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Abstract

Deformation partitioning between translation and distortion for a thrust sheet and for the roof sequence above a moving
thrust horse were analyzed in terms of the role of fault strength using ®nite element models. Greater frictional resistance on the

thrust deÂ collement decreased fault translation, increased distortion of the thrust sheet and roof sequence, and increased the ratio
of backthrusting to forethrusting for the roof sequence. In all models with weak deÂ collements (m< 0.35), the ratio of tip-line
propagation to thrust displacement is very high during initial thrust movement, but decreases signi®cantly during later fault
motion. This observation supports interpretations in natural thrust systems where thrust faults propagate large distances before

accumulating signi®cant displacements. The tip lines for weak deÂ collements also propagated into the foreland well in advance of
the distortion front in the overlying thrust sheet or roof sequence. This result does not support interpretations from natural
systems for the existence of `ductile beads' in front of propagating thrusts, but rather suggests that recent models for fault-arrest

or displacement-gradient folds may be mechanically valid. In addition, no model for roof sequences yielded a simple end
member response of only backthrusting or forethrusting, suggesting that the many blind thrust belts where only one response
has been interpreted, may need to be re-examined. Finally, in those cases where more than one thrust ¯at moves simultaneously

in the models, partitioning of displacement and distortion in space and time changes signi®cantly. This result supports
interpretations from natural systems where more than one thrust is thought to move at once. # 1999 Elsevier Science Ltd. All
rights reserved.

1. Introduction

A fundamental aspect of thrust mechanics is the bal-
ance between fault translation and distortion of the
thrusted rocks. Among the unanswered questions are:
(1) what controls the partitioning between translation
and distortion? and (2) how does partitioning change
during the progressive development of a thrust system?
For example, some workers inferred that a propagat-
ing fault-tip is preceded by a zone of distortion known
as a ductile bead (e.g. Elliott, 1976; Williams and
Chapman, 1983; Marshak and Engelder, 1985). This

interpretation suggests that distortion is favored over
translation in the early stages of thrusting. Yet, some
geometric and kinematic analyses of thrust-related
folds suggest that folds amplify after fault-tip propa-
gation (e.g. Armstrong and Bartley, 1993; Wickham,
1995; Thorbjornsen and Dunne, 1997). This interpret-
ation contrasts with the ductile bead hypothesis and
suggests that initial thrusting is dominated by trans-
lation with little or no distortion. Unfortunately, these
di�ering geometric and kinematic analyses do not
allow mechanical investigations to determine the con-
ditions necessary to trigger one type of partitioning or
the other.

Partitioning between translation and distortion is
further complicated by the presence of blind thrusts.
Some blind thrusts separate duplex horses from an
overlying roof sequence that is kinematically indepen-
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dent of the horses. This independence may lead to
di�erent partitioning in the roof sequence compared to
a thrust sheet above a simple thrust ¯at. Also, more
than one ¯at may be active in situations where thrust-
ing is taking place on more than one thrust ramp at
the same time (i.e. multiple active horses). Multiple
moving thrust ¯ats could lead to vertically stacked
rock volumes with di�erent partitioning behaviors.
Since these situations are di�cult to interpret from
incompletely preserved ®nal geometric and kinematic
states in rocks, it is useful to simulate them to deter-
mine the mechanical controls for di�erent partitioning
behaviors.

This mechanical study uses numerical simulations to

focus on the role that deÂ collement strength plays in
the balance between translation and distortion during
thrusting. We construct and analyze ®nite element
models (Fig. 1) that simulate deformation of: (1) a
thrust sheet emplaced along a horizontal fault; and (2)
a roof sequence during emplacement of an underlying
thrust horse (duplex). These models are used to test
the hypothesis that the deformation partitioning
between translation and distortion in response to
thrusting is strongly controlled by the fault strength.
Model results will be used to address the issues of: (1)
displacement accumulation as a function of fault
propagation; (2) the presence or absence of a ductile
bead beyond the fault tip during thrust displacement;

Fig. 1. Schematic illustration of ®nite element model initial con®gurations. Geometries, model dimensions, and boundary conditions for (a) thrust

sheet model, and duplex models with (b) single- and (c) multiple-deÂ collements are shown. Heavy lines indicate sliding interfaces that simulate

deÂ collement horizons where arrows show allowable slip directions. LBL is the leading branch line. The coordinate system employed in JAC2D is

also shown. Note that model dimensions are given and that the ®gures (unlike the models) are not drawn to the same scale and have vertical

exaggeration.
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(3) the interaction of simultaneously moving thrust
¯ats; and (4) the relative importance of kinematic end-
member behaviors (i.e. forethrusting vs backthrusting)
in a roof sequence during blind thrusting.

2. Previous modeling studies

A number of workers have published the results of
numerical studies concerning aspects of thrust systems.
These studies (Table A) all employed some variant of
an elastic±plastic or viscous±plastic constitutive re-
lationship to model the material behavior of the rocks
in the thrust system. Generally, the choice of material
parameters is similar (e.g. density, Poisson's ratio,
Young's modulus), but friction magnitudes for the
fault surfaces vary by nearly two orders of magnitude.
This variation is signi®cant and suggests that the
strength of the deÂ collement may play an important
role in the deformational response.

While these studies examined blind thrust system
geometries that are somewhat similar to our duplex
models (Fig. 1), there are two key di�erences. Unlike
our contribution, they focused on early deformation as
the hanging wall begins to move up the fault ramp. As
such, these models conclude at approximately the
point where our duplex models begin, since our con-
®guration assumes that the hanging wall ramp is
already on the upper footwall ¯at. Also, these earlier
models focused on hanging wall deformation in terms
of distortion, and do not speci®cally address the inter-
play of both translation and distortion during thrust
evolution.

3. Finite element models

Our models were constructed and analyzed with the

®nite element program JAC2D, a two-dimensional
quasistatic nonlinear, large deformation, large strain
®nite element code developed at Sandia National
Laboratories (Bi�e and Blanford, 1994). Plane strain
deformation is assumed throughout the models.

3.1. Model con®gurations and boundary conditions

We used models with three separate con®gurations
to analyze roof sequence behavior during thrust move-
ment. The simplest con®guration, the `thrust sheet'
model (Fig. 1a), consists of a roof sequence above a
single deÂ collement surface. The basal surface is hori-
zontal (i.e. no dip of basement) and there is no initial
surface slope. The geometry is deformed to examine
the e�ects of fault propagation and displacement in a
thrust sheet or an overlying roof sequence without
thrust imbrication underneath. This type of thrust
front with a buried tip line on a thrust ¯at is found in
thrust belts such as the central Appalachians (e.g.
Wilson, 1985; Smart et al., 1997), southern Canadian
Rockies (e.g. Skuce, 1996; Couzens-Schultz, 1997), and
the western Urals (Brown et al., 1997).

Two more-complex models simulate the emplace-
ment of a duplex that has a horse with a large displa-
cement on an upper roof ¯at. Natural examples
include the Wills Mountain duplex (Wilson and
Shumaker, 1988, 1992) and North Mountain thrust
sheet (Evans, 1989) in the central Appalachians,
numerous horses within the southern zone of the
Sulaiman fold-thrust belt of Pakistan (Jadoon et al.,
1994), the Coltignone and Milan thrust duplexes in the
Southern Alps of Italy (SchoÈ nborn, 1992a, b), and the
Pine Pass±Peace River area of British Columbia
(McMechan, 1985).

Each duplex model consists of a rigid horse and
overlying roof sequence (Fig. 1b and c). Both have a
deÂ collement horizon at the base of the roof sequence.

Fig. 2. Simpli®ed geologic cross-section of the Wills Mountain duplex in the central Appalachian fold±thrust belt (modi®ed from Wilson and

Shumaker, 1988).
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The more complex models (Fig. 1c) have an additional
deÂ collement within the roof sequence that simulates a
thrust system with more than one stratigraphically-
weak horizon, such as the central Appalachians
(Kulander and Dean, 1986; Wilson and Shumaker,
1988), the foothills of British Columbia (McMechan,
1985), and the Sulaiman fold-thrust belt of Pakistan
(Jadoon et al., 1994). The multiple-deÂ collement models
also permit the issue of synchronous thrust movement

(as opposed to sequential) to be addressed (Boyer,
1992).

The characteristics and geometry of these models
were constructed with the leading horse and roof
sequence of the Wills Mountain duplex (Fig. 2) as the
template (Wilson and Shumaker, 1988, 1992; Smart,
1996; Smart et al., 1997). The thrust sheet model is
5.9 km thick, approximately the same thickness as the
section of middle Ordovician and younger sedimentary

Fig. 3. Example of the undeformed ®nite element meshes for (a) thrust sheet and (b) duplex models. Heavy lines show locations of sliding inter-

faces (heavy dashed line is additional sliding interface for multiple-deÂ collement duplex model).

Table 1

Material parameters used in ®nite element modelsa

Density Young's modulus Poisson's Yield stress

Model (kg/m3) (MPa) ratio (MPa)

Thrust Sheet 2600 30 000 0.25 100

Duplexb

Dunkard Grp. 2600 30 000 0.25 80

Alleghany Fm., Conemaugh and Monongahela Grps. 2600 30 000 0.25 80

Pottsville Grp. 2600 30 000 0.25 80

Greenbrier and Mauch Chunk Grps. 2600 10 000 0.25 55

Hampshire, Price, and Macrady Fms. 2550 10 000 0.20 70

Millboro Sh., Brallier Fm., and Chemung Grp. 2600 30 000 0.25 70

Juniata and Oswego Fms and Siluro-Devonian 2600 30 000 0.25 100

Martinsburg Fm. 2600 30 000 0.25 100

Cambro-Ordovician carbonates (wedge) 2700 70 000 0.35 n.a.c

a Compiled from experimental data (Jaeger and Cook, 1979; Turcotte and Schubert, 1982; Ranalli, 1987; Carmichael, 1989; Johnston and

Christensen, 1992).
b Stratigraphic thicknesses and lithologic percentages in each unit are taken from the literature (for a summary, see Smart et al., 1997).
c The Cambro-Ordovician carbonates were modeled as a very strong, purely elastic material.
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rocks in the roof sequence that deformed during Late
Paleozoic deformation. To focus on responses from
changing the deÂ collement strength rather than vari-
ations in mechanical stratigraphy, the simple thrust
sheet model contained six uniform element layers (Fig.
3a) representing a thrust sheet or roof sequence with
uniform material properties (Table 1). For the duplex
models, the 5.9 -km-thick roof sequence was divided
into eight di�ering element layers (Fig. 3b, Table 1)
based on material properties and thicknesses of the
major lithotectonic units in the Paleozoic roof
sequence (Wilson and Shumaker, 1988). The 2.2 -km-
thick leading horse in the duplex models represents the
Cambro-Ordovician carbonates that compose the Wills
Mountain duplex (Wilson and Shumaker, 1988, 1992).

The upper surface in all models is free. Fixed displa-
cement boundary conditions are applied to the hinter-
land side of the roof sequence or the horse to simulate
thrust displacement (Fig. 1). Gravity is imposed on
each element in all models and horizontal pressure
boundary conditions (Fig. 1) at exposed ends of the
roof sequence replace the action of adjacent material
that balances the gravitationally developed stresses and
prevents spontaneous slumping. In the duplex models
(Fig. 1b and c), these boundary conditions permit the
roof sequence freedom to displace toward the foreland
or hinterland, or to remain stationary. This freedom is
particularly important because, unlike a model with a
zero-displacement boundary, our simulations neither
predetermine thrust tip line locations nor the kinematic
response to thrusting.

Fault surfaces are modeled as sliding interfaces with
simple Coulomb friction where the shear stress (pro-
duct of the friction coe�cient and the normal stress)
on the interface must be exceeded for slip to occur
(Jaeger and Cook, 1979). Preliminary models demon-
strated that signi®cant thrust displacements (i.e.,
greater than 3 km) required specifying friction coe�-
cients less than about 0.35. While these values are
lower than those normally reported in rock mechanics
experiments (0.6±0.8) of small test specimens (e.g.
Byerlee, 1967, 1978; Jaeger and Cook, 1979), the fric-
tion coe�cients employed in our models represent the
overall resistance to sliding and are within the range
suggested by work on the strength of large faults
(Turcotte and Schubert, 1982; Bird and Baumgardner,
1984; Mount and Suppe, 1987; Axen, 1992; Rice, 1992;
Bird and Kong, 1994; Reiter, 1997).

Since the primary focus of this study was the role of
deÂ collement strength on the thrust sheet and roof
sequence behavior, models were constructed with vary-
ing friction values (Table 2). Six variants of the thrust
sheet model were analyzed by varying the coe�cient of
friction (m ) on the sliding interface from 0.15 to 0.40
in steps of 0.05. In these cases, a ®xed displacement of
20 m per load step was applied to the right side of the

roof sequence in an attempt to simulate a total of
10 km of thrust displacement (Fig. 1a).

We constructed and analyzed single-deÂ collement
duplex models with friction coe�cients of 0.10, 0.15,
0.20, and 0.30 (Table 2). The horse was displaced in
10 m increments to simulate translation along the
upper roof ¯at. As noted earlier, the pressure bound-
ary conditions on the sides of the roof sequence bal-
ance the internal stresses developed due to gravity but
do not prescribe displacement (Fig. 1b). In this way,
the roof sequence responds to the developed stresses.
Using the results of the single-deÂ collement models as
discussed below, our multiple-deÂ collement model used
a single con®guration with friction coe�cients of 0.15
for the lower and 0.20 for the upper interfaces (Table
2).

3.2. Material description

An elastic±perfectly plastic constitutive relationship
based upon a pressure-independent von Mises yield
condition was used to model the roof sequence rocks
(Bi�e and Blanford, 1994). We chose this material
description, rather than a more complicated one
because elastic±perfectly plastic is a good ®rst approxi-
mation of brittle deformation in sedimentary rocks
(OdeÂ , 1960; Rudnicki and Rice, 1975; Desai and
Siriwardane, 1984; Zienkiewicz and MroÂ z, 1984;
Dougill, 1985; Davies and Fletcher, 1990). Further,
experiments have demonstrated that the stress±strain
relationship during low-temperature deformation of
rocks is characterized by an initial elastic part followed
by an inelastic (non-recoverable) portion (Jaeger and
Cook, 1979; Desai and Siriwardane, 1984).

Values for the necessary constants (Table 1) were
taken from the literature (Jaeger and Cook, 1979;
Turcotte and Schubert, 1982; Ranalli, 1987;
Carmichael, 1989; Johnston and Christensen, 1992)
and are comparable to those from other numerical
investigations (A). The basement in all models and the
horse in the duplex models (Fig. 1) are modeled as
rigid materials (Table 1). We believe this approxi-
mation is reasonable because the horse simulates the
strong Cambro-Ordovician carbonates of the central
Appalachians that record negligible internal defor-
mation (Rodgers, 1963; Wiltschko and Chapple, 1977;
Wilson and Shumaker, 1988).

4. Results

4.1. Thrust sheet models

The models with m=0.15 and 0.20 achieved the
desired 10 km of displacement (Table 2). Models with
higher friction showed little translation of the thrust

K.J. Smart et al. / Journal of Structural Geology 21 (1999) 855±874860



sheet, but considerable internal shortening (distortion)
adjacent to the side where the imposed displacement
boundary condition was applied. Our goal was to ana-
lyze the deformation behavior related to large thrust
displacements, so the small displacements of the high
friction models were physically unrepresentative. In ad-
dition, the internal shortening was manifested as
extreme element distortion that resulted in numerical
convergence problems and extended computation
times. So, the high friction models (mr0.25) were not
run to completion due to this unrepresentative beha-
vior.

Contour plots of equivalent plastic strain (Hill,
1950; Malvern, 1969) superimposed on the deformed
®nite element mesh show the intense distortion near
the right edge of the models (Figs. 4±6), producing
thickening in the roof sequence. Unlike analytical sol-
utions for a classic tapered wedge in which the entire
body is yielding at an instant (Chapple, 1978; Davis et
al., 1983; Dahlen et al., 1984), the roof sequence ma-

terial in our models thickens by plastic deformation
only after the yield stress is reached within an individ-
ual element. A ¯at-topped wedge or monocline grows
both upward as yielding progresses and forelandward
with increasing displacement (Figs. 4 and 5). Willett
(1992) and Barnichon and Charlier (1996) also showed
this strain concentration. Hinterland-dipping high
strain shear zones develop in the monocline limb and
we interpret these zones as analogs to incipient faults
in nature.

The positions of two features in the models are trea-
ted as a measure of the relative role of translation vs
distortion within the thrust sheet. The deÂ collement tip
line (TL) marks the furthest advance of slip on the
simulated thrust ¯at. The leading edge of plastic defor-
mation (plastic strain criterion=1 � 10ÿ6) at the base
of the thrust sheet, referred to here as the plastic strain
front (PSF), provides a measure of the foreland limit
of inelastic deformation in the models. Neither the tip
line nor the plastic strain front are stationary features,

Fig. 4. Contours of equivalent plastic strain superimposed on deformed mesh for thrust sheet model with m=0.15 after (a) 2.5 km, (b) 5 km, (c)

7.5 km, and (d) 10 km of imposed displacement.
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as both propagate toward the foreland with increasing
thrust displacement (Fig. 8). For all friction values, the
propagation to displacement ratios (PDR) are high
(from 78:1 to 343:1) for initial thrusting but decrease
dramatically (from 7:1 to 32:1) as maximum thrust dis-
placement is approached (Table 2). This pattern
re¯ects an initial period of rapid propagation relative
to displacement accumulation followed by a period
where propagation and displacement are nearly
balanced (Fig. 8). The thrust sheet models also demon-
strate that the propagation to displacement ratio
decreases as the friction increases, for any thrust dis-
placement.

For friction coe�cients of 0.35 or less, the tip line
PDR is higher than the plastic strain front PDR indi-
cating that the tip line precedes the plastic strain front
into the foreland (Figs. 7 and 8). The spacing between
the tip line and plastic strain front is approximately
constant (for a particular friction value) and does not
increase or decrease as the thrust displacement
increases (Fig. 8). However, the separation between the
tip line and the strain front (Table 2) decreases as the
friction increases from about 23 km for m=0.15 to
only 9 km for m=0.30. With m=0.35, the tip line and
plastic strain front are virtually coincident, while in the

model with m=0.40 the plastic strain front precedes
the tip line by approximately 5 km.

4.2. Duplex models with single deÂcollement

Contours of equivalent plastic strain are superim-
posed on the deformed duplex models to illustrate the
evolving deformation (Figs. 9 and 10). Like the thrust
sheet models, greater displacement occurs on faults
with smaller friction values (Table 2) and element dis-
tortion is less. The roof sequence deforms in advance
of the horse by a series of low amplitude folds. These
structures are clearly seen in the model with the smal-
lest friction coe�cient (compare Figs. 9 and 10). Fold
amplitude decreases toward the foreland away from
the leading branch line. Moderately steep (i.e., 40±508
dip) zones of high plastic strain are observed, particu-
larly with increasing displacement (Figs. 9d and 10).
Most zones dip toward the hinterland, although one
foreland-dipping zone forms a conjugate pair with a
hinterland-dipping zone (X in Fig. 9d).

As in the thrust sheet models, tip lines and plastic
strain fronts propagate toward the foreland with
increasing displacement (Fig. 11). Since the plastic
strain front was not a vertical boundary (Figs. 9 and

Fig. 5. Contours of equivalent plastic strain superimposed on deformed mesh for thrust sheet model with (a) m=0.20 after 10 km and (b)

m=0.25 after 5 km of imposed displacement.
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10), the position of the strain front was measured in
two places, one adjacent to the thrust ¯at (labeled
PSF1) and a second in the uppermost roof sequence
layer (labeled PSF2). As with thrust sheet models, the
propagation to displacement ratios decrease as the
imposed thrust displacement increases, reaching nearly

steady-state values after about 3 km of thrusting (Fig.
11, Table 2). Also similar to thrust sheet models, ratios
are higher for smaller friction values. In all four
models, the tip line and PSF2 precede PSF1 (Fig. 11).
Yet again, the spacing between the tip line and strain
front varies as a function of the friction coe�cient.
For m=0.10, the tip line precedes PSF2 and is furthest
(about 21 km) from PSF1. As friction increases, how-

Fig. 6. Contours of equivalent plastic strain superimposed on

deformed mesh for thrust sheet model with (a) m=0.30 after 1 km,

(b) m=0.35 after 1 km, and (c) m=0.40 after 0.8 km.

Fig. 7. Thrust sheet model (m=0.15) after 10 km of imposed displacement showing locations of deÂ collement tip line (TL) and plastic strain front

(PSF). Contours of equivalent plastic strain are superimposed on the deformed mesh.

Fig. 8. (a) Tip line and (b) plastic strain front positions as a function

of imposed displacement for thrust sheet models.
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ever, two changes are observed (Fig. 11). First, the tip
line and PSF2 switch relative positions such that the
plastic strain front at the top of the model precedes
the tip line. Second, the separation between the tip line
and PSF1 decreases from approximately 20 km for
m=0.10 to only 4 km for m=0.30 (Table 2). Again, the
separation distance between tip line and strain front is
dependent on friction, but independent of imposed dis-
placement.

Unlike the thrust sheet models, the roof sequence in

the duplex models is not required to translate forward
(Fig. 1). Thus, displacement transfer through the lead-
ing branch line into the foreland (i.e. forethrusting) on
the thrust ¯at may be incomplete. The roof-sequence
response may accommodate this incomplete transfer
by a component of backthrusting and/or local com-
pensation. Backthrusting involves hinterland-directed
transport of the roof sequence with little or no internal
distortion (Banks and Warburton, 1986; Dunne and
Ferrill, 1988). Local compensation requires internal

Fig. 9. Contours of equivalent plastic strain superimposed on deformed mesh for a single-deÂ collement duplex model with m=0.10 after (a)

2.5 km, (b) 5 km, (c) 7.5 km and (d) 10 km of imposed horse displacement. LBL is the leading branch line.
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thickening of the roof sequence without regional trans-
port toward the hinterland or foreland (Ferrill and
Dunne, 1989; Groshong and Epard, 1994).

In our models, the roof sequence above the horse
thickens by <1%, indicating that local compensation
is insigni®cant (Fig. 12a and b). Displacement vectors
at three di�erent levels within the roof sequence show
consistent hinterland transport relative to the thrust
horse (Fig. 12a and b). A component of forethrusting
is present since the hinterland displacement in the roof

sequence is less than the foreland displacement of the
horse. Therefore, we interpret the roof sequence beha-
vior in the single-deÂ collement models to be a combi-
nation of forethrusting and backthrusting with
negligible local compensation.

The duplex models with smaller friction coe�cients
show greater relative forethrusting compared to the
models with larger friction values (Fig. 13). For
example, for 2.5 km displacement the percentage of
forethrusting increases from about 15% for m=0.30 to

Fig. 10. Contours of equivalent plastic strain superimposed on deformed mesh for single-deÂ collement duplex model with (a) m=0.15 after 7 km,

(b) m=0.20 after 7 km, and (c) m=0.30 after 3 km. LBL is the leading branch line.

K.J. Smart et al. / Journal of Structural Geology 21 (1999) 855±874 865



about 55% for m=0.10. Consequently, the percentage
of backthrusting relative to forethrusting varies inver-
sely with the magnitude of horse displacement,
although all models show some plateaus in backthrust-
ing percentage for smaller displacement values.

4.3. Duplex models with multiple deÂcollements

Initially, both sliding interfaces in the multiple-
deÂ collement duplex model were assigned identical fric-
tion coe�cients. Since slip is governed by simple

Fig. 11. Tip line and plastic strain front positions as a function of imposed horse displacement for single-deÂ collement duplex models with friction

coe�cients of (a) m=0.10, (b) m=0.15, (c) m=0.20, and (d) m=0.30. PSF1 is the position of the plastic strain front adjacent to the deÂ collement

whereas PSF2 is the position of the plastic strain front in the uppermost roof sequence layer.

Fig. 12. Vectors of horizontal roof sequence displacement relative to the horse for single-deÂ collement duplex models with (a) m=0.10, (b)

m=0.30, and (c) multiple-deÂ collement duplex model. Vector lengths are proportional to displacement magnitude. Original roof sequence thickness

is shown for comparison to the deformed roof sequence.
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Coulomb friction and the overburden, the upper slid-
ing interface required less shear stress to initiate slip.
Therefore, the roof sequence above the upper sliding
interface underwent very little distortion but translated
forward in response to the horse displacement. In con-
trast, the lower sliding interface remained locked such
that no sliding took place. Since we were interested in
analyzing roof sequence behavior with both interfaces
active, we assigned a larger friction coe�cient to the
upper interface so that they would both slip together.

An `equivalent friction coe�cient' for each deÂ colle-
ment was calculated such that the shear stress that
must be exceeded for sliding to initiate is the same for
both interfaces. The equivalent friction coe�cient is
given by:

tS � mLsNC
� mUsNU

�1�

where sN is the vertical normal stress at the lower and
upper interfaces denoted by `L' and `U', respectively.
Rearranging Eq. (1) to solve for the upper friction
coe�cient yields:

mU �
mLsNL

sNU

: �2�

A friction coe�cient for the lower interface (mL) of
0.15 was chosen based upon the results of the earlier
thrust sheet and single-deÂ collement models. The corre-
sponding value of mU is 0.20 for the material thickness
and densities employed in these simulations. As a
check on Eq. (2), two additional models were analyzed
with the upper interface assigned a value slightly lower
(0.175) and higher (0.225) than the computed value of
0.20.

These two analyses veri®ed the need to solve for the
equivalent friction coe�cient [Eq. (2)] by illustrating

the sensitivity of simultaneous slip to the relative
values of the friction coe�cients. The ®rst case
(mL=0.15 and mU=0.175) behaved the same as the
early multiple-deÂ collement duplex model with identical
friction coe�cients on both interfaces. The lower inter-
face remained locked while the upper interface slid.
The second case (mL=0.15 and mU=0.225) was identi-
cal to the single-deÂ collement duplex models because
the upper interface remained locked and the lower
interface slid. Consequently, only the results for the
multiple-deÂ collement model with mL=0.15 and
mU=0.20 are presented.

The existence of two deÂ collement surfaces spatially
partitions the roof-sequence deformation behavior
(Fig. 14). The portion of the roof sequence between
the two deÂ collements translates with relatively little
distortion. A low-amplitude anticline due to distortion
forms inside this portion of the roof sequence and is
just in front of the leading branch line after about
2 km of imposed displacement (Fig. 14b). By 3.5 km of
horse displacement, the upper sliding interface is gently
folded, and an additional strain concentration develops
away from the leading branch line (Fig. 14c). In con-
trast, the roof sequence above the upper deÂ collement
undergoes signi®cantly greater distortion and less
translation (Fig. 14). While sliding takes place on the
lower deÂ collement (TL1) when horse displacement
begins, the upper interface (TL2) remains locked until
0.25 km of imposed horse displacement (Fig. 15). Once
sliding occurs on the upper interface, however, the
element layers in the upper part of the roof sequence
begin distorting. By 1 km of imposed displacement, a
low-amplitude anticline develops over the upper deÂ col-
lement due to distortion (Fig. 14a). This fold is cen-
tered over the tip line for the upper deÂ collement. The
fold grows both in amplitude and wavelength as the
tip line propagates toward the foreland (Fig. 14b and
c) and resembles a detachment fold (Jamison, 1987).
Two linear high strain zones originate from the upper
tip line, and dip approximately equally toward the hin-
terland and the foreland, respectively. They bisect the
anticline limbs, but the forelimb high strain zone is
considerably wider than the backlimb zone (Fig. 14c).

Just as the two portions of the roof sequence deform
di�erently, the tip line propagation and displacement
accumulation are di�erent (Figs. 12c, 14 and 15). The
propagation to displacement ratio for the lower tip
line is high (133:1) for initial thrusting while the upper
deÂ collement does not move (PDR=0) until 0.25 km of
imposed displacement (Table 2, Fig. 15). As a result,
the lower tip line is typically about 20 km further into
the foreland than the upper tip line. Correspondingly,
the lower deÂ collement accommodates much greater
relative displacement with respect to the horse and this
displacement has a backthrusting sense (Fig. 12c). The
upper deÂ collement records no relative backthrusting,

Fig. 13. Relative backthrusting±forethrusting response as a function

imposed horse displacement for single-deÂ collement duplex models of

di�ering friction coe�cients. The percentage of backthrusting and

forethrusting is calculated at a node midway up on the roof sequence

that is initially directly above the foreland edge of the horse.
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but instead forethrusting which is why the roof
sequence about the upper deÂ collement records much
greater distortion than the roof sequence below this
deÂ collement (Figs. 12c and 14). These propagation pat-
terns and displacement distributions trigger corre-
sponding interactions between the positions of the tip
lines and the plastic strain fronts. The bottom of the
lower plastic strain front (PSF1, Fig. 15) trails the tip
line on the lower deÂ collement by about 13 km all
through the imposed displacement. This trailing beha-
vior is consistent with the low friction simulations for
the simple duplex and thrust sheet con®gurations (c.f.,
Figs. 8 and 11). In contrast, the entire upper strain
front (PSF2 and PSF3, Fig. 15) leads the tip line

(TL2) of the upper deÂ collement into the foreland,
re¯ecting the smaller translation and greater distortion
at this level of the roof sequence. Interestingly, this
behavior occurs despite a relatively low friction coe�-
cient (m=0.20) for that deÂ collement.

5. Discussion

5.1. Work of faultingÐcreation vs propagation

While these ®nite element models do not explicitly
incorporate a term for the work necessary to create a
fault surface, the slide line algorithm does address the

Fig. 14. Contours of equivalent plastic strain superimposed on deformed mesh for multiple-deÂ collement duplex model with mL=0.15 and

mU=0.20 after (a) 1 km, (b) 2 km, and (c) 3.5 km of imposed horse displacement. LBL is the leading branch line.
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stress necessary to induce slip on an already pre-exist-
ing surface. We feel that this lack of consideration of
the work of creation of the fault does not change the
®nite element results signi®cantly for several reasons.
First, the few studies on large faults that have
addressed the work necessary to create (Wc) a fault vs
the work necessary to slide (Ws) on an existing fault
suggest that Wc is 2±3 orders less that Ws (Elliott,
1976; Mitra and Boyer, 1986; Williams, 1987).

Second, we suggest that greater friction values might
be used as a proxy for Wc, in that greater friction
would be equivalent to greater work done to create the
fault and then impose translation. On this basis,
should Wc be signi®cant, then the cases with greater
friction are applicable. In those cases, the plastic strain
front should precede the tip line into the foreland. If
Wc is not signi®cant, then the tip line would still pre-
cede the plastic strain front for m<0.35. Hence, while
the issue of the relative importance of work done
during fault surface creation is not fully resolved, we
believe that the existing model results can accommo-
date a range of possible values for this energy term.

5.2. Strain fronts and thrust tip propagation

Since roof sequence deformation is a trade-o�
between translation and distortion, the evolution of
the deformation can be traced by the positions of the
tip lines (indicator of translation) and the plastic strain
fronts (indicator of distortion). The deformation
migrates progressively toward the foreland as the mag-
nitude of thrust displacement increases (Figs. 8, 11 and
15). Propagation to displacement ratios for tip lines

and plastic strain fronts are high during initial thrust
displacement (Table 2). After about 1 km of displace-
ment, however, ratios decrease sharply and eventually
reach steady-state values (Table 2). For example, the
thrust sheet model with m=0.15 has an initial tip-line
PDR of 343:1, which decreases to 12:1 between 5 and
10 km of thrust displacement (Fig. 8a, Table 2). This
decrease is observed in all models regardless of the
geometry or the friction values. This response is con-
trolled by the rheology of the thrust sheet and its inter-
action with the strength of the underlying fault
surface. The decrease re¯ects the fact that initial slip
can occur on the fault surface (producing elastic strain
in the overlying sheet) at stress levels below the plastic
yield strength. Continued fault slip, however, requires
increased stress such that the deformation becomes
partitioned into both translation and plastic distor-
tional components.

The relative positions and separation between the
tip lines and plastic strain fronts are controlled entirely
by the frictional resistance on the sliding interfaces and
not by the displacement magnitude. In all models
where m < 0.35 on a deÂ collement, the tip line propa-
gated in advance of the plastic strain front. The spa-
cing between the tip line and the strain front in the
thrust sheet models ranges from a maximum of 23 km
for m=0.15 to 9 km for m=0.30 (Table 2, Fig. 8). In
the single-deÂ collement duplex models (Table 2, Fig.
11), the separation between the tip line and PSF1
ranges from 20 km with m=0.10 down to 4 km with
m=0.30. For the multiple-deÂ collement duplex model
(Fig. 15), the tip line on the lower interface (TL1) pre-
ceded PSF1 by 13 km. The only exception is the beha-
vior of the upper deÂ collement in the multiple-
deÂ collement duplex model where the plastic strain
front (PSF2 and PSF3) preceded the tip line (TL2)
into the foreland (Fig. 15). Still, for any basal thrust
with m< 0.35, the tip line precedes in advance of the
plastic strain front into the foreland.

That our models show plastic strain trailing behind
the thrust tip line for the basal roof thrust is intriguing
because they do not show a `ductile bead' leading the
thrust into the foreland (Elliott, 1976; Williams and
Chapman, 1983; Marshak and Engelder, 1985). Our
results suggest that the propagation of a thrust tip will
not be preceded by a zone of non-recoverable distor-
tion (background strain of Williams and Chapman,
1983). Instead, distortion accumulates after passage of
a fault tip line (e.g. Armstrong and Bartley, 1993;
Wickham, 1995; Thorbjornsen and Dunne, 1997). This
result may well have implications for the timing of
fault-related folds and would favor displacement-gradi-
ent or fault-arrest folds over fault-propagation or
some forms of break-thrust folds (Thorbjornsen and
Dunne, 1997). In contrast, the plastic strain front leads
the tip line on the upper deÂ collement of the multiple-

Fig. 15. Tip line and plastic strain front positions as a function of

imposed horse displacement for a multiple-deÂ collement duplex

model. TL1 and TL2 are the tip lines for the lower and upper deÂ col-

lements, respectively. PSF1 is the position of the plastic strain front

adjacent to the lower deÂ collement, PSF2 is the position of the plastic

strain front adjacent to the upper deÂ collement, and PSF3 is the pos-

ition of the plastic strain front in the uppermost roof sequence layer.
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deÂ collement, which may mean that interplay of distor-
tion in a thrust sheet and displacement on a thrust
fault is partially a function of whether more than one
fault is moving simultaneously.

5.3. Kinematic responseÐforethrusting vs backthrusting

All duplex models exhibit a kinematic response to
duplex emplacement involving partial backthrusting of
the roof sequence. The backthrusting is controlled by
the frictional resistance of the deÂ collement surface and
to a lesser extent by the magnitude of thrust displace-
ment. Lower friction values correspond to less back-
thrusting and more forethrusting (Fig. 13). Higher
friction leads to better coupling between the horse and
roof sequence in front of the leading branch line, less
transfer of imposed displacement to the roof sequence,
and consequently more backthrusting. For all friction
values, the backthrusting±forethrusting ratio is greatest
during the initial phase of horse displacement and
decreases thereafter (Fig. 13). The largest decrease is
observed in the model with the weakest deÂ collement
where the ratio decreases from about 1.3:1 to 0.3:1
after 10 km of thrust displacement.

While blind thrust systems are generally thought of
as either forethrusting- or backthrusting-dominated
(see Couzens and Wiltschko, 1996 for a recent review),
the present results support a composite nature of roof
sequence response to thrusting (Fig. 13). As none of
the models produced an endmember response despite
signi®cant variations in deÂ collement friction, it may be
too simplistic to expect endmember behavior in any
situation. Still, the relative amounts of forethrusting
and backthrusting are controlled by the frictional re-
sistance of the deÂ collements, with weaker deÂ collements
supporting relatively more forethrusting. This result is
particularly important in those studies where data are
limited to the macroscale (e.g. seismic data). As an
example, the absence of macroscale structures in the
foreland might lead to the conclusion that backthrust-
ing is the sole roof sequence response (e.g. the
Sulaiman fold±thrust belt of Pakistan, Jadoon et al.,
1994; the Andean Foothills of Argentina, Ramos,
1989). Our results suggest that such an interpretation
should be resisted, particularly as forethrusting may be
manifest by micro- or mesoscale structures, as in the
Central Appalachians (Smart et al., 1997) or the
Canadian Rockies (Couzens-Schultz, 1997).
Consequently, a single endmember kinematic response
should only be invoked when it can be conclusively
demonstrated that no additional kinematic behavior is
present.

5.4. Multiple roof deÂcollements

The multiple-deÂ collement duplex model provided

several additional insights into the mechanics of roof
sequence deformation during blind thrusting. The
upper part of the roof sequence (i.e. material above
the upper sliding interface) developed a symmetric
detachment fold that grew both in amplitude and
wavelength as displacement accumulated on the upper
sliding interface (Fig. 14). In addition, the upper deÂ col-
lement, compared to the lower deÂ collement exhibited
another di�erence because the plastic strain front pre-
ceded the tip line. The upper deÂ collement was the only
weak (m < 0.35) one to exhibit this behavior. This
deÂ collement is di�erent from all others because it does
not connect to the deÂ collement under the horse, so its
kinematic response is not directly linked through a
leading branch line. Further, it is moving simul-
taneously with a lower roof deÂ collement that is directly
linked to the leading branch line. As a result, much of
the horse translation is partitioned to the lower roof
deÂ collement, so the upper roof sequence accommo-
dates this blind displacement by distortion. The keys
to this kinematic behavior by the upper roof sequence
are the lack of direct linkage and the synchronicity of
movement on two deÂ collements, because when the
higher deÂ collement had a friction value less than the
equivalent friction coe�cient, it moved essentially on
its own and acted like all the other weak deÂ collements
in all the other model runs.

Thus, the number of faults moving at the same time
fundamentally a�ects the distribution of displacement
and distortion in a rock mass. For vertically stacked,
subhorizontal deÂ collements, simultaneous movement
may be very sensitive to the relative frictional resist-
ances of the di�erent slip horizons.

5.5. Friction magnitudes on large thrust ¯ats

Roof sequence deformation in the models is parti-
tioned between translation (fault displacement) and
distortion (plastic strain). Both thrust sheet and duplex
models con®rm that the partitioning of deformation
between distortion and translation is largely controlled
by the frictional strength of the deÂ collement surface
(Figs. 4±6, 9, 10 and 14). Weak deÂ collements favor
greater roof sequence translation during blind thrust-
ing and less internal distortion. In contrast, higher fric-
tional resistance on the sliding interfaces leads to local
distortion with very limited translation. These results
support the interpretations that friction coe�cients for
large fault surfaces are considerably less than those
predicted by measurements from small test specimens.
In the context of our results, the friction values of
faults with large displacements can be thought of as
`e�ective' friction coe�cients that represent the overall
resistance to sliding rather than the `true' coe�cients
of friction determined in the laboratory.
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5.6. Fault formation

Although the present models do not permit new
faults to form automatically during a simulation, the
observed zones of high plastic strain identify locations
where new faults are beginning to form. These high
strain zones are generally hinterland-dipping although
some foreland-dipping zones develop and form crude
conjugate pairs with the hinterland-dipping zones
(Figs. 4±6, 9, 10 and 14). The positions and orien-
tations of these zones are remarkably similar to the
imbricate faults that develop during analogue model-
ing of compressive structures (e.g. Willis, 1894; Liu
and Dixon, 1990, 1995; Colletta et al., 1991; Dixon
and Liu, 1992; Huiqi et al., 1992; Koyi, 1995;
Verschuren et al., 1996; Storti et al., 1997). Like the
analogue models, the high strain zones in our models
initiate near the side of the model with the imposed
displacement and then form progressively further away
(i.e. a foreland propagating system). The zones of high
plastic strain seen in our thrust sheet models are also
similar to shear zones observed in numerical models of
rectangular thrust blocks by MaÈ kel and Walters
(1993), Sassi and Faure (1996), and Barnichon and
Charlier (1996). MaÈ kel and Walters (1993) also found
that the thrust block deformation consisted of early
basal slip prior to the shear zone development, just as
our models produced translation prior to plastic strain.

5.7. Comparison to previous numerical models

As previously mentioned, the duplex models pre-
sented in this study share similarities and di�erences
with several previous numerical studies (A). Most simi-
lar is model C of Erickson (1995, Fig. 3), which is
based upon similar initial and boundary conditions,
and a constitutive relationship. As with our study, the
Erickson (1995) model developed high strain zones or
shear bands in the roof sequence that identify the lo-
cation of new faults. Both studies also demonstrate
that in the absence of a kinematic pin, some thrust sys-
tem displacement is transferred into the foreland (i.e.
forethrusting). As noted earlier, our models demon-
strate that greater forethrusting takes place for weaker
deÂ collements. Erickson (1995) found that backthrust-
ing occurred only in his models where a no-displace-
ment boundary condition (i.e. buttress or pin) was
applied in the foreland to prevent forethrusting. This
contrasts with our study where backthrusting occurred
naturally without the constraint of a predetermined
foreland pinpoint.

6. Conclusions

1. Greater frictional resistance on a blind thrust ¯at

decreases translation, increases distortion in the
overlying rocks, and increases the proportion of the
backthrusting vs forethrusting for a roof sequence
during displacement of a thrust horse on a roof ¯at.

2. The deformation, marked by both the deÂ collement
tip line and plastic strain front, propagates toward
the foreland as thrust displacement increases.
Propagation of the tip line is rapid for small displa-
cements because fault slip can occur at stresses
below the threshold for plastic strain. These models
support interpretations for natural cases where
thrust ¯ats propagate well in advance of signi®cant
accumulations of displacement.

3. For single weak (m < 0.35) roof deÂ collements, tip
lines on the fault precede the strain front in the
overlying rocks by 4±20 km. This result indicates
that these thrust ¯ats will lack ductile-bead defor-
mation and would favor fault-related folding where
the folds develop in response to displacement ac-
cumulation after thrust propagation.

4. The simultaneous movement of thrust ¯ats signi®-
cantly redistributes in space the partitioning of dis-
placement and distortion in a roof sequence, and
also the sequence in which a tip line and strain
front advance into the foreland. However, simul-
taneous movement required that `equivalent' friction
coe�cients be employed so that the overall resist-
ance to slip be the same on each deÂ collement.

5. No model yielded an endmember kinematic re-
sponse of simple backthrusting, forethrusting, or
local compensation. Instead, all models responded
with a combination of forethrusting and backthrust-
ing. As a result, unless conclusive kinematic evi-
dence exists, endmember kinematic responses should
not be interpreted to have occurred in the roof
sequences of natural blind thrust belts.
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