a change in interference style across axial traces of major F] folds. This

change is most evident in deep horizontal sections that expose the basal

detachment in the cores of the Fi anticlines and in the cusps of F 2 folds (Fig.

2.8d). The models demonstrate that the rheologic contrast between the basal layer

and laminate served as a local, steeply dipping detachment during D2.

Detachment-style interference is suggested by air photos of folds in the Early

Proterozoic Davenport Province of central Australia (Stewart 1987) and by the

map pattern of the Eureka Syncline, Barberton Greenstone belt, Africa (Ramsay

1965, Anhaeusser 1975, 1984). In the Eureka Sound fold belt and in the Grenville

Province, detachment-style F 2 folds in map view are evidence of a structural

anisotropy developed during superposed buckling.

In the Eureka Sound fold belt of the Canadian Arctic, the style of fold

interference changes abruptly across steeply dipping anhydrite beds exposed in

the cores of anticlines (Fig. 4.9) (Schwerdtner et al. 1989, Schwerdtner & van

Berkel 1991). It is unclear to what extent the Carboniferous anhydrite strata were

initially deformed by diapirism or by flow during the late Cretaceous Eurekan

orogeny (van Berkel et al. 1984, Schwerdtner et al. 1989, Okulitch & Trettin
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Figure 4.9. Interference folds associated with anhydrite (shaded)
detachments, Axel Heiberg Island, Canadian Arctic (simplified after Fig.
2, van Berkel et al. 1984). Note that anhydrite is exposed along anticlinal

traces. The Southern Muskox Ridge Diapir and the Junction Diapir occur

in the inner-arcs of map-view detachment folds.
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1991). In either case, because the anhydrite is less competent than the overlying

carbonates and sandstones, it behaved analogously to the detachment layer in the

physical models. Anhydrite walls that formed during early deformation locally

concentrated ductile shear strain during subsequent horizontal shortening. The

anhydrite zones accommodated the local disharmony between oblique trains of

buckle folds, similar to the adjustment flow and saddle reefs that accommodate

heterogeneous strain due to the buckling of a multilayer in a single phase of

shortening (Schwerdtner et al. 1989, Schwerdtner & van Berkel 1990).

Steeply dipping detachment zones are also present in gneisses of the Parry

Sound domain of the Proterozoic Grenville Province, Ontario, Canada

(Schwerdtner & van Berkel 1991)(Fig. 4.10). In the Moon River domain, a major

NW-trending syncline is refolded in a Type 2 interference pattern about a NNE-

trending axial trace. To the south, in the Go Home domain, are shorter

wavelength, NNE- to NNW-trending, upright folds. The boundary between the

two domains was formerly mapped as a ductile thrust (Davidson 1984).

Schwerdtner and van Berkel (1991) have reinterpreted this boundary as a zone

accommodating heterogeneous, superposed buckle strain. An early-formed,

WNW-trending gneissic foliation, which is axial planar to the major syncline of

the Moon River domain, provided a structural anisotropy that allowed buckling

during subsequent shortening and locally served as a detachment surface.

The field examples demonstrate that structural anisotropies developed

during an early phase of deformation may be reactivated during subsequent

deformation as local detachments.
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Figure 4.10. Detachment-style interference in the Grenville Province,
Ontario, Canada (after Fig. 8, Schwerdtner & van Berkel 1991). The

boundary between the Moon River and Go Home structural domains
(heavy dashed line) may represent a detachment that accommodates

superposed buckling.
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Type 1 Interference

In the models with high competence-contrast, dome-and-basin style (Type

1) interference is rare. Where present, domes and basins typically include

curvature accommodation folds. Dome-and-basin interference may be caused by

either coeval or sequential shortening, but tends to occur where two differently

oriented fold sets abut one another and where the fold style is open.

Curvature Accommodation

In the models, neither coeval nor sequential buckling of high competence-

contrast stratigraphy produces simple, symmetrical domes and basins as a

dominant interference style (Figs 2.8 and 3.3-3.6). Where found, Type 1 map

patterns tend to have multiple inflections of curvature, indicative of curvature

accommodation folds (Lisle et al. 1990). This type of fold has also been

described in the Missi Group metaclastics in the Flin Flon Basin, Churchill

Province, Manitoba. There, the greenschist-grade basal metaconglomerate is

complexly refolded. Fi axial traces intersect F 2 axial traces at nearly right angles,

yet the map interference pattern has multiple lobes (Stauffer & Mukherjee

1971)(Fig. 4.11). Within some domains, fold axes defined by poles to bedding

are oblique to both the Fi and F 2 fold trends. The lobes that are oblique to the Fi

and F 2 trends are curvature accommodation folds, which allow the relatively

competent metaconglomerate unit to fold in two directions without changing

thickness (Stauffer 1988, Lisle et. al. 1990).

In the models, fractures and faults also accommodate bidirectional

curvature (Fig. 3.17). In the Cantabrian fold and thrust belt, Spain, a basin-
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Figure 4.11. Bedding trace map of curvature accommodation folds
(marked CAF) near Flin Flon, Manitoba. CAF's trend oblique to Fj axial

traces (dashed) and F 2 axial traces (solid) (after Stauffer & Mukherjee
1971 Fig. 8).
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shaped, fault-bend fold occurs where the competent Ponga Unit was thrust over

oblique footwall and lateral ramps (Stewart 1993, Alvarez-Marron 1995)(Fig.

4.12). This massive, predominantly quartzite unit shows no evidence of

thickening in the structural culmination. Instead, a minor strike-slip fault serves

as a brittle equivalent to curvature accommodation folds (Stewart 1993). Such a

"comer"-shaped ramp in the footwall is a rigid natural boundary, analogous to the

orthogonal boundary conditions in the physical models (Ch. 3).

Coeval vs. Superposed Shortening

High competence-contrast models show distinct styles of fold interference

for coeval and superposed shortening histories. Coeval shortening is

characterized by elongate domes and basins that plunged shallowly in variable

orientations. Sequential shortening is characterized by refolded Fi hingelines and

axial surfaces. In nature, rarely are both shortening histories equally supported by

geologic evidence.

Both coeval and superposed shortening histories have been proposed for

the Rockley district, Lachlan Fold Belt, New South Wales (Fig. 4.13). There

greenschist-grade feldspathic arenites, tuffs, and andesitic volcaniclastics were

folded at least two times (Fowler 1989). An early-formed, open, nearly upright,

variably-trending fold set (Fi) has wavelengths of about 4 km and lacks an axial

planar cleavage. Superimposed on the early set are tight, NNW-trending F 2 folds,

which have a slaty, axial planar cleavage. F 2 folds are commonly mesoscopic or

rarely macroscopic with wavelengths of 0.8 to 4 km. Fi hingelines range in trend

from NNW to ENE, but generally are not tightly folded in a Type 2 interference
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Figure 4.12. (a) Curved thrusts of the Cantabrian Zone, Asturian Arc,
northern Spain. Large arrow is trend of major D 2 fold. Small arrows

show orientation of fold hingelines that are associated with a "corner" in
the footwall ramp (after Stewart 1993 Fig. 2). (b) Schematic

representation of basin-shaped interference formed by thrusting in two

directions over an oblique ramp. Area is hatched zone in (a). Note that a

strike slip duplex (SSD) accommodates the bending of the competent
thrust sheet (after Fig. 6, Stewart 1993).
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Figure 4.13. Fold interference in the Rockley district, New South Wales

(simplified after Fowler 1989 Fig. 2). Fj folds trend parallel to oblique to

typically mesoscopic F 2 folds, which have an axial-planar slaty cleavage
(dashed lines).
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pattern. Thus Fi folds may have been domes and basins prior to D 2 shortening.

Fowler (1989) proposed that the Fi fold variation may be due to previous

superposed shortening, a single phase of constrictive shortening, or heterogeneous

buckling of the competent volcanic units with variable thickness. Physical

models argue against the superposed buckling hypotheses, because superposed

shortening of high competence-contrast laminates preferentially showed Type 2

over Type 1 interference (Fig. 2.7, 2.8). Physical models of coeval buckling show

folds with variably oriented hingelines but similar wavelengths (Fig. 3.3 - 3.6),

consistent with the observations of the Rockley district. Physical models in this

study do not address the effect of variable thickness on buckle style. Thickness

variations alone may not provide sufficient structural anisotropy (cf. Watkinson &

Cobbold 1981) to control subsequent fold orientation, unless the thickness

variation had a strong directional control.

Fold Abutment

In high competence-contrast models, dome-and-basin style interference is

associated with the abutment of one fold trend against another. This style

occurred in the superposed shortening model with low Dj strain (Fig. 2.7), and in

coevally shortened models (Figs. 3.3 - 3.6). In nature, dome-and-basin style

interference is found at the intersection of two structural trends of known and

distinct ages.

Dome-and-basin interference occurs at the intersection of the east-trending

Parry Islands fold belt and the north-trending Cornwallis fold belt, Canadian

Arctic (Fig. 4.14) (Kerr 1977, Okulitch et al. 1986, Okulitch et al 1991). The
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Figure 4.14 (a) Interference at the intersection of the N-S trending
Cornwallis fold belt and E-W trending Parry Islands fold Belt, Canadian

Arctic (data compiled from Kerr 1977 Fig. 2, Okulitch et al. 1986 Fig. 3,
and Okulitch et al. 1991 Fig. 2). (b) Schematic cross section through the

southern Corwallis fold belt, illustrating the thick-skinned style of

deformation (modified after Okulitch et al. 1986 Fig. 5).
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trend of the Late Silurian to Early Devonian Cornwallis fold belt is controlled by

the Boothia Horst, a north-plunging uplift of Precambrian gneiss, exposed on

Somerset Island (Kerr 1977)(Fig. 4.14a). The presence of gneissic cobbles in the

syntectonic, Lower Devonian Peel Sound Formation is evidence that the basement

was uplifted and exposed while the lower Paleozoic sedimentary cover was folded

(Kerr 1977). Steeply dipping reverse faults that define the western margin of the

uplift grade northward (where shallower structural levels are exposed) into thrust

faults associated with overturned folds, further evidence of thick-skinned

deformation (Kerr 1977)(Fig. 4.14b). During the Late Devonian to Early

Pensylvanian Ellesmerian Orogeny, south-directed shortening produced the Parry

Islands fold belt on Bathurst and Mellville islands and the Central Elsmerian fold

belt on Devon Island. The Parry Islands fold belt is thin-skinned, with a

detachment level at the Ordovician Bay Fiord evaporites (Harrison et al. 1991).

In the Cornwallis fold belt, however, strata underlying the Bay Fiord Formation

were deformed during the Ellesmerian Orogeny (Kerr 1976), evidence that the

Bay Fiord Formation was not everywhere the detachment zone.

Although buckling of competent Ordovician and Silurian carbonate strata

likely controlled the fold style, unlike the models, dome-and-basin interference

patterns dominate the intersection of the Parry Island and Cornwallis fold belts.

The north-trending Boothia Horst may have served as a rigid buttress, which

somewhat protected the Cornwallis folds from being refolded normal to their axial

surfaces. On eastern Bathurst Island, near the western margin of the basement

uplift, north-trending left-lateral strike-slip faults that are parallel to the basement

margin further suggest the impedence of southerly transport (Kerr 1977).
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Another example of dome-and-basin interference at the intersection of two

fold belts occurs in the High Atlas range of Morocco (de Sitter 1952). Non-

metamorphosed, interbedded massive carbonates and marls comprise a high

competence-contrast stratigraphy that deformed by buckling. Because the NE-

SW Pyrenean trend and the (younger) E-W Vindobonian trends are well-defined

elsewhere in North Africa, the sense of superposition can locally be determined

(de Sitter 1952).

Additionally, domes and basins may occur at the intersection of two fault

trends. Rare domes and basins occur near Kingston, NY, where the NE-trending

Kittatiny-Shawangunk fold and thrust belt overprints the N-S-trending, Hudson

Valley fold and thrust belt (Marshak & Tabor 1989). This noncylindrical fold

style characterizes only the area (approximately 3 km by 3 km) where the two

differently oriented segments of the fold belt meet. Similarly, in northern

Alabama the intersection of thrusts from the Alleghenian trend and the Ouachita

trend produced local dome-and-basin style interference (Tull 1984).

Summary

Comparison of the models with several field examples of buckle-style fold

interference allows generalizations beyond the simple deformation and boundary

conditions of the models. Buckle-style fold interference is not as common a

structural style as similar-style fold interference that characterizes the deep

metamorphic cores of orogens. Nonetheless, examples of buckle-style fold

interference demonstrates that it occurs in a range of rock types, deformation

conditions, and tectonic settings. Lithologies that deform by buckling include
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carbonates, quartzites, volcaniclastics, and their metamorphic equivalents.

Several of the field examples included an evaporite detachment layer (e.g. Kerr

1977, Schwerdtner et al. 1988), implying that km-wavelength buckling is

facilitated where a rheologic detachment is present. Buckle interference is not

restricted to sedimentary rocks, but also occurs in higher grade rocks where a

structural anisotropy developed during early deformation, and later deformation

occurred at lower temperatures (e.g. Schwerdtner & van Berkel 1991). At

shallow crustal levels, faults as well as folds control regional interference and

local accommodation of bi-directional curvature (e.g. Tull 1984, Marshak &

Tabor 1989, Stewart 1993, Alvarez-Marron 1995). Tectonic settings of buckle-

fold interference range from arcuate fold and thrust belts (Julivert & Marcos

1973) to subduction zones (Kano et al. 1990). Results of the models can therefore

be applied to predict and interpret fold interference geometry in a broad array of

lithologic and tectonic settings.
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Chapter 5. Application ofPhysical Models to the Narragansett
Basin, Rhode Island

The southern Narragansett Basin is characterized by a complex

polydeformational history. Extensive coastal outcrops along Narragansett Bay

beautifully expose in three dimensions multiple generations of folds and

foliations. Because of the discontinuous outcrop and scale of the different fold

generations, the fold interference is not expressed as kilometer-scale map patterns.

Previous detailed mapping and correlation of the minor structures, however, has

shown that the interference of the fold generations and their relative orientation

varies across the basin. Results from the physical models can help interpret the

heterogeneous polyphase deformation in the southern Narragansett Basin, Rhode

Island.

Structural Styles in the Southern NarragansettBasin

The Narragansett Basin is a composite graben filled with Pennsylvanian

alluvial fan sediments (Mosher 1983, Skehan et al 1986) (Fig. 5.1). During the

Alleghenian Orogeny, the sediments were metamorphosed and deformed in

several phases associated with basin closure and subsequent transcurrent shear

(Mosher 1983). Metamorphic grade generally increases from chlorite and biotite

grade in the east to sillimanite grade in the western part of the basin (Mosher

1983). The polydeformation is expressed by several generations of minor folds

and foliations, which vary in style and orientation across the southern basin.

Throughout the basin, N to NNE trending, subhorizontal, early fold

generations (Fi, or locally Fi a and Fib, and F2) are nearly coaxially superposed
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Figure 5.1 Location map of the Narragansett Basin (after Snoke & Mosher 1989,
Figure 36). BHSZ is the Beaverhead shear zone.
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(Thomas 1981, Burks 1981, Farrens 1982, Mosher 1983, Henderson & Mosher

1983, Reck & Mosher 1988, Cogswell & Mosher 1994, Mosher & Berryhill 1991)

(Fig. 5.2). Fi folds are isoclinal to open, recumbent to inclined, westward

verging, folds of bedding with an axial planar foliation, Si. F 2 folds are upright,

verge eastward, and fold Si. S 2 crenulation cleavage is commonly oblique to Si.

The Si foliation is the most pervasive in the basin.

In some regions, these early folds and foliations are refolded by E- to

ENE-trending, upright F 3 folds (Mosher 1983, Henderson & Mosher 1983, Burks

1981, 1985, Reck & Mosher 1988, Mosher & Berryhill 1991, Cogswell & Mosher

1994) (Fig. 5.2). F 3 folds in some domains are en echelon or, more commonly,

occur as progressively clockwise-younging folds and crenulations, which indicate

a sinistral sense of shear (Burks 1981, 1985, Mosher 1983, Mosher and Berryhill

1991). F 3 folds are most common in a broad NE-trending zone, named the

Beaverhead Shear Zone (BHSZ) (Mosher 1983) (Fig. 5.1). Associated with the

BHSZ are N- to NNE-trending sinistral faults mapped on land and parallel

lineaments in the basin floor inferred to be sinistral faults (Mosher & Berryhill

1991, Henderson unpublished work) (Fig. 5.3). F 3 folds also occur in isolated

regions outside of the BHSZ (Fig. 5.2). Rare, E-trending F 3 folds occur as kinks

of the Si foliation on Aquidneck Island (Farrens 1982), as folds of the Si foliation

on northern Conanicut Island (Burks 1981, Henderson & Mosher 1983), as folds

of bedding and Si on the eastern margin (Mosher unpublished work), and are

inferred from a ENE-trending foliation on Hope Island (Thomas 1981). Near the

western basin margin, S 3 forms a pervasive and predominant foliation, and F3

axes range in orientation from N to E (Cogswell & Mosher 1994).
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Figure 5.2. Minor Fi, F2, and F 3 fold axes in the southern Narragansett Basin. F4
fold axes are omitted for clarity. Data are compiled from Thomas (1981), Farrens

(1982), Burks (1981, 1985), Reck & Mosher (1988), Mosher & Berryhill (1991),
Cogswell & Mosher (1994), and Mosher (unpublished data). A=Aquidneck
Island, C=Conanicut Island, BH=Beaverhead region of Conanicut Island,
D=Dutch Island, G=Gould Island, H=Hope Island, P=Prudence Island, and

BHSZ=Beaverhead Shear Zone.
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Figure 5.3. Strike-slip faults in the southern Narragansett Basin (after Mosher &

Berryhill 1991, Cogswell & Mosher 1994).
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N to NE-trending F 4 folds reorient earlier structures. In the Beaverhead

Shear Zone, strike-slip faults, ductile shear zones, sheath folds, and progressively

younging folds and crenulation cleavages with a dextral sense are everywhere

younger than sinistral kinematic indicators (Mosher 1983, Mosher & Berryhill

1991). Outside of the BHSZ, F 4 folds are approximately N-trending, open, and

upright, without an axial planar foliation (Reck & Mosher 1988, Cogswell &

Mosher 1994). N-S trending boudins are also observed (Reck & Mosher 1988,

Cogswell & Mosher 1994).

To quantify the differences in outcrop-scale interference, the geometry of

F2, F 3 and F 4 folds was analyzed in detail for two locations within the

Narragansett Basin (Fig. 5.2, Appendix 2). In the Beaverhead area of Conanicut

Island, F 2 and F 3 folds are superposed at a high angle (Burks 1981). On Dutch

Island, multiple generations of folds are superposed at a low angle (Mosher &

Berryhill 1991). The measurements produced no conclusive results, but they do

confirm that buckle-fold interference is more complex than passive-fold

interference. Within each of these regions, the mechanics of folding are likely

influenced by the multiple foliations present. Thus the measurements are not

directly comparable to the regional-scale physical models (Ch. 2 & 3).

Tectonic History of the NarragansettBasin

The structures in the Narragansett Basin formed during E-W basin

contraction and subsequent sinistral and dextral shear, according to Mosher

(1983) (Fig. 5.4). During the initial collision of North America and Africa,

progressive D 1 and D 2 shortening produced the generally N-trending, coaxially
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refolded Fi and F 2 folds. D 3 deformation is concentrated in, but not limited to,

the NE-trending Beaverhead Shear Zone. Mosher (1983) proposed that the

Beaverhead Shear Zone comprises basement faults reactivated as sinistral R'

reidel shears to a dextral megashear system between the African and North

American plates. Sinistral reactivation of other basement faults, including the

nearly N-trending basin margins, formed E- to NNE-trending F 3 folds (Henderson

& Mosher 1983, Cogswell & Mosher 1994). Further dextral motion of a NE-

trending transform system (D4) caused the dextral reactivation of the BHSZ and

of NE to ENE basement faults, resulting in N- to NE- trending folds, boudins, and

dextral strike-slip faults and shear zones (Mosher & Berryhill 1991, Cogswell &

Mosher 1994).

Comparison of Narragansett Structures with the Physical
Models

The physical models of fold interference described in Chapters 2 and 3

were dynamically scaled to represent folds sufficiently large to be affected by

gravitational body forces. D 1 and D 2 folds have wavelengths up to 1.5 km, so are

appropriately compared with these models. D 3 folds, however, tend to occur with

smaller wavelengths (less than 0.2 km), and the fold interference occurs at the

outcrop-scale. Thus the local fold interference may be better compared with

previous models that had insignificant gravitational body forces (e.g., Watkinson

1981, Ghosh et al. 1992, 1993, Grujic 1993). Nevertheless, the similarity

between models in this study and previous models, and the regional-scale of

interference heterogeneity in Rhode Island, allows direct comparison of the

models and the structures in the Narragansett Basin.
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The superposition of ENE-trending D 3 structures on N-trending D 1 and

D 2 structures in the Narragansett Basin is analogous to superposed shortening in

the physical models (Ch. 2). The consistent overprinting of Dl/D2 structures by

D 3 structures rules out interference caused by coeval shortening, analogous to the

models described in Ch. 3. Interbedded phyllites, quartzites, meta-siltstones and

metaconglomerates of the Rhode Island Formation likely had a high competence-

contrast as they deformed, as demonstrated by local changes in fold style from

open in coarser-grained units to chevron in phyllites (Mosher & Helper 1988 p.

371). Physical models of superposed shortening of a high competence-contrast

laminate have laterally heterogeneous interference styles. Accordingly, the

models provide insight into the irregular distribution of structures of different

generations in the Narragansett Basin. Further, highly oblique basin boundaries

separate the rigid basement from the less competent basin fill. The natural

boundary conditions thereby approximate the rigid, orthogonal boundaries of the

models.

In the model with <20% D 1 shortening, the distribution and amplitude of

Fi folds affected the interference pattern (Ch. 2, Figs. 2.7). Where Fi folds were

initially absent or poorly developed, that is, where they had low amplitude, only

the F 2 fold trend is evident. Elsewhere in the same model, Fi folds are the

dominant trend. Similarly in the Narragansett Basin, some regions are

characterized by D 1 and D 2 structures, but show little if any evidence of D 3

deformation. Examples include Prudence Island (Thomas 1981), most of

Aquidneck Island (Mosher 1978, Farrens 1982), and northeastern Conanicut

Island (Henderson & Mosher 1983). In other domains of the model, the Fi
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hingelines and axial traces were folded in a Type 2 interference style. These

regions are similar to areas of the Narragansett Basin where F 3 folds are highly

oblique to earlier Fl-F2 folds. Examples of oblique interference are the western

basin margin (Reck & Mosher 1987, Cogswell & Mosher 1994), the Beaverhead

area and Jamestown Bridge area of Conanicut Island (Burks 1981, Henderson &

Mosher 1983), near Portsmouth Abbey on Aquidneck Island (Farrens 1982), and

on the southeastern basin margin (Mosher unpublished). Comparison with the

models suggests that the sporadic distribution of D 3 structures may depend on the

initial size and style of earlier structures. The scale of Fi and F 2 folds depends on

lithology (Hermes et al. 1994). F 3 folds are found in graphitic schists and

phyllite, and rarely in fine-grained sandstone. Where present, F 3 folds are of the

same general scale (less than 0.2 km wavelength) as the Fi and F 2 folds. No F3

folds are observed where the massive sandstones and conglomerates are folded

into larger wavelength (0.5-1.3 km) Fi and F 2 folds.

Additionally, the physical models include zones of concentrated

deformation. In models with >20% D 1 shortening, the interference style was

commonly kink-like (e.g., c2lB, D1=54% D2=20%, Ch. 2, Figs. 2.8a, b). Within

conjugate zones of high strain, D 2 deformation was intense, PL layers were

faulted, and grid markers were offset. Outside of the conjugate zones, there was

little evidence of D 2 shortening. In a similar manner, effects of D 3 deformation

are concentrated in (but not limited to) the NE trending Beaverhead Shear Zone

(Burks 1982, Mosher 1983, Mosher & Berryhill 1991, Cogswell & Mosher 1994).

Within the BHSZ, deformation is intense. Outside of the BHSZ, there are no
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Figure 5.4. Schematic tectonic history of the southern Narragansett Basin. Bold
lines represent fold axis trends (based on Mosher 1983).
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kinematic indicators suggesting ductile shear and only rare isolated examples of

D 3 deformation.

Alternative Kinematic Model for D 3 Deformation

I propose an alternative kinematic model for the D 3 structures in the

Narragansett Basin. Following progressive basin closure (D 1 and D2), N-S

shortening rather than localized sinistral shear produced D 3 structures (Fig. 5.5).

As in previous tectonic models, D 4 structures are caused by dextral shear. The

NE-trending Beaverhead Shear Zone is interpreted as a megakink band with a

sinistral shear sense, consistent with kinematic indicators such as progressively

reoriented crenulation cleavage, sheath folds, and en echelon tension gashes

(Burks 1985, Mosher & Berryhill 1991). Basement faults controlled the location

and orientation of the kink zone (Mosher 1983), similar to the basement control of

kink zones in the Lachlan fold belt (Powell 1984) and the strike slip faults which

locally parallel kink zones in the Shimanto belt (Kano et al. 1990). N-S

shortening explains the occurrence of D 3 structures outside of the BHSZ, for

example the (rare) E-W trending F 3 folds and S 3 foliation of Aquidneck Island

(Farrens 1982), Hope Island (Thomas 1981), the Beaverhead area of Conanicut

Island (Burks 1982), northern Conanicut Island (Henderson & Mosher 1983), and

the southeastern basin margin (Mosher unpublished work). The heterogeneous

distribution of D 3 structures outside of the BHSZ may be related to the initial

distribution, style, and scale of earlier structures.

The proposed model agrees with much, but not all, of the field data. N-S

shortening is inconsistent with N- to NNE- trending F 3 folds described in the
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Figure 5.5. Alternative kinematic model for the D 3 structures in the Narragansett
Basin. N-S shortening produced a NE-trending, sinistral kink band (the
Beaverhead Shear Zone). Corresponding dextral, SE trending kink bands have
not been mapped.



168

southwestern Narragansett Basin (Cogswell & Mosher 1994). It is possible that

these structures initiated in a more easterly orientation, then rotated to their

present position during D 4 dextral shearing. No such evidence of fold axis

rotation has been described for the area, however. North-south shortening is also

inconsistent with N- to NNE-trending sinistral ductile shear zones on Dutch Island

and the inferred sinistral motion on N- trending faults in Narragansett Bay

(Mosher and Berryhill 1991), unless these represent fanned kink axes or

preexisting basement faults (e.g. Figs. 4.7 & 4.8). If the NE-trending sinistral

BHSZ is a member of a conjugate set, a concurrent NW-trending dextral zone

would be expected. No such zone has been identified, although Cogswell and

Mosher (1994) proposed that the WNW-trending basin margin was reactivated as

a dextral R' riedel shear during D3.

The proposed D 3 N-S shortening in the Narragansett Basin correlates with

late Paleozoic structures elsewhere in southern New England. In south-central

Connecticut, N-S shortening is suggested by a Late Permian ESE-to-SSW

trending mineral lineation on the E- to ENE- trending Honey Hill Fault (Wintsch

& Sutter 1986)(Fig. 5.1). Additionally, the proposed model accounts for the

superposition of N-S by E-W trending Alleghenian fold axes in the Precambrian

Blackstone Series (Dreier 1985) and in the (probably) Carboniferous Woonsocket

basin to the northwest of the Narragansett basin (Snoke & Mosher 1989), as well

as the generally E-W trending fold axes in the Carboniferous Norfolk Basin,

southeastern Massachusetts (Cazier 1987) and northern Narragansett Basin

(Snoke & Mosher 1989). A change from E-W shortening to N-S shortening in

southern New England may require a change in orientation in Africa's plate
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motion relative to North America during the Permian to Early Triassic (Wintsch

& Sutter 1986).

Tests and Implications of the ProposedModel

Both the proposed model of N-S shortening and the previous model of

sinistral shear account for the main D 3 structural styles: E-W trending fold axes

and sinistral shear kinematic indicators within a NE-trending zone. Testing these

two hypotheses can be used to guide future field work and regional correlation.

For sinistral shear, D 3 structures would preferentially occur in discrete zones, and

commonly be accompanied by clear kinematic indicators. Determination of a

sinistral shear sense on ductile or brittle faults outside of the BHSZ or in other

contemporaneous basins would further support the shear hypothesis. For N-S

shortening, E-W trending F 3 folds and S 3 foliation would be the dominant

structures. D 3 structures would be more regionally pervasive than if they were

exclusively associated with shear zones. Kinematic indicators suggesting sinistral

shear would occur in NE-trending zones and dextral shear in NW-trending zones

(Fig. 5.5). Kink zones might also fan in orientation (cf. Figs. 2.8 & 4.6).

Mutually cross-cutting kink zones would be further evidence that they formed

concurrently and accommodated regional shortening. If N-S shortening were

caused by major reorientation of plate motions, contemporaneous features in

southern New England should show E-W trending folds and N- or S-directed

thrusts. Such a change in plate motion may also be expressed in paleomagnetic

data for rocks of both North American and African affinity.
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Summary

In sum, the physical models suggest that the heterogeneous distribution of

D 3 structures in the Narragansett Basin is partly the result of heterogeneity

inherent to superposed buckling and may also be due to a component of N-S

shortening. Application of this alternative hypothesis can explain some data

inconsistent with previous models of D 3 deformation. Testing of this hypothesis

can be used to guide future fieldwork and to aid correlation of the structural styles

in the southern Narragansett with Alleghenian deformation elsewhere.
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Chapter 6. Conclusions

Physical models of non-coaxial, regional-scale fold interference demonstrate

that the interference style is influenced by the rheology of the material deformed, the

deformation history, the gravitational body forces, and the boundary conditions

(Fig 6.1).

Low competence-contrast layering has a simple, homogeneous interference

style because it accommodates shortening by a combination of layer-parallel

shortening and buckling. High competence-contrast layering has a more

heterogeneous and complex interference style because individual layers as well as

the multilaminate package buckle.

Sequentially shortened, high competence-contrast layering preferentially

forms complex Type 2 interference patterns. Coevally shortened, high competence-

contrast layering forms elongate domes and basins, which plunge shallowly but

trend variably. Although sequentially and coevally shortened structures locally

resemble one another, the regional structural styles are distinct.

Gravitational body forces effectively damp vertical fold amplification.

Gravitational body forces may thereby accentuate the development of Type 2 fold

interference during sequential shortening and constrain the fold plunge during

coeval shortening.

In the models, near-field rigid boundaries affect the orientation, amplitude,

and extension direction of structures. Natural, far-field boundaries are expected to

have a similar (though less pronounced) control of fold interference.
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The combined effects of the above parameters cause fold interference to be

heterogeneous laterally and with depth. Application of the physical models to

natural examples can be used to recognize and interpret the sources of such

heterogeneities.
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Figure 6.1. Schematic representation of the range of fold interference styles
produced in this study.
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Appendix 1.: Physical Models Deformed at Normal

Gravitational Acceleration

Physical models described in Chapters 2 and 3 were deformed in a

centrifuge and are scaled to represent kilometer-wavelength structures. Another

series, constructed of largely the same materials, was deformed at normal

gravitational acceleration. Models were shortened in a single direction, or in two

directions either sequentially or coevally. These experiments were designed to

represent structures with negligible gravitational body forces, analogous to outcrop-

scale folds. Because the models yielded inconsistent results, however, they are not

systematically compared with the results from the models deformed in a centrifuge.

METHODS

Models were deformed in a 60 cm x 60 cm deformation rig (Fig. A 1.1).

Four sidewalls were able to move independently, so that a model could be

deformed either sequentially or coevally. Wall velocity was controlled by

movement of wormgears, driven by a microcomputer-controlled stepper-motor.

Velocity ranged over two orders of magnitude (Tables Al.l, A 1.2, and A 1.3).

The model stratigraphy was similar to that of the models deformed in the

centrifuge. Materials used include Dow Coming silicone putty (DC) (see Ch.2),

Harbutt's Plasticine modeling clay (PL)(see Ch. 2), Plastalina Hardness #1

modeling clay (Pla), and polydimethylsiloxane (PDMS). The viscosity of the

Plastalina was not measured. Qualitatively, however, it behaved similar to the

Harbutt's Plasticine. Plastalina was substituted for PL in some models because it
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Figure Al.l Schematic diagram of the deformation rig for normal

gravitational acceleration experiments, (a) Plan view. Four sidewalls are

displaced independently by four motor-driven wormgears. (b) Cross
section. The walls are attached to the wormgears by metal rails, which slide
along ball bearings. Therails allow the walls to be displaced
simultaneously in two orthogonal directions.
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fractured less readily than PL. PDMS is a silicone fluid which flows readily under

its own weight and has a nearly Newtonian viscosity (Weijermars & Schmeling

1986, Weijermars 1986). PDMS was used primarily as a matrix material, to

decouple the laminate from the base of the models. A square grid with 1 cm

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. To reduce boundary effects, the base and vertical faces

of all models were lubricated either with Paxwax (National Wax Co., Paxwax

6364-1 A) or vegetable oil before deformation (as noted in Tables Al.l, A 1.2, and

A1.3).

Models were photographed in plan view during the deformation. Vertical

slices of the models were also photographed after deformation was complete.

Results

The models deformed at normal gravitational acceleration did not yield

consistent results. In most of the models, deformation was concentrated near the

boundaries of the deformation rig. In many of the experiments, folds nucleated

near the model boundaries and continued to amplify until the laminate fractured.

Accordingly, experimental parameters were not varied systematically to test their

effect on the style of fold interference. Instead, the parameters were varied

primarily to seek a set of experimental conditions (e.g. laminate materials, basal

detachment material, confinement material, strain rate, initial perturbations, and

lubricant) to minimize the boundary effects. Models shortened in one direction

(Table Al.l) were designed specifically to test these parameters. Models shortened
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in two directions, either sequentially (Table A 1.2) or coevally (Table A 1.3), were

designed to test whether deformation history was a more significant variable than

the boundary conditions.

The most pronounced boundary effects occurred in models with no basal

detachment unit (model 120, Table A1.2). In this model, all deformation of the

interlayered DC and PL occurred at the model boundary, forming a bowl-shaped

basin. To better decouple the laminate from the base, subsequent models were built

with different basal detachments (PDMS or DC) of various thickness or different

basal lubricants (Paxwax or vegetable oil). Additionally, to introduce perturbations

away from the boundaries, some laminates were thinned by up to 20% (models

136, 150, 153, 171, 178, 179, 180, and 181) or were indented by metal rods

(models 278, 279, 280, and 281). To reduce brittle failure of the laminate, less

viscous Pla and Pla mixed homogeneously with DC were substituted for PL.

Because the viscosities of the materials decreased with decreasing strain-rate (e.g.

Weijermars & Schmeling 1986), some models were also deformed at low velocities

(models 183, 184, 216, 275, 276, 277, 278, 279, 280, 281, 282, 285, 289, and

292). To test if the deformation would be distributed more evenly for a flexural slip

fold mechanism, in one model (292) individual layers were lubricated with

vegetable oil. These different techniques reduced, but by no means eliminated the

boundary effects. Even in models where deformation was not concentrated at the

boundary, deformation was poorly distributed. Where the laminate was indented in

several places, one fold typically amplified at the expense of other folds.

The least pronounced boundary effects occurred in two types of models. In

first type, DC was interlayered with PDMS (models 95, 109, and 112). Both
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materials have a low viscosity compared with PL and Pla. Although folds initiated

near and parallel to the moving sidewalls, folds also formed in the central regions of

the models. Because the PDMS is affected by significant gravitational body forces,

it is an inappropriate material to represent outcrop-scale structures, so it was used in

few models. The second category of models with reduced boundary effects had a

thick, strong confining unit (models 182 and 185). These 15 cm long models were

shortened in one direction. Their laminates of DC and Pla were incased in a matrix

of a thin layer of DC and a thicker layer of Pla (Table A 1.1). The laminate buckled

in a series of 2 cm wavelength folds, and the matrix thickened approximately

uniformly. When a larger model (model 186, 26 cm by 26 cm) was built with the

same stratigraphy and was shortened in two directions, the confining unit buckled

and faulted. The behavior of the thick confining unit controlled the structures of the

laminate below it (as it did in a preliminary centrifuge experiment, Ch. 2). In two

subsequent models (models 196 and 216) lead shot was used to weigh down the

Pla confining unit. As the Pla unit deformed, however, the lead shot flowed away

fromthe locus of amplification, so was not an effective confinement.

Discussion

Despite the strong boundary effects, some models had similarities in their

style of fold superposition with the models deformed in the centrifuge (Ch. 2 and

Ch. 3). A sequentially shortened model with high competence contrast (model 136)

formed dominantly Type 2 interference. A coevally shortened model with high

competence contrast (model 126) formed elongate domes and basins which were

oriented parallel to the sidewalls near the boundaries. The similarities between the
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models deformed at normal and increased gravitational acceleration suggest that

although gravitational body force may modify fold interference, it is less significant

than parameters such as deformation history.

Deformation propagated away from the boundaries in the unconfined

centrifuge models (Ch. 2 and 3), in the unconfined models with weak materials

deformed at normal gravity, and in the models with a strong confinement unit

deformed at normal gravity. Both the confining unit and gravitational body forces

evidently damped vertical structural growth. The precise mechanism relating

limitation of amplification and distribution of deformation is unclear, however. In

the models, folds typically first nucleated adjacent to the moving walls (or rams in

the centrifuge models). Amplification of these folds was restricted by a confining

layer or by the laminates' gravitational body forces. Apparently, it was

energetically more favorable for perturbations to nucleate and grow away from the

moving wall than for the initial folds to continue to amplify. In this manner folds

nucleate and propagate away from the moving wall. This mechanism of fold

propagation and amplification may be analogous to the critical taper model of thrust

belt accretion (Davis et al. 1983), whereby the gravitational force of the material in

the hinterland helps drive the active deformation in the foreland, at the toe of the

wedge.
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Exd. # Stratigraphy Deformation Comments

materials n h(mm) %straiin v(cm/hr)
9 5 PDMS(top) 1 1 0 42 1 9

PDMS 1 10

DC 2 5

PDMS(base) 1 10

1 78 Pla(top) 1 25 20 9.5 thinned laminate

DC 5 1

Pla 5 1

Pla(base) 1 25

1 79 DC(top) 1 25 20 9.5 thinned laminate

DC 4 1

Pla 4 1

DC(base) 1 25

1 80 Pla(top) 1 20 20 9.5 thinned laminate

DC 4 1

Pla 4 1

DC 2 5

Pla(base) 1 20

1 8 1 Pla(top) 1 25 20 9.5

DC 5 1

Pla 4 1

Pla(base) 1 25

1 82 Pla(top) 1 20 20 9.5

DC 1 5

DC 9 1

Pla 8 1

DC 1 5

Pla(base) 1 20

1 83 PDMS(top) 1 25 20 1

DC 2 4

Pla 2 1

PDMS(base) 1 25

1 84 PDMS(top) 1 25 20 1

DC 3 4

Pla 2 1

PDMS(base) 1 25
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Exd. # Stratigraphy Deformation Comments

materials n h(mm) % s t r a i n v(cm/hr)
1 8 5 Pla(top) 1 50 20 4.76

DC 1 5

DC 9 1

Pla 8 1

DC 2 5

Pla(base) 1 50

275 DC 3 2 11.5 0.5 veg. oil lubricant

Pla 3 2

DC (base) 1 7

276 DC 3 2 7.5 0.5 veg. oil lubricant

Pla 3 2

DC 1 1 0

dense

silicone

(base)

1 2

277 DC 3 5 7.4 0.1 veg. oil lubricant

Pla 3 2

DC (base) 1 1 0

278 DC 3 2 15.8 0.03 indented laminate

Pla 3 2

DC (base) 1 1 0

279 DC 4 2 1 3 0.03 indented laminate

Pla 4 2

DC(base) 1 1 0

280 DC 4 2 6.3 0.03 indented laminate

Pla-DC 4 2

DC(base) 1 1 0

2 8 1 DC 5 2 7.4 0.02 indented laminate

Pla-DC 5 2

DC(base) 1 1 0

285 DC 4 2 0.08 partial lubricant

Pla-DC 4 2

DC(base) 1 10

289 DC 4 2 1 8 0.3

Pla-DC 4 2

DC(base) 1 1 0
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Table Al.l (continued)

Exp. # StratiaraDhv Deformation Comments

materials n h(mm) %strain v(cm/hr)

292 DC 4 2 12.2 0.1 interlaminar

lubricant

Pla-DC 4 2

DC(base) 1 1 0

PDMS=polydimethylsiloxane
DC=Dow Corning bouncing putty
PL=Harbutt's Plasticine modeling clay
Pla=Plastilina #1 modelclay
n=number of layers
h=thickness of each layer

v=velocity



184

Table A1.2 Models Shortened Sequentially

Exd.# StratiaraDhv Deformation

i/hr)
D 2

Comment*

materials n h (m m) %strain

D 1 D 2

v(cn
D 1

1 32 PDMS (top) 1 1 0 27 27 1 0 1 0

PL 4 2

DC 4 2

PDMS(base) 1 1 0

1 3 6 PDMS (top) 1 1 0 1 8 1 8 20 20

PL 4 2

DC 4 2

PDMS(base) 1 1 0

1 50 PL 2 2 1 4 1 4 1 0 1 0

DC 2 2

PDMS 1 1 0

1 66 PDMS 1 1 0 1 8 30 1 3 1 3

PL 5 1

DC 5 1

PDMS(base) 1 1 0

1 71 PDMS(top) 1 25 20 20 7 7

PL 5 2

DC 5 2

PDMS(base) 1 25

1 76 DC(top) 1 30 1 6 1 6 1 0 1 0

PL 1 2

DC(base) 1 30

1 86 Pia(top) 1 50 20 20 4.76 4.76

Pla 9 1

DC 3 1

DC 2 5

Pla (base) 1 25

1 89 PDMS (top) 1 1 0 20 20 14.3 1 9

DC 1 5

PDMS(base) 1 40

1 96 Pla (top) 1 50 20 20 1.5 1.5 25 lbs

DC 1 5 Pb shot

DC 8 1 added to top

PL 9 1

DC 1 5

Pla (base) 1 20
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Table A1.2 (continued)
Exd.# StratiaraDhv Deformation Comments

materials n h (m m) % s t r a i n v(cm/hr)
D 1 D 2 D 1 D 2

2 16 Pla (top) 1 1 0 1 5 25 0.5 0.5 50 lbs

DC 1 5 Pb shot

DC 8 1 added to top
PL 9 1

DC(base) 1 5

2 82 DC 5 2 8 12.6 0.5 0.5

Pla-DC 5 2

DC(base) 1 1 0

PDMS=polydimethylsiloxane
DC=Dow Corning bouncing putty
PL=Harbutt‘s Plasticine modeling clay
Pla=Plastilina Hardness#1 modeling clay

Pla-DC=homogeneous mixture of Pla & DC

n=number of layers
h=thickness of each layer

v=velocity
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Table A1.3 Models Shortened Coevally

Exd.# Stratiaraphy
materials n hfmmt

Deformation

%strain

Dx Dy

v ( cm/hr)

Dx Dy
10 9 PDMS 2 1 0 30 30 20 20

DC 1 5

112 PDMS 3 6 30 30 20 20

DC 3 3

12 0 PL 3 3 30 30 20 20

DC 4 3

12 6 PDMS 1 1 0 20 20 1 0 1 0

PL 4 2

DC 4 2

PDMS(base) 1 1 0

153 PL 2 2 1 6 1 6 3 3

DC 2 2

PDMS(base) 1 1 5

PDMS=polydimethylsiloxane
DC=Dow Corning bouncing putty
PL=Harbutt's Plasticine modeling clay
n=number of layers
h=thickness of each layer

v=velocity
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Appendix 2. Field Measurements from the Narragansett
Basin

Detailed fold geometry of outcrop-scale fold interference from two regions

of the Narragansett Basin, Rhode Island was measured during the summer of 1992

(see Ch. 5 for description of regional structural styles). Coastal outcrops

beautifully expose in three-dimensions outcrop-scale fold interference on the

Beaverhead area of Conanicut Island and on Dutch Island (Figs. 5.2, A2.1 and

A2.2). Although separated by only a few kilometers, the two regions display

different styles of fold interference and have different kinematic histories. In the

Beaverhead area, upright F 2 and F 3 folds are noncoaxially superposed at nearly

right angles, and the interference styles include Type 1 and Type 2 (Burks 1981).

On Dutch Island, multiple generations of upright folds and crenulations are

superposed at a low angles. The fold interference is expressed as sinuous hinge

lines and as domes and basins, interpreted to have formed during first sinistral then

dextral shearing (Mosher and Berryhill 1991). Both regions have been mapped in

detail (Burks 1981, Berryhill 1984), and the significance of the local deformation to

local kinematics and the regional tectonics has been previously discussed (Burks

1981, Burks 1985, Mosher and Berryhill 1991). The geometry of fold interference

was measured to test to what extent the geometry of fold interference, as opposed to

crosscutting relationships among different generations of foliations, reflects the

kinematics of fold superpostion. Additionally, the fold geometry was measured for

comparison with physical models. Because the physical models deformed in the
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centrifuge (Ch. 2 and Ch. 3) were scaled to represent regional structures, and

because physical models deformed at normal gravitational acceleration gave

inconsistent and incomplete results (Appendix 1), direct comparison of the physical

models and the field measurements is inappropriate. Moreover, the field

measurements from the two regions proved to be insufficient to characterize the

differences in their kinematic histories.

Methods

Both field areas were divided into several measurement stations (Figs. A2.1

and A2.2), subdivided into smaller regions (e.g. Location 3A), and further

subdivided into individual folds (e.g. Location 3A, fold 1). I measured the

variation of fold hinge orientation, fold amplitude, wavelength and interlimb angle

along strike or at different depths (Tables A2.1 and A2.2). Because of the

orientation and size of the surface exposed, not all parameters were measured at all

stations. Where outcrops exposed the top of deformed surfaces, the fold hinge

trend and plunge, fold amplitude, and interlimb angle were measured in plan view

at 5 cm intervals. Where outcrops exposed cross sections through the structures,

variation in the same geometric parameters could be measured with depth.

RESULTS

The measurements document a variation in fold geometry within and across

domains. Equal-area projections show variation in fold hinge orientation of a single

fold hinge, of different fold hinges within a measurement station, and of the two

field areas (Fig. A2.3). Fold amplitude, wavelength, and interlimb angle plotted

against the length of traverse along individual fold hinges describes changes in the
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geometry of individual folds (Fig. A2.4). Neither the stereograms nor the fold

geometry graphs yielded plots characteristic of the structural style of each domain.

The results show as much variation between adjacent folds within measurement

stations as between measurement stations, or within a the Beaverhead domain as

between Beaverhead and Dutch Island. Systematic measurement of fold geometry

therefore may aid the description of interference style, but is not diagnostic of the

kinematics of the interference style.
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Figure A2.1 Sample location map, Beaverhead area, Conanicut Island

(after Fig. 5, Burks 1981). Numbers refer to measurement stations listed in

Tables A2.1 and A2.2.



191

Figure A2.2 Sample location map, Dutch Island (after Fig.2, Berryhill 1984).
Numbers refer to measurement stations listed in Tables A2.1 and A2.2.
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Figure A2.3 Representative equal-area projections illustrating the variation
in the orientation of an individual fold hinge, measured at 5 cm intervals
along its trend, (a) Location 3F Beaverhead, Conanicut Island, (b)
Location 2C, Dutch Island.



Figure A2.4 Variation in amplitude, interlimb angle, and wavelength of an

individual fold, measured at 5 cm intervals along its trend, (a) Example from

Location 3F, Beaverhead region, (b). Example from Location 9D, Dutch Island

193



Table A2.1 Fold Geometry, Beaverhead, Conanicut Island
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LOC FOLD FOLD TREND PLUNGE ANGLE AMP WL

GEN. ID (cm) (cm
1 F2 1 * 169 4 - 0.5 .

166 5 - 1.5 -

165 1 5 - 2.0 -

175 1 5 - 1.5 -

160 1 5 - 0.5 -

F2 2 * 150 8 - 1.9 -

155 5 - 1.8 -

160 6 -
- -

172 10 - 2.0 -

175 5 - 1.0 -

1 0 5 - 0.8 -

F2 3 * 145 5 - 1.0 -

165 2 - 2.2 -

8 6 - 1.3 -

5 5 - 1.0 -

5 1 1 - 1.6 -

5 6 - 1.2 -

1 5 8 - 1.0 -

3 A F2 1 1 5 1 0 - 4.0 4.0

2 195 8 - 1.0 5.0

3 188 6 - 0.5 3.0

4 192 1 0 - 1.0 16.0

F3 1 * 105 25 - - -

110 32 - -
-

11 5 25 - -
-

105 30 - - -

100 26 - - -

105 32 - - -

11 1 33 - -
-

3 B F3 1 # 122 1 1 - - -

110 1 5 - - -

100 1 0 - - -

115 40 - -
-

145 56 - - -

123 35 - - -

100 34 - - -

105 30 - - -

3 C F3 1 # 127 45 90 . -
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Table A2.1 (continued)
LOC FOLD

GEN.

FOLD

ID

TREND PLUNGE ANGLE AMP

(cm)

WL

(cm)
220 50 45 - -

125 40 - -

110 72 60 - -

115 73 35 - -

118 20 60 - -

125 35 75 - -

125 35 70 - -

2 125 20 - - -

3 118 38 - - -

4 115 48 -
- -

5 102 45 - - -

6 120 46 - - -

7 122 52 -
- -

3D F3 1 130 1 0 110 - 2.0

2 107 3 1 35 - 25.0

3 127 22 143 - -

4 115 22 - - -

5 145 40 - - -

6 112 37 45 - 7.0

7 113 49 90 - -

4 A F3 1 150 50 100 - -

2 125 30 1 55 - -

3 70 2 120 1.0 2.0

4 130 42 115 1.5 8.0

5 11 5 34 100 3.0 5.0

6 110 35 65 2.0 4.0

7 115 36 65 2.5 3.0

8 125 20 140 1.0 3.0

9 105 40 110 1.0 2.0

1 0 105 0 85 2.0 5.0

1 1 75 9 90 4.0 7.0

1 2 110 20 150 3.0 8.0

1 3 85 25 100 50.0 30.0

1 4 100 34 115 4.0 15.0

1 5 115 35 90 2.0 2.0

1 6 135 55 100 2.0 2.0

4 C F3 1 * 110 24 115 1.0 6.0

125 55 90 2.0 4.0

128 36 110 1.0 5.0

125 34 115 1.0 4.0
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Table A2.1 (continued)
LOC FOLD

GEN.

FOLD

ID

TREND PLUNGE ANGLE AMP

(cm)

WL

(cm)
129 30 115 0.5 1.0

2 138 44 90 1.0 3.0

3 144 28 60 6.0 7.0

4 128 44 90 13.0 4.0

5 1 1 5 34 - - -

6 122 80 110 10.0 15.0

7 130 35 120 3.0 3.0

8 125 46 90 - 3.0

9 130 51 112 2.0 5.0

1 0 80 55 45 10.0 10.0

4 D F2 1 326 1 5 1 20 1.0 2.0

2 327 1 8 1 15 1.5 2.0

3 333 15 1 30 1.0 3.0

4 22 60 90 2.0 2.0

5 310 55 1 60 1.0 7.0

F3 1 # 135 29 115 1.0 3.0

146 20 140 3.0 15.0

130 32 120 1.0 3.0

130 29 120 3.0 3.0

135 35 90 2.0 15.0

121 20 110 3.0 4.0

115 40 60 1.0 9.0

95 55 120 4.0 2.0

108 27 90 3.0 9.0

85 23 150 3.0 4.0

108 39 120 3.0 6.0

122 36 140 3.0 20.0

131 70 100 2.0 4.0

4E F2 1 * 220 1 6 150 30.0 40.0

215 1 4 - - -

215 1 0 - -
-

208 1 0 - - -

220 1 0 - - -

205 1 2 - -
-

200 1 3 - - -

198 1 0 - - -

2 * 55 1 4 120 3.0 15.0

45 1 1 120 3.5 12.0

38 12 120 3.0 10.0

50 1 5 120 4.0 9.0
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Table A2.1 (continued)
LOC FOLD

GEN.

FOLD

ID

TREND PLUNGE ANGLE AMP

(cm)

WL

(cm)
65 10 115 4.0 10.0

35 0 90 5.0 11.0

203 5 95 5.0 15.0

230 1 0 120 7.0 16.0

225 25 120 7.0 19.0

220 1 5 140 2.0 12.0

205 1 1 150 1.0 2.0

3 * 205 85 1 50 4.0 21.0

208 6 140 4.0 20.0

220 4 160 5.0 20.0

44 4 150 5.0 20.0

30 6 120 3.0 15.0

45 9 120 3.0 15.0

35 6 120 3.0 9.0

50 6 110 3.0 4.0

35 21 120 2.0 4.0

25 54 150 1.0 4.0

4 * 50 2 120 1.5 9.0

50 5 120 1.5 9.0

210 20 140 1.0 7.0

4E F3 1 125 20 150 15.0 30.0

2 75 46 120 1.0 3.0

3 245 60 150 2.0 5.0

4 230 30 120 2.0 10.0

5 255 2 150 1.0 10.0

6 245 1 5 160 1.0 15.0

4 F F2 1 185 5 - 1.0 3.0

2 130 1 0 - 2.0 3.0

3 260 35 - - -

F3 1 271 5 - - -

2 255 25 -
- -

3 260 54 120 1.0 4.0

4 100 24 150 2.0 9.0

5 145 6 1 30 3.0 10.0

6 120 25 120 2.0 6.0

7 190 24 150 3.0 13.0

4G F2 1 50 36 160 1.0 4.0

2 40 1 6 120 2.0 4.0

3 48 45 100 2.0 4.0

4 68 24 110 1.0 3.0
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Table A2.1 (continued)
LOC FOLD

GEN.

FOLD

ID

TREND PLUNGE ANGLE AMP

(cm)

WL

(cm)
F3 1 65 55 150 1.0 6.0

2 170 19 95 4.0 15.0

3 130 40 85 7.0 11.0

4 140 45 60 7.0 10.0

5 130 29 90 3.0 10.0

6 132 46 95 2.0 4.0

7 148 42 160 2.0 9.0

5 A F2? 1 * 120 42 150 0.5 3.0

120 53 140 0.5 5.0

127 39 130 1.0 3.0

125 33 150 1.0 3.0

90 6 150 0.5 4.0

102 10 160 0.5 4.0

85 1 4 120 2.0 4.0

F3? 1 * 175 32 120 2.0 7.0

175 24 130 1.5 6.0

165 25 150 1.0 4.0

150 41 130 1.5 4.0

178 30 150 1.0 3.0

175 1 5 160 1.0 6.0

6 1 .a* 43 1 1 -
- -

74 1 1 85 0.7 0.6

1 .b* 56 19 150 0.5 1.0

26 2 150 0.5 0.5

1 .c* 50 1 9 110 0.8 1.0

34 2 90 0.3 1.0

1 .d* 40 34 140 0.5 1.5

32 6 100 0.5 5.0

1 .e* 34 41 160 0.2 3.0

49 1 0 90 0.5 5.0

2 * 226 5 - - -

35 9 - - -

23 5 90 0.5 1.0

1 8 9 -
- -

1 3 9 - - -

4.a* 105 0 170 0.1 1.2

55 1 8 160 0.5 2.5

44 1 1 170 0.1 1.5

45 20 100 0.5 1.0

4. b* 75 5 1 50 0.5 1.0
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Table A2.1 (continued)
LOC FOLD FOLD TREND PLUNGE ANGLE AMP WL

GEN. ID (cm) (cm)
45 10 1 20 0.5 0.8

39 3 90 1.0 3.0

210 3 1 50 1.5 3.2

4.c* 216 6 170 0.5 1.0

5 * 41 9 90 0.5 1.0

26 9 90 1.0 2.0

6 5 90 1.0 1.8

1 4 4 150 0.8 1.5

6.a* 29 10 110 0.5 0.5

49 6 150 1.0 0.5

0 4 150 2.0 0.5

204 6 120 1.5 1.0

39 5 110 5.0 2.5

35 20 100 2.5 1.5

1 9 1 5 90 1.0 0.5

6 .b* 89 1 5 1 70 1.0 0.5

85 4 1 60 2.0 1.0

84 29 170 1.0 0.5

84 1 5 160 2.0 0.5

6. c* 60 6 150 1.0 0.5

85 1 0 160 2.5 0.5

85 60 120 5.0 1.0

80 1 7 170 2.0 2.0

F2 7 * 54 1 1 120 0.5 1.0

39 20 90 0.8 1.0

34 44 110 0.8 1.5

1 5 3 1 30 0.5 1.5

7 A F2 1 275 1 5 - 2.0 3.0

2 260 30 - 2.0 5.0

3 240 22 - 0.5 1.0

4 60 5 - 1.0 2.0

5 235 5 - 3.0 6.0

6 220 1 0 - 1.0 2.0

7 40 8 - 1.0 2.0

8 200 1 1 - 4.0 10.0

F3 1 52 34 - 2.0 3.0

2 355 60 - 4.0 15.0

7 B F2 1 265 30 - 10.0 50.0

2 245 6 - 1.0 5.0

3 245 42 - 2.0 3.0
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Table A2.1 (continued)
LOC FOLD FOLD

GEN. ID

TREND PLUNGE ANGLE AMP

(cm)

WL

(cm)
F3 1 * 226 40 1 50 2.0 -

235 35 120 4.0 10.0

240 30 90 4.5 9.0

1 8 2 80 4.0 7.0

203 1 0 110 2.0 6.0

205 1 5 150 1.0 3.0

2 * 236 30 90 2.0 5.0

235 1 9 85 4.0 5.0

3 * 210 34 120 - -

207 41 120 -
-

205 38 145 -

4 * 22 6 - 1.0 3.0

24 20 - 3.0 8.0

222 21 - 1.0 1.0

35 20 - 1.0 3.0

230 19 - 0.5 1.0

225 35 - 3.0 5.0

21 1 2 - 3.0 5.0

LOC = location, see Fig. A2.1

FOLD GEN. = fold generation, from Burks 1981

FOLD ID = fold identification

ANGLE = interlimb angle
AMP = amplitude
WL = wavelength
-

= not measured

# = measurements at different depths of a single fold hinge
*

= measurements along strike of a single fold hinge
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Table A2.2 Fold Geometry, Dutch Island

LOC FOLD ID TREND PLUNGE ANGLE AMP(CM) WL(CM)

1 A 190 22 1 80 0.5 1.5

192 20 1 50 1 5

200 1 6 125 5 7

206 1 6 105 6 1 7

202 1 5 90 7 1 7

210 1 6 100 7 1 7

212 16 100 4 20

215 1 6 90 4 1 7

213 12 120 4 1 7

204 12 130 3 1 7

1 B 1 212 12 140 2 -

219 20 140 3 -

219 20 1 30 3 -

215 21 130 3 -

216 25 105 3 -

221 21 105 4 -

222 23 105 3 -

228 20 150 2 -

220 25 145 1 -

224 30 150 1 -

225 34 1 55 1 -

225 40 165 2 -

215 30 130 2 -

1 B 2 218 33 175 2 2

210 35 155 3 3

205 38 140 3 5

205 24 125 3 8

210 36 110 4 9

218 21 115 5 9

220 1 8 110 5 9

220 1 7 130 5 9

224 20 130 5 9

226 20 140 4 8

226 1 5 140 3 4

230 1 0 140 3 3

1 C 1 209 1 7 90 2 5

216 1 8 100 3 5

21 1 1 9 100 2 4

210 24 105 2 4
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LOC FOLD ID TREND PLUNGE ANGLE AMP(CM) WL(CM)
219 1 5 100 3 4

219 1 0 100 3 4

216 25 80 3 4

216 1 5 130 3 2

212 6 120 3 3

212 8 120 3 3

1 C 2 206 29 1 30 0.5 1

213 22 125 1 3

220 1 6 130 1 3

222 20 1 30 0.5 3

1 C 3 216 1 1 - 0.5 1

219 1 4 120 1 2

214 1 2 - 0.5 1

1 C 4 210 1 6 - 0.5 2

210 20 100 2 2

213 1 8 - 2 3

2 A 1 167 29 130 - -

163 26 145 - -

161 25 180 - -

164 1 6 180 - -

164 24 130 - -

175 1 1 120 - -

180 20 120 - -

178 1 8 110 - -

188 1 4 125 - -

165 28 128 - -

2 A 2 185 22 90 - -

188 1 0 - - -

200 20 1 50 - -

190 1 9 110 - -

177 20 140 - -

2 A 3 175 1 5 60 2 -

180 1 9 60 - -

188 1 8 60 1 -

190 20 60 -
-

192 29 130 - -

184 28 120 - -

184 24 130 -
-

184 1 6 150 -
-

172 32 1 80 - -
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LOC FOLD ID TREND PLUNGE ANGLE AMP(CM) WL(CM)
3 1 1 8 4 125 1.5 -

1 6 4 1 35 -
-

1 8 4 145 0.5 -

3 2 203 6 120 - -

194 1 5 130 - -

193 1 1 125 -
-

193 8 125 - -

188 1 0 140 - -

193 5 1 30 - -

195 1 4 1 35 - -

3 3 194 1 4 160 0.5 -

200 6 145 2 -

192 5 120 1 -

3 4 202 1 4 140 -

198 1 5 130 2.5 -

201 1 4 135 - -

20 4 135 3 -

25 4 1 38 - -

21 2 115 3.5 -

21 3 118 -
-

20 5 120 3 -

22 7 135 - -

1 4 6 140 1 -

1 4 5 150 0.5 -

6 1 212 1 0 180 - -

206 4 180 - -

211 4 130 - -

208 7 130 - -

208 6 160 - -

204 1 1 140 - -

205 1 6 135 - -

200 1 7 145 - -

202 1 6 160 -
-

6 2 202 1 1 160 - -

208 8 140 - -

206 1 6 120 -
-

214 1 0 110 -
-

212 9 120 - -

218 0 115 - -

30 3 125 - -

34 9 1 30 - -
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LOC FOLD ID TREND PLUNGE ANGLE AMP(CM) WL(CM)
214 4 130 - -

212 9 115 -
-

220 4 120 -
-

225 6 135 - -

220 4 125 - -

221 3 120 - -

222 2 125 - -

220 9 125 - -

21 1 5 135 - -

212 2 140 - -

210 1 9 150 - -

6 3 205 23 0.5 - -

199 24 1 -
-

200 20 0.5 - -

6 4 212 5 170 - -

212 5 125 - -

216 4 115 - -

210 4 95 -
-

210 6 100 - -

222 0 110 - -

220 4 105 -
-

228 1 4 120 - -

7 A 1 186 1 0 85 1 -

192 9 85 1.5 -

199 10 75 2 -

199 1 5 105 2 -

199 1 6 110 1.5 -

194 1 4 110 1.5 -

189 9 130 1.5 -

193 1 5 113 1.5 -

196 1 0 125 2 -

205 1 5 110 2 -

199 1 0 135 2.5 -

200 1 4 128 2.5 -

205 1 5 135 2 -

205 3 140 2 -

191 25 145 2 -

194 22 160 -

7 A 2 192 4 130 0.5 -

195 1 5 125 3.5 -
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LOC FOLD ID TREND PLUNGE ANGLE AMP(CM) WL(CM)
200 17 125 3 .

198 22 128 3 .

190 27 135 2.5 .

195 30 1 5 2 .

202 27 160 1 -

7 A 3 202 1 4 125 1 .

205 1 6 125 3 -

205 1 8 130 3.5 -

213 1 8 120 3 -

208 20 125 3.5 -

208 1 6 125 2.3 -

210 1 5 120 1.8 -

208 1 0 150 1.5 -

206 8 150 1.5 -

205 1 4 150 1.5 -

212 14 60 0.5 -

212 15 60 1 -

212 1 1 50 1 -

8 A 1 199 9 110 - -

205 6 105 -
-

202 5 100 - -

206 7 110 - -

202 5 110 -
-

206 0 105 - -

30 5 105 - -

30 4 115 -
-

30 6 120 -
-

28 0 110 - -

25 9 110 - -

31 1 3 130 - -

32 1 0 140 - -

34 12 1 50 - -

33 1 4 155 - -

30 1 0 155 - -

22 3 145 - -

22 0 145 - -

204 2 - - -

198 0 - - -

198 2 - - -

20 1 0 - - -

?n Q 1 FF
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LOC FOLD ID TREND PLUNGE ANGLE AMP(CM) WL(CM)
198 6 160 - -

8 A 2 210 0 85 - -

36 2 85 - -

38 4 95 -
-

36 4 85 -
-

30 6 85 - -

35 0 65 - -

210 4 68 - -

200 6 80 - -

200 6 75 - -

198 1 7 - -

194 9 75 - -

194 1 8 -
-

192 9 84 -
-

189 1 0 90 - -

194 1 4 90 - -

194 9 85 -
-

192 9 85 -
-

189 1 4 75 - -

186 1 4 70 - -

190 1 1 85 - -

8 A 3 A 22 34 - - -

34 20 80 -
-

221 5 85 6 -

203 5 80 - -

210 2 - - -

203 9 90 - -

209 4 85 - -

205 4 90 - -

201 5 100 - -

205 0 120 -
-

200 4 130 -
-

200 5 130 1 0

205 3 150 - -

205 3 1 30 -
-

8 A 3B 210 4 125 - -

210 5 130 -
-

220 2 130 8 -

220 0 135 7 -

216 4 125 7 -

209 6 95 6 -

216 9 95 5 -
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LOC FOLD ID TREND PLUNGE ANGLE AMP(CM) WL(CM)

228 1 1 93 2

226 1 5 90 2 -

222 1 0 130 3 -

222 3 1 30 3 -

234 2 85 1 -

236 0 90 1 -

8 A 3C 213 6 115 2 -

228 5 95 3 -

209 1 2 95 3 -

216 6 160 0.5 -

8 A 4 198 1 0 140 1

191 1 0 140 1 -

195 6 125 1.5 -

201 6 125 2 -

202 9 130 2 -

202 9 140 1.5 -

204 4 145 1.5 -

205 0 135 1 -

20 5 110 1 -

191 0 115 0.5 -

8 A 5 350 1 9 123 2 -

5 1 0 98 3 -

5 5 95 3 -

5 9 85 5 -

5 9 90 6 -

1 0 7 90 6 -

1 0 1 0 95 - -

1 0 0 95 8 -

1 0 3 110 -
-

1 5 3 112 - -

1 2 0 125 -
-

1 0 2 125 -
-

1 2 2 130 - -

8 B 20 5 70 0.5 1

21 2 85 1 1.5

32 7 120 2 5.5

32 1 0 120 5 6

32 6 95 7 7

24 1 4 100 7 6

30 1 5 90 7 8
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LOC FOLD ID TREND PLUNGE ANGLE AMP(CM) WL(CM)
28 1 5 100 6 8

28 1 2 110 5 8

31 6 100 6 7

31 0 95 6 7

218 6 90 7 8

210 2 125 3 5

8 C 1 182 1 2 85 1 -

170 1 0 85 2 -

194 2 95 3 -

202 3 130 0.5 -

210 5 125 - -

211 2 75 5 -

184 1 1 85 - -

170 20 95 8 -

185 1 5 100 - -

189 1 0 95 - -

194 5 75 - -

195 5 70 5 -

200 9 90 - -

205 2 90 - -

210 0 90 - -

8 C 2 228 5 105 4 -

240 25 105 4 -

240 1 6 110 3 -

245 1 1 1 - -

8 D 240 6 100 2 6

214 1 6 110 4 6

225 25 90 3 -

227 1 1 95 4 -

232 6 115 3 8

54 2 95 4 9

46 5 85 4 9

45 5 90 3 9

228 0 85 3 7

220 0 115 2 4

222 5 1 30 1.5 6

212 1 6 120 2 9

205 1 5 125 2 1

208 1 9 130 2 1

8 E 1 358 25 115 - 8

204 2 100 7 6
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LOC FOLD ID TREND PLUNGE ANGLE AMP(CM) WL(CM)
198 34 110 7 6

195 38 115 4 7

198 28 105 4 8

202 20 105 6 8

199 24 100 -
-

220 24 130 -
-

204 24 1 35 7 1 0

204 1 0 135 9 1 0

204 1 0 120 9 9

200 9 115 5 5

190 5 115 4 4

1 8 7 110 4 4

26 7 115 3 5

26 4 115 2 6

22 6 110 2 6

1 8 9 120 1 6

8 E 2 212 1 9 - - -

199 1 9 135 4 1 2

199 1 2 125 2 1 2

205 1 2 145 1 1 0

190 1 9 150 0.5 1 0

195 5 150 0.5 1 0

191 24 148 0.5 9

216 1 4 135 1 8

221 4 140 1 8

20 5 145 1 1 0

40 9 153 3 1 4

21 1 9 150 2 1 6

8 E 3 190 4 135 1 2

176 1 2 1 30 1 4

161 1 4 130 1 5

154 20 130 1 6

160 21 150 0.5 6

8 F 1 21 1 1 4 135 - 3

214 25 120 - 5

212 36 115 - 7

191 36 120 - 2

195 41 130 - 1 9

196 36 125 - 1 9

224 28 130 - 1 7

230 21 1 30 - 1 6
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LOC FOLD ID TREND PLUNGE ANGLE AMP(CM) WL(CM)

215 25 130 - 1 5

218 25 1 35 - 1 5

214 21 160 - 1 4

8 F 2 203 1 5 155 - 1 3

205 1 8 140 - 1 3

202 1 6 125 - 1 4

205 1 8 130 - 1 4

200 1 4 130 - 1 4

205 1 4 125 - 1 4

206 1 6 120 - 1 5

209 20 120 - 1 4

210 1 6 120 - 1 3

210 1 5 130 - 1 2

215 1 4 155 - 1 2

210 1 9 150 - 1 0

216 1 9 170 - 1 0

8 F 3 205 26 85 2 5

202 25 - 3 5

198 32 - 5 6

186 27 - 7 6

200 22 - 9 7

207 1 5 - 9 6.5

216 1 5 - 8 7

222 1 0 - 7 5

228 6 - 5 3

8 F 4 192 24 160 - 1 3

180 1 6 160 - 1 2

176 1 8 155 1 1 8

180 24 160 2 1 8

180 24 165 - 1 6

8 F 5 204 31 155 - 28

208 25 145 - 27

216 20 130 - 20

216 20 130 - 1 9

8G 1 198 6 155 1 -

1 6 6 150 1 -

1 6 2 145 - -

20 0 140 20 -

204 1 1 115 -
-

210 20 110 - -

211 20 110 26 -
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LOC FOLD ID TREND PLUNGE ANGLE AMP(CM) WL(CM)
210 20 115 - -

21 1 1 9 120 - -

215 1 7 105 - -

212 1 8 110 12 -

220 1 4 90 - -

222 1 9 95 - -

224 20 90 5 -

226 1 1 100 - -

226 6 110 - -

230 0 115 2 -

8G 3 224 20 110 2 -

215 1 4 125 2 -

210 9 1 30 1 -

206 6 140 1 -

203 4 155 0.5 -

200 6 160 0.5 -

8G 2 182 1 6 155 - 7.5

184 22 145 - 5.5

186 1 9 145 - 3

191 1 5 150 - 2

9 A 198 1 9 170 1 1 1

200 1 9 155 2 1 3

198 24 155 2.5 1 3

194 23 145 3 1 1

195 20 135 4.5 1 3

190 1 5 125 4.5 1 5

192 1 3 135 5 1 4

199 1 3 115 4 1 5

198 1 9 110 4 1 4

202 1 5 110 4 1 8

209 1 3 110 5 20

204 1 1 100 5 21

203 21 95 5.5 25

201 1 8 105 6 26

203 1 1 115 7 26

200 20 110 7 26

201 1 6 1 30 6 27

204 21 135 6 27

207 1 6 120 5 27

221 1 8 120 5 27

201 20 125 4 27
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LOC FOLD ID TREND PLUNGE ANGLE AMP(CM) WL(CM)
214 24 130 4 27

214 24 130 4 27

212 22 135 4 27

214 1 8 135 4 27

224 1 6 135 4 27

219 21 135 4 30

223 1 9 135 4 1 9

219 1 9 140 2 1 3

219 1 4 145 1 1 1

215 1 5 155 2 9

215 1 6 155 2 8

9 B 2 199 1 9 105 1 2 40

200 23 110 - -

200 21 105 10 -

202 20 125 - -

204 20 140 3 25

202 1 9 105 4 -

199 25 125 5 22

204 20 125 6 -

210 1 4 105 6 20

205 1 6 110 6 -

205 1 6 108 6 1 4

205 20 105 6 1 2

206 1 6 115 4 1 0

212 1 6 105 4 8

212 1 4 100 2 8

208 4 140 1 5

9 B 3 185 9 170 1 4

192 5 125 3 5

194 1 0 125 3 6

194 9 130 3 7

198 6 160 4 7

195 3 150 4.5 8

189 8 130 4 9

190 8 130 5 1 0

194 1 0 120 7 9

194 1 0 115 7 1 0

196 1 0 115 9 1 0

194 14 110 8 9

199 1 4 85 8 9

201 1 3 90 8 9
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LOC FOLD ID TREND PLUNGE ANGLE AMP(CM) WL(CM)
207 6 110 6 8

200 1 9 1 30 4 1 2

199 1 6 120 4 1 1

198 1 5 135 3 9

203 1 9 115 2 8

204 1 7 140 2 8

205 1 4 100 1 6

9 C 1 189 9 70 0.5 0.5

180 1 0 75 1 5

186 9 120 1 6

202 4 125 1.5 6.5

208 2 130 1 5

204 1 0 1 35 1 3

203 1 0 140 0.5 2

9 C 2 185 1 1 120 1 3

189 1 6 90 1 2

195 1 6 130 1 2

210 9 135 1 3

9 C 3 210 4 145 1 8

210 2 145 2 9

212 2 140 2 6

214 4 140 1.5 5

206 1 1 150 1 4

9 D 1 1 5 4 120 1 4.5

195 2 155 1 4

190 0 145 1 3.5

190 0 1 35 1 4

191 2 135 1 4

191 0 155 2 3

6 4 135 2 3

1 5 2 140 1 5

200 1 5 150 1 4

9 D 2 1 8 6 145 2 1 2

20 4 145 2.5 1 1

24 6 150 3 1 0

1 8 4 1 35 3 9

20 3 135 3 8

22 4 140 2 8

23 9 140 1 6

1 6 2 140 1 5
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LOC FOLD ID TREND PLUNGE ANGLE AMP(CM) WL(CM)
9 D 3 180 6 145 0.5 4

190 6 150 1 5

192 7 170 0.5 4

9 D 4 186 7 170 0.5 2

188 7 150 1 5

198 9 160 1 5

200 5 170 0.5 2

9 E 1 196 1 0 - - -

200 1 4 - - -

199 1 6 - - -

204 1 6 * - -

204 1 6 - - -

206 1 6 - - -

200 1 0 - - -

202 1 6 - - -

200 1 2 - - -

210 6 - - -

210 6 - -
-

210 1 0 -
- -

208 1 4 - - -

208 1 8 - - -

210 1 6 - - -

218 20 -
- -

225 30 - - -

225 22 - - -

208 1 2 -
- -

202 12 -
- -

195 1 6 - - -

200 1 4 - -
-

9E 2 195 1 6 -
- -

195 1 2 - -
-

200 1 1 -
- -

194 1 1 - -
-

191 1 4 -
- -

192 1 2 -
- -

186 1 4 - -
-

187 1 4 -
- -

187 8 -
- -

185 5 -
-

-

180 5 -
-

-

170 0 -
- -
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LOC FOLD ID TREND PLUNGE ANGLE AMP(CM) WL(CM)
152 5 - - -

160 1 0 - - -

158 1 0 - - -

158 1 0 -
- -

162 1 0 - - -

164 1 0 - - -

1 0. A 1 225 25 115 3 9

220 4 100 3 9.5

219 9 110 3 9

220 8 105 3 9.5

222 10 120 3 9.5

220 1 4 115 3 8

219 1 5 115 3 8

218 9 125 2.5 8

38 0 115 2 7

37 4 125 2 4

35 0 125 1 3

214 4 125 1 1.5

214 4 1 35 1 2

1 0.B 210 1 5 160 4 1

197 1 1 145 5 2

200 1 7 100 9 8

201 22 900 9 8

202 22 115 1 0 8

206 25 100 1 1 8

206 24 100 1 0 7.5

208 1 0 100 9 1 0

210 9 100 1 3 9

212 1 3 110 1 3 1 1

1 O.C 174 1 0 170 1 -

185 0 105 2 -

6 2 95 2 -

191 0 95 2 -

21 4 90 1.5 -

1 O.D 209 1 6 155 50 -

205 1 2 1 35 -
-

205 12 130 -
-

204 1 0 125 - -

205 1 1 115 -
-

209 9 100 35 -

216 3 85 - -
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LOC FOLD ID TREND PLUNGE ANGLE AMP(CM) WL(CM)
215 0 80 .

215 4 75 - -

218 1 1 90 - -

214 9 85 -
-

212 24 85 45 .

210 20 80 -
-

212 25 - -

210 1 4 30 .

210 9 -
.

206 1 9 130 - -

210 6 140 - -

210 6 140 -
-

205 9 120 1 0 -

205 1 8 135 - -

200 20 140 -
-

209 4 135 - -

210 9 135 - -

200 26 145 30 -

205 6 140 - -

210 5 130 - -

205 5 125 -
-

214 6 95 • -

219 4 90 - -

215 3 105 - -

215 8 115 40 -

218 2 120 -
-

220 2 115 - -

220 2 110 - -

223 0 120 - -

218 6 130 38 -

225 9 125 - -

235 9 125 - -

230 2 130 - -

230 4 150 - -

230 2 160 28 -

1 1 1 220 1 9 160 - -

222 1 6 130 - -

225 1 9 120 - -

226 24 115 - -

227 23 105 - -

232 1 9 110 - 8
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LOC FOLD ID TREND PLUNGE ANGLE AMP(CM) WL(CM)
228 9 105 - 8

220 1 9 115 - 8

227 1 9 115 - 7

228 20 115 - 7

228 1 9 120 - 7

228 9 125 - 6

232 8 130 - 7

235 1 4 140 - 8

240 1 4 150 - 9

240 9 140 - 9

235 8 140 - 1 0

240 1 5 130 - 1 0

236 20 140 - 1 0

235 1 9 140 - 1 1

235 1 5 140 - 1 1

1 1 2 224 25 130 -
-

226 23 130 -
-

223 1 5 110 - -

221 1 5 120 - -

220 1 9 120 -
-

222 1 2 160 - -

225 9 145 -
-

220 20 145 - -

228 1 5 145 - -

229 1 7 150 - -

230 1 8 160 - -

231 1 5 170 - -

1 1 3 220 1 6 150 1 2

220 20 150 1 3.5

225 21 160 1 4

225 21 170 1 4

1 1 4 208 23 170 - 7

220 1 8 160 - 9

225 1 5 1 50 - 8.5

225 1 6 160 - 8

228 1 4 175 - 8

1 4 1 186 6 155 1 8 25

184 6 155 1 8 25

183 4 140 1 8 25

183 4 130 1 8 25

183 5 115 1 8 25
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LOC FOLD ID TREND PLUNGE ANGLE AMP(CM) WL(CM)
186 9 110 1 8 25

186 9 95 1 8 25

191 5 95 1 8 25

191 7 90 1 4 25

195 1 0 85 1 4 20

190 1 4 85 1 4 20

194 1 4 80 8 1 8

195 9 80 1 2 1 8

197 1 0 80 1 2 1 6

197 1 0 95 12 1 5

195 1 2 110 9 1 5

198 1 0 120 8 1 5

198 1 1 120 6 1 1

201 5 120 6 9

200 1 0 130 4 8

191 2 140 2 7

192 5 145 1 6

190 1 0 160 1 5

190 1 0 175 1 5

1 4 A 2 174 1 5 155 2 1 5

169 1 1 140 5 1 5

7 1 6 0 6 1 5

4 1 7 110 7 1 3

7 7 110 6 1 2

3 7 105 5 1 2

5 1 0 100 5 1 2

0 1 5 100 5 1 2

7 2 110 4 1 2

1 1 4 120 2 1 1

1 4 A 4 189 4 120 1 1 0

189 6 120 1.5 1 1

189 5 100 3 1 2

189 5 90 3.5 1 2

190 1 1 85 4 1 2

191 1 1 80 3 1 2

199 1 9 105 2.5 1 0

202 20 1 35 2.5 1 0

1 4B 195 1 5 1 30 8 -

195 20 120 5 -

214 5 120 5 -

209 1 0 145 3 -
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LOC FOLD ID TREND PLUNGE ANGLE AMP(CM) WL(CM)
202 1 5 150 3

199 1 2 1 50 2
191 1 1 160 1
192 1 1 170 0.5 _

191 9 170 0.5

191 6 170 0.5 _
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	Illustrations
	Figure 2.1. Schematic setup of deformation apparatus used in the centrifuge. For all models, layering is parallel to the centrifuge's equipotential surface, (a) The centrifuge's rotation axis is normal to the page. The centrifugal acceleration (g) causes dense putty to spread and displace a plastic ram. (b) The centrifuge's rotation axis is parallel to the page. After D\, a strip of undeformed laminate was inserted to fill space in the centrifuge cavity. For plan views in the following figures, the D 2 shortening direction is oriented north.
	Figure 2.2. Model c 215, low competence-contrast PL laminate, Dj=44%, D2=3l %. The strips of laminate inserted post-Di and pre-D2 were cropped from most of these and subsequent photographs. For all the 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 millimeters, (a) Top surface, (b) Horizontal section 12 mm deep.
	Figure 2.3 Models with low competence-contrast DC-PL mixture, (a) Model c216, Dj=36%, D2=31%, oblique view with profile of Fi's in the foreground, (b) Model c216, horizontal section 10 mm deep, (c) Model c224, Di=52%, D2=44%, profiles of Fj folds before D2. (d) Model c224, top surface. Fj crests were inked prior to D2. (e) Model c224, horizontal section 6 mm deep.
	Figure 2.4. Structure contours of the top surface of c 216 (compare with Fig. 2.3 a).
	Figure 2.5. (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'. (c) Equal area projections of Fj and F 2 hingelines measured directly from the structure contours.
	Figure 2.6. Models with high competence contrast. Laminates in all models are alternating layers of DC (lightest colored layers) and PL (dark layers), (a) Oblique view of periclinal Fj folds (model c 217, Dj=44%, D2=33%). (b) Typical F 2 profiles (model c2lB, Di=s4%, D2=20%). Because F 2 plunge varies with depth, the vertical section lacks a characteristic fold style.
	Figure 2.7 Model c 222, Dj=l7%, D2=18%. (a) Top surface. (b) Horizontal section 10 mm deep, (c) Axial traces from horizontal section 10 mm deep.
	Figure 2.8. Models with high competence contrast layering, (a) Model c2lB, upper surface, (b) Model c2lB, Di=s4%, D2=20%, horizontal section at 10 mm depth, (c) Model c 217, D\=44%, D2=33%, upper surface. Hinge migration is evident in the difference between inked pre-D2 Fi crests and the present Fi crests, (d) Model c 217, horizontal section at 14 mm depth.
	Figure 2.9. Axial traces of model c 217 (compare with Fig. 2.8 c). Fi axial traces are refolded into lobate-cuspate and box-style folds. F 2 axial traces are defined by the maximum curvature of Fi axial traces, small domes and basins superimposed upon the broader refolded Fi folds, and the conjugate traces of box-style Fi folds, (a) 10 mm deep, (b) 14 mm deep, (c) 18 mm deep.
	Figure 2.10. Axial traces of model c 217. (a) Traces of Fi anticlines, projected onto a single plane to illustrate change in fold style with depth, (b) F 2 axial traces projected onto a single plane.
	Figure 2.11. (a) Structure contours of the upper PL surface of c 217. (b) Enlargement of boxed area in (a). Fi and F 2 axial traces bound the structural domains in Fig. 2.12.
	Figure 2.12. Orientations of bedding and fold axes for the surface contoured in Fig. 2.11. Fold hingelines 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) Bedding poles over entire surface, (b) Bedding poles subdivided by domains, (c) F] hinge lines of the entire surface, (d) Fi hinge lines subdivided by domain, (e) F 2 hinge lines measured from entire surface, (f) F 2 hinge lines subdivided by domain.
	Figure 2.13. An interference map pattern (part of Fig. 2.8 b) with two interpretations that could be differentiated by cleavage traces (Si, S 2, S 3) axial planar to each fold generation, (a) Trace of layering (S 0). (b) Interpretation from known surface structure (Fig. 4a). Two phases of folding produce two distinct, nearly orthogonal, axial-planar foliation traces (Si and S 2). (c) Cleavage traces if three fold generations formed the same map pattern.
	Figure 3.1 Schematic setup of deformation apparatus used in the centrifuge. For all models, layering is parallel to the centrifuge's equipotential surface, (a) The centrifuge's rotation axis is normal to the page. The centrifugal acceleration (g) causes dense putty to spread and displace a plastic ram. (b) The centrifuge's rotation axis is parallel to the page. As the plastic ram is displaced, faulted Plasticine sidewalls are extruded in an orthogonal direction. Dy and Dx are reference directions used in subsequent figures.
	Figure 3.8. (a) Structure contours for the uppermost Plasticine layer of model c 214. (b) Detail of boxed area in (a). Structural lows (dashed lines) delineate domains plotted in Fig. 3.10
	Figure 3.9 Lower-hemisphere, equal-area projections of orientations of the uppermost Plasticine layer of model c 214. (a) Poles to layering, (b) Data contoured according to the method of Kamb (1959).
	Figure 3.10 Lower-hemisphere, equal-area projections of poles to the uppermost Plasticine layer of model c 214. Domains, shown in Fig 3.8 b, are separated by major structural lows (dashed lines). Best-fit fold axis to each domain is shown as a box.
	Figure 3.11 Lower-hemisphere, equal-area projections of orientations of anticlinal hingelines, measured from the structure contour map of the uppermost Plasticine layer of model c 214 (Fig. 3.8). (a) Hingeline orientations, (b) Data contoured according to the method of Kamb (1959).
	Figure 3.2 Coevally shortened, low competence-contrast (c 225, Dx=16.7%, Dy=26.5%). An initially square grid with 5 mm spacing was printed on the model Scale in millimeters, (a) Top surface. No surface topography developed during shortening, (b) Horizontal section, 2 mm depth. No interference patterns developed in central region of the model.
	Figure 3.3 Coevally shortened, high competence-contrast (c 228, Dx=Dy=23%). An initially square grid with 5 mm spacing was printed on the model. Scale in millimeters. Top surface. Two sets of folds developed parallel to the two shortening directions. Note that some regions of the model are dominated by a single fold set.
	Fig. 3.4 Coevally shortened, high competence-contrast (c 212, Dx=Dy=29%). An initially square grid with 5 mm spacing was printed on the model. Scale in millimeters, (a) Top surface. Note that on the left-hand boundary, the laminate deformed by vertical slip along the face of the ram. This anomalous deformation style did not propagate throughout the model, (b) Horizontal section, 10 mm depth.
	Figure 3.5 Coevally shortened, high competence-contrast (c 227, Dx=l7, Dy=26%). An initially square grid with 5 mm spacing was printed on the model. Scale in millimeters, (a) Top surface. The folds preferentially trend parallel to Dx These folds resemble periclines produced by shortening in a single direction (compare with Fig. 2.3 a). (b) Horizontal section, 8 mm depth.
	Figure 3.6 Coevally shortened, high competence-contrast (c 214, Dx=l9, Dy=29%). An initially square grid with 5 mm spacing was printed on the model. Scale in millimeters, (a) Top surface, (b) Horizontal section, 10 mm depth.
	Figure 3.7 Axial traces mapped from the surface contoured in Fig. 3.8a.(c214 Dx=l9% Dy=29%).
	Figure 3.12 Eigenvalue ratios of orientation tensors for three models. Data represent the surfaces contoured in Figs. 2.5, 2.9, 3.8, a region of the surface comprising several domains, or the individual domains. Heavy line, where K= 1, separates the fields of oblate and prolate orientation ellipsoids, (a) Superposed shortening, low competence-contrast model (c 216, Dj=36%, E>2=3l %). All data fall in the prolate field, indicating noncylindrical folds. Domains shown in Fig. 2.5. (b) Superposed shortening, high competence-contrast model (c 217, Di=44%, D2=33%). Domains can be chosen which fall in the oblate field, indicating cylindrical folds. Domains shown in Figs. 2.9 & 2.10. (c) Coeval shortening, high competence-contrast model (c 214 Dx=l9% Dy=29%). All data are prolate, but the domains have lower K, indicating a more cylindrical fold style. Domains shown in Fig. 3.8.
	Figure 3.13 Photographs of the sequentially shortened, high competence-contrast model that was CT scanned (c 235, Dj=33%, D2=24%). An initially square grid with 5 mm spacing was printed on the model. Scale in millimeters, (a) Top surface. Laminate inserted between Di and D 2 is located near the right-hand boundary, and lacks grid, (b) Horizontal section, 10 mm depth.
	Figure 3.14 Photographs of coevally shortened, high competence-contrast model that was CT scanned (c 237, Dx=26%, Dy=27%). An initially square grid with 5 mm spacing was printed on the model. Scale in millimeters, (a) Top surface, (b) Horizontal section, 10 mm depth.
	Figure 3.15 Vertical profiles through sequentially shortened model (c 235, Di =33%, D2=24%). Each division in scale equals one cm. Inverse image, so PL appears black and DC appears light, (a) CT axial scan, parallel to the D] direction, (b) Graphical reconstruction of profile normal to the CT scan, parallel to the D 2 direction, (c) Map view graphical reconstruction of model c 235. Solid lines mark the position of profiles in Fig. (a) and (b). Laminate inserted between Dj and D 2 marked with "L".
	Figure 3.16 Vertical profiles through coevally shortened model (c 237, Dx=26%, Dy=27%). Inverse image, so PL appears black and DC appears light. Each division in scale equals one cm. (a) CT axial scan, parallel to the Dx direction, (b) Graphical reconstruction of profile normal to the CT scan, parallel to the Dy direction, (c) Map view graphical reconstruction of model c 237. Solid lines mark position of profiles in (a) and (b).
	Figure 3.17 Graphical reconstruction from serial CT scans of deformed Plasticine layers for the sequentially shortened model (c 235). Light source is from the upper left, (a) Plan view of the top of the uppermost Plasticine surface. Note the curved fractures in the crests of the anticlines, (b) Plan view of the top of the bottom Plasticine surface. Note the change in style between lobate anticlines in (a) and cuspate anticlines in (b).
	Figure 3.18 Graphical reconstruction from serial CT scans of Plasticine layers from a coevally shortened model (c 237) Light source is from the upper left, (a) Plan view of the top of the uppermost Plasticine surface. Note the curved fractures in the crests of the anticlines, (b) Plan view of the top of the bottom Plasticine surface. Note the change in style between lobate anticlines in (a) and cuspate anticlines in (b).
	Figure 4.1. Interference in the Cantabrian Zone, Asturian Arc, northern Spain (simplified after Julivert & Marcos 1973 Fig.l). The "arched" fold set (gray lines) is associated with curved thrusts. The "radial" fold set (black lines) may have initiated due to oblique thrusting, or may have been superposed on the arched set as the Asturian Arc tightened during N-S shortening. Note that the hingelines of the radial set fan about an average E-W trend. See Fig. 4.12 for more detailed view of the interference patterns.
	Figure 4.2 Megakinks in southeast Australia and their relationship to thrusts in the craton (simplified after Powell 1984 Fig. 3). Boxed regions shown in detail in Figs. 4.3 and 4.11.
	Fig. 4.3. Megakinks (dashed lines) of nearly vertical S\ foliation (solid lines) in the Lachlan fold belt, New South Wales (simplified after Powell etal. 1985 Fig. 4).
	Figure 4.4 Equal area distributions of poles to S\ foliation (dots) and lineations (x's and open circles) in different domains plotted in Fig. 4.3 (Powell et al. 1985 Fig. 4).
	Figure 4.5. The Shimanto belt, southwestern Japan, is bounded to the north by the Butsuzo Tectonic line. Insets show locations of more detailed figures.
	Figure 4.6. Megakinks of bedding traces in the Shikoku region, Shimanto fold and thrust belt, southwest Japan (Fig. 6 Kano et al. 1990). Note that kink bands form conjugate sets.
	Figure 4.7. Megakinks of bedding traces and projections of poles to bedding in the Ryujin region, Shimanto fold and thrust belt, southwest Japan (Fig. 4 Kano et al. 1990).
	Figure 4.8 Megakinks of bedding traces in the Akaishi region, Shimanto F< and Thrust Belt, Japan (Fig. 5 Kano et al. 1990). Megakink bands (dashed lin are parallel to strike-slip faults.
	Figure 4.9. Interference folds associated with anhydrite (shaded) detachments, Axel Heiberg Island, Canadian Arctic (simplified after Fig. 2, van Berkel et al. 1984). Note that anhydrite is exposed along anticlinal traces. The Southern Muskox Ridge Diapir and the Junction Diapir occur in the inner-arcs of map-view detachment folds.
	Figure 4.10. Detachment-style interference in the Grenville Province, Ontario, Canada (after Fig. 8, Schwerdtner & van Berkel 1991). The boundary between the Moon River and Go Home structural domains (heavy dashed line) may represent a detachment that accommodates superposed buckling.
	Figure 4.11. Bedding trace map of curvature accommodation folds (marked CAF) near Flin Flon, Manitoba. CAF's trend oblique to Fj axial traces (dashed) and F 2 axial traces (solid) (after Stauffer & Mukherjee 1971 Fig. 8).
	Figure 4.12. (a) Curved thrusts of the Cantabrian Zone, Asturian Arc, northern Spain. Large arrow is trend of major D 2 fold. Small arrows show orientation of fold hingelines that are associated with a "corner" in the footwall ramp (after Stewart 1993 Fig. 2). (b) Schematic representation of basin-shaped interference formed by thrusting in two directions over an oblique ramp. Area is hatched zone in (a). Note that a strike slip duplex (SSD) accommodates the bending of the competent thrust sheet (after Fig. 6, Stewart 1993).
	Figure 4.13. Fold interference in the Rockley district, New South Wales (simplified after Fowler 1989 Fig. 2). Fj folds trend parallel to oblique to typically mesoscopic F 2 folds, which have an axial-planar slaty cleavage (dashed lines).
	Figure 4.14 (a) Interference at the intersection of the N-S trending Cornwallis fold belt and E-W trending Parry Islands fold Belt, Canadian Arctic (data compiled from Kerr 1977 Fig. 2, Okulitch et al. 1986 Fig. 3, and Okulitch et al. 1991 Fig. 2). (b) Schematic cross section through the southern Corwallis fold belt, illustrating the thick-skinned style of deformation (modified after Okulitch et al. 1986 Fig. 5).
	Figure 5.1 Location map of the Narragansett Basin (after Snoke & Mosher 1989, Figure 36). BHSZ is the Beaverhead shear zone.
	Figure 5.2. Minor Fi, F 2, and F 3 fold axes in the southern Narragansett Basin. F 4 fold axes are omitted for clarity. Data are compiled from Thomas (1981), Farrens (1982), Burks (1981, 1985), Reck & Mosher (1988), Mosher & Berryhill (1991), Cogswell & Mosher (1994), and Mosher (unpublished data). A=Aquidneck Island, C=Conanicut Island, BH=Beaverhead region of Conanicut Island, D=Dutch Island, G=Gould Island, H=Hope Island, P=Prudence Island, and BHSZ=Beaverhead Shear Zone.
	Figure 5.3. Strike-slip faults in the southern Narragansett Basin (after Mosher & Berryhill 1991, Cogswell & Mosher 1994).
	Figure 5.4. Schematic tectonic history of the southern Narragansett Basin. Bold lines represent fold axis trends (based on Mosher 1983).
	Figure 5.5. Alternative kinematic model for the D 3 structures in the Narragansett Basin. N-S shortening produced a NE-trending, sinistral kink band (the Beaverhead Shear Zone). Corresponding dextral, SE trending kink bands have not been mapped.
	Figure 6.1. Schematic representation of the range of fold interference styles produced in this study.
	Figure Al.l Schematic diagram of the deformation rig for normal gravitational acceleration experiments, (a) Plan view. Four sidewalls are displaced independently by four motor-driven wormgears. (b) Cross section. The walls are attached to the wormgears by metal rails, which slide along ball bearings. The rails allow the walls to be displaced simultaneously in two orthogonal directions.
	Figure A 2.1 Sample location map, Beaverhead area, Conanicut Island (after Fig. 5, Burks 1981). Numbers refer to measurement stations listed in Tables A 2.1 and A 2.2.
	Figure A 2.2 Sample location map, Dutch Island (after Fig. 2, Berryhill 1984). Numbers refer to measurement stations listed in Tables A 2.1 and A 2.2.
	Figure A 2.3 Representative equal-area projections illustrating the variation in the orientation of an individual fold hinge, measured at 5 cm intervals along its trend, (a) Location 3F Beaverhead, Conanicut Island, (b) Location 2C, Dutch Island.
	Figure A 2.4 Variation in amplitude, interlimb angle, and wavelength of an individual fold, measured at 5 cm intervals along its trend, (a) Example from Location 3F, Beaverhead region, (b). Example from Location 9D, Dutch Island
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