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ABSTRACT. Application of the critically tapered wedge model to the
study of the geometry and kinematics of thrust belts suggests spatial
and temporal relationships among sedimentary basin taper (the dip of
underlying basement), styles of deformation, magnitude of internal
shortening, widths of thrust belts, rates of thrust-belt propagation, and
the location of foredeeps. The model predicts basins or portions of
basins with higher basement dips will produce thrust belts with the
following characteristics: (1) fewer thrusts with larger individual dis-
placements, (2) lower magnitude of internal shortening, (3) greater
width, and (4) faster rates of frontal advance.

Thrust belt initiation is favored in regions of maximum basement
dip. As a consequence, areas of greatest crustal subsidence and the
i:osition of synorogenic depocenters will lie cratonward of regions with

ighest basin taper. Since the basement of most sedimentary basins is
convex upward, the initial stages of tectonism should produce larger
and fewer thrust sheets and result in high rates of thrust advance. As the
thrust belt propagates cratonward into segments of the basin with
progressively lower basement dip, the rate of thrust belt advance
diminishes and the magnitude of internal shortening increases.

Lateral variations of taper within sedimentary %asins should like-
wise affect variation in structural styles and rates of thrust belt advance
in the strike dimension. Higher tapered portions of the basin initially
exhibit less internal shortening and more rapid thrust advance. Lateral
and cross-strike variations in iasement dip produce variations in the
rate of thrust belt advance and temporal changes in the geometry of the
advancing thrust belt. Such structural variations, observed within Rock
Mountain thrust belts, are compatible with predictions of the critical-
wedge model.

INTRODUCTION

Most thrust belts exhibit spatial variations in overall shape, thrust
spacing, and internal imbrication. One example is the Cordilleran thrust
belt. From southern Alberta to southern Nevada, four major salients
comprise this thrust belt: (1) the Lewis salient at the United States/
Canadian border, (2) the Helena embayment of west-central Montana,
(3) the thrust belt of southeast Idaho, southwest Wyoming, and northeast
Utah, and (4) the Provo salient to the south of the Uinta Mountains (fig.
1). Between the salients are three recesses: the Sawtooth Range thrust
belt of northwest Montana, the region of southwest Montana and south-
east Idaho bordering the Snake River Plain, and the small recess at the
west end of the Uinta Mountains. Viewed in isolation, the Sawtooth:-
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Range is a thrust salient, but it developed in a recess between the Lewis
salient to the north and the Helena salient to the south.

Workers in the Rocky Mountains have long noted the correlation
between the prominent recesses and salients of Cretaceous and early
Tertiary thrust belts and the geometry of Proterozoic and Paleozoic
sedimentary basins (Horberg, Nelson, and Church, 1949; Beutner, 1977).
As reviewed by Grubbs and van der Voo (1976) and Beutner (1977, fig. 7,
p.- 361), there is no shortage of theories to explain the geometry of the
thrust salients and recesses: (1) variable tectonic shortening along strike
(Gwinn, 1967), (2) intersection of convergent or divergent transport
directions (Rodgers, 1970), (3) oroclinal bending, (4) radially divergent
gravity sliding (Crosby, 1969), and (5) impingement of eastward directed
thrusts against west-directed or stationary basement buttresses (Horberg,
Nelson, and Church, 1949; Crosby, 1969; Grubbs and van der Voo;
1976, Beutner; 1977). In this paper I share with Beutner the goal to
demonstrate that “. . . the sinuosity of this segment [of the thrust belt] . . .
is a consequence of interaction between . . . the thrust belt and geometric
and stratigraphic irregularities of the craton margin . . .” Beutner (1977,
p- 353). However, 1 will not treat basement highs of the structural
recesses as “buttresses” in the classical sense but will focus instead on a
factor that has not received adequate attention, the primary taper of the
precursor sedimentary basin (that is, the pre-deformational dip on the
foreland basement).

Comparison of thrust spacing and overall shortening also serve to
highlight structural variation within thrust belts. For example, the Saw-
tooth thrust belt in Montana has a maximum width of 28 km and contains
15 to 20 closely spaced imbricate. faults (Mudge and Earhart, 1983),
whereas the Wyoming thrust belt is approx 145 km wide and generally
consists of 4 or 5 major thrusts exhibiting only minor internal imbrication
(Royse, Warner, and Reese, 1975; Dixon, 1982; Coogan, 1993). Imbri-
cated Paleozoic carbonate rocks of the Sawtooth thrust wedge are back-
rotated and in some cases are vertical to slightly overturned, whereas in
Wyoming and Idaho thrusts have low-angle trajectories and show only
minor post-emplacement folding or rotation.

There are also differences in relative thrust timing among thrust belt
segments. Synchronous thrusting occurs within the Sawtooth Range
(Boyer, 1986, 1992), whereas the Wyoming thrust belt appears to have
developed generally in a relatively simple, hinterland-to-foreland se-
quence, with the exception of relatively minor out-of-sequence imbrica-
tion and reactivation of existing thrusts (Royse, Warner, and Reese, 1975;
Lamerson, 1982; Woodward, 1987; Coogan, 1993).

Even within the Idaho-Utah-Wyoming thrust belt there is consider-
able variation in structural style and the magnitude of internal shorten-
ing (fig. 2). Thrust sheets are much more internally imbricated in the
northern segment of the Idaho-Wyoming thrust belt than in the south-
ern portion (compare cross sections by Royse, Warner, and Reese, 1975;
Lamerson, 1982; Dixon, 1982; Delphia and Bombolakis, 1988; and
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Royse, 1993). Thrust timing and frequency of out-of-sequence thrusts are
variable, although out-of-sequence imbricates are for the most part
limited to thrust ramps (Delphia and Bombolakis, 1988).

Similar variations in styles of internal deformation, magnitude of
tectonic shortening, and thrust sequence, noted in various thrust belts
and observed in experimental models, have been attributed to various
factors: variations of thickness and lithologic character of the strati-
graphic sequence (Woodward, 1988; Woodward and Rutherford, 1989;
Marshak, 1988; Thomas, 1990; Marshak, Wilkerson, and Hsui, 1992);
impingement against existing basement uplifts (Horberg, Nelson, and
Church, 1949; Beutner, 1977; Kopania, 1983); effects of dewatering and
lithification as sediments are deformed and incorporated into the thrust
wedge (Zhao and others, 1986); and material properties considerations
such as rheology of stratigraphic units and faults zones rocks, fluid
pressures within the thrust wedge, and fluid pressures along the basal
detachment (Davis and Engelder, 1985; Mulugeta, 1988; Colletta and
others, 1991; Liu and Dixon, 1991; Calassou, Larroque, and Malavieille,
1993). Boyer (1991) proposed yet another cause for such structural
variation: the effect of pre-deformational basement dip, or “basin taper.”

A link between basin taper and the internal shortening, width, and
propagation rate of thrust belts is implicit in the critically-tapered wedge
model (Davis, Suppe, and Dahlen, 1983; Dahlen, Suppe, and Davis,
1984; Dahlen, 1984, 1988, 1990; Dahlen and Suppe, 1988) and has been
employed to explain the structural variation and kinematics of the
foreland fold-and-thrust belt of Pakistan (Jaumé and Lillie, 1988; Lillie
and others, 1987). One paradox of the critically tapered wedge model is
the rarity of hinterland internal shortening, out-of-sequence thrusting,
and other mechanisms of sufficient magnitude to maintain the critical
taper required of the model (Woodward, 1987). Treating the accreted
sediments as a sedimentary prism, rather than a package of constant
thickness, eliminates or reduces this paradox and leads to one possible
explanation for the structural diversity within and among thrust belts
(Boyer, 1991).

APPLICATION OF (IRITIC/’:LLY-TAPERED-WEDGE MODEL TO SEDIMENTARY PRISMS

From the time of the first sandbox experiments (Cadell, 1988) the
geometry, vergence, and symmetry of thrust faults and folds have driven

Fig. 1. The general configuration of the Cordilleran thrust belt from southern Alberta
to central Utah. Middle Proterozoic through early Mesozoic sedimentary basins controlled
the distribution of thrust salients and recesses. The Sawtooth Range thrust belt developed
within an earlier recess between the Lewis and Helena salients. Internal complexities and
structural variation within the Idaho-Utah-Wyoming thrust salient are illustrated in figure
2. Barbed lines denote the thrust front and the leading edge of dominant thrust sheets
dominated by Proterozoic metasedimentary rocks. Unornamented lines are major thrusts
involving Paleozoic rocks. Extensional faults not shown. Proterozoic metasedimentary and
Archean basement in light stipple; Neogene plateau basalts in dark stipple. Ki denotes
Cretaceous intrusives. Dashed line indicates eastern limit of Basin and Range Province.
Modified from Bayer (1983). .
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many structural geologists to secretly favor “The Push” as the driving
force of thrust belts, even though mechanical constraints indicated that
gravity should play the dominant role (Elliott, 1976; De jong and
Scholten, 1973, and various references cited therein). It has been argued
that the sedimentary rock packages are too weak to permit the emplace-
ment of large thrust sheets under horizontal compression. Most thrust
sheets are less than 6 km thick. However, at a fluid pressure to overbur-
den ratio, A, 0f 0.6 to 0.7, a thrust sheet of greater than 50 km width must
exceed 6 km to be emplaced by horizontal compression (Hubbert and
Rubey, 1959, table 1, p. 144). Only at very high pore fluid pressures
(A =0.9) can thinner thrust sheets of these dimensions be emplaced.
Since very large thrust sheets, such as the Lewis at 100 km wide (Yoos and
others, 1991, fig. 3), attained much greater widths, gravity sliding was
considered the only viable explanation for the emplacement of large
thrust sheets. However, “The Push” returned to favor with the “critical
taper” wedge model of Davis, Suppe, and Dahlen (1983).

Davis, Suppe, and Dahlen (1983) noted a weak point in the model of
Hubbert and Rubey (1959): thrust sheets had been treated as tabular
bodies, although they are actually wedge-shaped. Price (1973), Elliott
(1976), and Chapple (1978) also entered the wedge geometry of thrust
belts into their models of thrust sheet emplacement; however, in the
Elliott and Price models the motive force was topography-induced grav-
ity spreading (see physical models by Bucher, 1956). In their compres-
sional model, Davis, Suppe, and Dahlen (1983) employed a Mohr-
Coulomb failure criterion to the creation of a critically tapered wedge.
However, Chapple’s model and the models of Stockmal (1983), Emer-
man and Turcotte (1987), and Fletcher (1989) present critical taper
models not restricted to a Coulomb failure criterion. For the sake of
simplicity, I will present my theory of structural variation within the
context of the Coulomb-based theory of Davis, Suppe, and Dahlen
(1983). However, this theory should be tested further for compatibility
with critical taper models invoking other rheologies.

According to the critically tapered wedge model, a thrust belt can
advance under the force of horizontal compression if the taper angle, the
forward dip of the topegraphic surface plus the hindward dip on base-
ment, is of sufficient magnitude. This taper angle is a function of fluid
pressures along the sole thrust and within the body of the thrust wedge,
basal friction, angle of internal friction, and the orientation of the
principal stresses with respect to the basal sliding surface (Davis, Suppe,
and Dahlen, 1983).

Fig. 2. Structural complexity within the Idaho-Utah-Wyoming thrust belt increases
northward. Four major thrust sheets, the Paris-Willard (PW), Crawford (C), Absaroka (A),
and Darby (D), make up the southern part of this salient, whereas the dominant sheets to
the north are the Meade (M), Absaroka (A), Darby (D), and Prospect (P). Heavy solid lines:
major thrusts. Light solid lines: minor imbricate thrusts. Dashed lines: crestal- and trough-
line traces of folds. Intra-plate imbrication and folding are more common in the north.
Simplified from Blackstone and De Bruin (1987).
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Theoretically, a thrust wedge can build and maintain critical taper by
a combination of out-of-sequence thrusting, synchronous thrusting, un-
derplating (duplex imbrication), and back rotation (Boyer and Geiser,
1987; Platt, 1988). Such mechanisms have operated to varying degrees in
many thrust belts and accretionary prisms (Boyer, 1986, 1992, 1993;
Vergés and Muiioz, 1990; Crider and Boyer, 1993; Delphia and Bombo-
lakis, 1988; Puigdefabregas, Mufioz, and Vergés, 1992) and have also
been observed in experiments (Mulugeta, 1988; Dixon and Liu, 1992;
Huiqi, McClay, and Powell, 1992). However, these modes of wedge
thickening may or may not be a consequence of the critical-wedge model.
The key questions in evaluating the critical wedge model are: (1) how
much internal deformation is required by the model, and (2) are internal
deformation and this magnitude observed (Woodward, 1987)? The an-
swer in part lies with the relationship between thrust wedge taper and the
taper of the pre-cursor basin into which the thrust belt advances.

Critical-taper models (Davis, Suppe, and Dahlen, 1983) describe
wedge shapes that permit the growth and advance of thrust belts. For a
given basal slope B, the réquired minimum surface slope a depends upon
the yield envelopes for both the wedge and its base, as well as the
magnitude of pore fluid pressures..The theoretical relationship between
basal dips and possible surface slopes is complicated (Dahlen, 1984), but
within a range appropriate to natural thrust belts the minimum taper
closely approximates the form: a = oy — mp. For a dry cohesionless sand
wedge on a mylar base, Davis, Suppe, and Dahlen (1983) calculated:

Y =59 - 0.66p. (1)

They also found that this equation agrees well with experimentally
determined relations (Davis, Suppe, and Dahlen, 1983, fig. 8, p. 1160;
reproduced in fig. 3 of this paper).

These relations are likely to apply to many natural thrust belts, but
the presence of a weak décollement, due to elevated pore pressure or
presence of ductile salt, has frequently produced narrower tapers. How-
ever, for the purpose of simplicity, I will assume that relations in many
thrust belts can be approximated by eq (1). The exact values of the
coefficients are less important than the fact that changes in basal dip
produce geologically important effects, described below.

Assuming that this equation holds for very large values of basal slope,
B > 6°, sedimentary basins with tapers of 9° or larger are at critical taper;
the corresponding value of surface slope is « = 0°. Thus, it is theoretically
possible for critically and supercritically tapered sedimentary prisms to
detach from their basements and advance as single coherent thrust sheets
(fig. 4C). However, if the taper of the basin is subcritical the sedimentary
prism will internally imbricate to build taper before the sedimentary
package can advance as a thrust wedge (fig. 4A and B).

The amount of internal deformation required to build critical taper
can be estimated (app. 1). It is assumed that this deformation is distrib-
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Fi% 3. Structural variation in the Rocky Mountains (ﬁ§s‘ 1 and 2) may have been
controlled in part by pre-deformational dip on the basement of Middle Proterozoic through
urassic de ositiona]%asins. The mechanical model of Davis and others (1983) predicts that
in order to build and maintain critical taper, deformation within a thrust wedge will create a
toi)ographic slope, a. All other factors being equal, a varies inverselz with the dir, B, of the
sole thrust (generally the dip on the underlying basement). The straight line is the
theoretical prediction for a non-cohesive Coulomb material, and the four data points are
from sandbox experiments (Davis and others, 1983, fig. 8, p. 1160).The dashed line is an
averagg of a number of observed relations in thrust belts (Davis and others, 1983, fig. 17,
p- 1168).

uted homogeneously throughout the thrust wedge, and that the affects of
erosion and tectonic loading have been ignored. Consider a basin whose
primary taper angle is ,. Before the sedimentary prism can advance as a
thrust wedge it must build taper to a critical value, 7. In doing so, the
rocks of the sedimentary prism will experience tectonic strain. We can
quantify this strain as a vertical extension (or thickening) at the back of
the wedge (VE), horizontal shortening within the wedge (HS), or as an
axial ratio strain (AR). From app. 1,

VE = (tan 7/tan By)'/?, (2)
HS = (tan B,y/tan 1)!/2, (3)

and
AR = (tan 7/tan By). 4)

Figure 5 illustrates these relations in graphical form.

It should be noted that eq (1) is based on the assumption that the
thrust wedge is composed of materials that behave according to Mohr/
Coulomb relations. However, eqs (2-4) are not directly dependent on any
assumptions concerning material properties. These equations are simply
area-balance relations dictated by a given critical taper angle, which must
be independently derived by either empirical or theoretical means. The
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B,=2° _ W=50km d;=0

0=4.6° Hg=0.55 V=182  AR=331 ;=40 km

- = AR=1.32
H=087 V=115

d1 =40 km
B,=9°

d =40
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Fig. 4. Thrust-front advance for basin tapers of By = 2°, 6°, and 9°. Trailing-edge
displacement, d,, that is, the translation at the back of a thrust wedge, is absorbed
cratonward by the internal horizontal shortening, S;, required to build taper. The differ-
ence between the trailing-edge displacement and internal shortening equals the advance of
the thrust front or “leading-edge” displacement, d;. H; 1s the amount of internal shortening
as a ratio of original thrust belt width, wg, divided by the deformed width, w'. Vi is the
vertical stretch, given by present height at the back of the thrust wedge divided by the
original height prior to eE)rmation. AR is the axial ratio of strain, given %y Ve/Hs.

(A) For a basement dip of 2°, all translation at the back of the wedge is absorbed in
building critical taper. There is no frontal advance of the thrust front relative to the basin
margin.

3?B) On a basement of 6° more of the trailing edge displacement is available for frontal
advance. Twelve km is absorbed in internal shortening, while the remaining 28 km is
employed in frontal advance of the thrust belt.

(C) On 9° basement, no internal deformation is required to build taper. The sedimen-
tary prism is stripped from its basement as a single thrust sheet, a “dominant” sheet in the
u}fage ?)leoyer and Elliott (1982). All tectonic input translates into frontal advance of the
thrust belt.

graph of relations 2 through 4 (fig. 5) covers a range of critical taper
angles, 2° to 30°.

For example, compare two sedimentary prisms, one with an initial
taper of 3° and another with taper of 6° (fig. 6). Such wedges fall within
the field of the Himalaya and Taiwan thrust belts (Davis, Suppe, and
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Fig. 5. As a thrust front propagates across a sedimentary prism the amount of internal
deformation required to build critical taper will be a function of basement dip (see figs. 3
and 4). “AR™ = average axial ratios of plane strain, “Vy~ = vertical extension, and “H,” =
internal horizontal shortening. For example, if the basement dip is 4° and the rock package
is behaving as a Coulomb material, one can calculate from the relation of Davis and others
(1983) (see fig. 3 above) that the internal deformation will be such to create a topography of
a = 3°. The critical taper, T = a + B, will thus be 7°. Following the dashed line upward from
the intercept of B = 4° and 7 = 7°, one reads the average strain is approx 1.9:1. If the basal
coeflicient of friction is higher than for the apparatus of Davis, Suppe, and Dahlen (1983),
such that the critical taper, 7, is 10°, the internas)strain will be higher, approx 2.8:1. All other
factors, the amount of strain wit‘hin the thrust belt will decrease with increasing 8.
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HS= 0.83
AR =1.46

T b6

Fig. 6. Compare two sedimentary prisms with initial basement dips of 3° and 6°. What
would be the internal deformation imposed upon these sediments as the thrust front swept
across these two basins? I assume that the material properties and fluid pressures are such
that the relationship between topography and basement dips is defined by a = 6 ~ 0.558
(fig. 3). From the equations in app. 1 or fzom the graph of igure 5, the sediments of the 3°
basin would experience an average strain of 2.5:1 as they were telescoped into a critically
tapered wedge. The sediments of the 6° basin would be transformed into a tapered wedge at
much lower strains, approx 1.5:1.

A}

Dahlen, 1983; 1987, fig. 17, p. 1168). Deformation would need to be of
sufficient magnitude to create a 4.4° topographic dip above the 3°
basement and 2.7° topographic dip above the 6° basement (fig. 3). In
building the 7.4° wedge, the 3° sedimentary prism shortened internally
by a factor of 0.6, with an average strain of 2.5:1. However, the 6° prism
attained critical taper of 8.7° at a.lower shortening factor of 0.8 and a
strain of 1.5:1 (fig. 5). Since the initial dip on basement beneath a
sedimentary prism can thus influence cumulative shortening in the
resulting thrust wedge, and since spatial variation of basement dip-is
likely to occur in most sedimentary basins, such variations should pro-
duce a corresponding spectrum of structural styles that would be evident
in both map and cross-sectional views.

STRUCTURAL VARIATION IN THRUST BELTS

Magnitude and distribution of strain within thrust belts.—A frequent
criticism of the critical-wedge model is the absence of out-of-sequence
thrusting in many thrust belts (Woodward, 1987). However, many argu-
ments requiring out-of-sequence thrusting and other taper-building
mechanisms suffer from the same shortcomings as the mechanical mod-
els of Hubbert and Rubey (1959): they treat the sedimentary package as a
tabular body (Dahlen, 1988; Woodward, 1987). While this may be so in
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some cases, most sedimentary basins and synorogenic foredeeps are
wedges (Price, 1973; Royse, Warner, and Reese, 1975; and Hayes, 1977).
As has been shown previously, sedimentary basin taper controls the need
for tectonic taper-building mechanisms. Since most thrust belts have
developed in sedimentary basins displaying a basinward increase in
basement dip (pre-deformation basin taper), internal shortening may be
considerably less than that required by the analysis of Woodward (1987).

Most sedimentary basins not only have a wedge shape, they are
convex upward with basal slope increasing toward the deeper parts of the
basin (fig. 7). {In order to analyze properly the pre-deformational shape
of sedimentary basins the effects of strain must be removed (Mitra, 1993),
a step that was not taken in the construction of figure 7. Therefore, the
basement gradients in figure 7 constitute a maximum.} The foreland
decrease in the dip of the basement surface will affect the spacing of
master thrusts, the degree of internal shortening within thrust sheets,
and the total shortening of the thrust belt (fig. 8).

Large sheets, “dominant thrust sheets” (Boyer and Elliott, 1982),
develop in the hinterland where taper is critical to supercritical, whereas

KILOMETERS
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Fig. 7. Basement beneath sedimentary basins is typically convex upward, with dip
decreasing cratonward. Typical basement profiles are reproduced from the Canadian
Rockies (Bally and others, 1966), theﬂura (Mugnier and Vialon,-1986), and the Idaho-Utah-
Wyoming thrust belt (Royse and others, 1975). Such basement profiles should influence
internal deformation within the thrust wedge (fig. 8).
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simulate a convex upward geometry. (Caption continued on facing page.)
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toward the foreland creation and maintenance of taper require greater
internal imbrication. Layer-parallel shortening should be greatest near
the leading edge of the thrust wedge and decrease toward the foreland.
For example, in figure 8, the axial ratios of strain would be the following
in the vicinity of indicated references lines: 1.0 (A), 2.04 (B), 1.82 (C), 2.10
(D), 1.50 (E), 1.49 (F), 1.12 (G), and 1.12 (H). From “L” toward the
remainder of the hinterland, where the sole thrust is assumed to detach
near the top of the brittle/ductile transition at a depth of 12 km, the
average strain would be constant at 1.88 in the final state. Should the
thrust belt advance farther into the foreland, where the basement dip is
0°, strain would increase rapidly throughout the wedge, in the manner
suggested by Woodward (1987).

Although thrust imbrication constitutes the greatest proportion of
tectonic shortening in most thrust belts, buckle (detachment) folding and
ductile strain in the form of penetrative metamorphic and pressure
solution fabrics, also add to the total tectonic shortening. Pressure solu-
tion cleavage and tectonic compaction are often the first response to
crustal shortening and commonly define the deformation front in thrust
belts (Nickelsen, 1972, 1979; Geiser and Engelder, 1983; Protzman and
Mitra, 1985; Mitra and others, 1988; Geiser, 1988a, b). Intuitively, one
would expect penetrative fabrics to increase in significance toward the
metamorphic core of an orogenic belt. However, the model just pre-
sented implies that penetrative fabrics should constitute a greater percent-
age of shortening in the foreland than in the hinterland. Since cleavage
shortens and thickens the stratigraphic section, it can play an important
role in building and maintaining taper. Due to higher basin taper toward
the deepest part of a basin, layer-parallel shortening by penetrative
deformation may be weak or absent in dominant hinterland sheets but
may play an important role in shortening of sedimentary units toward
the foreland where basin taper was not sufficient for thrust advance. Such
layer-parallel shortening is likely to manifest itself by pressure solution

(B) After a hinterland displacement of 5 km, a critically tapered thrust belt has
developed. The average internanhortening within the wedge, H,, is 0.91.

(C) After an additional 5 km displacement, the thrust front has advanced another 15
km. During this time frame the average rate of frontal advance was 3 times the hinterland
displacement rate. Average internal shortening has increased to 0.86.

(D) The thrust front slows as it overrode regions of lower basement dip. Displacement
in the hinterland has been absorbed as strain within the thrust belt to build additional taper
over low-dipping basement and is thus subtracted from frontal advance. Average horizontal
shortening of 0.82.

(E) During the final 5 km displacement the thrust front has advanced onto 0°-dippin
basement. With the need for internal strain to build additional taper, the rate of fronta
advance has approached the value of the trailing edge advance. Average internal shorten-
ing within the entire wedge has increased to 0.78. “L”, “K”, “J”, and “I” indicate the
incremental trailing edge advances of the preceding four cross sections. Vertical material
reference lines “A”, “B”, “C”, “D”, “E”, “F”, “G”, and “H” are shown in the undeformed
state (cross section A) and the final deformed state (cross section E).

The bottom figure indicates (1) the vertical extension for the reference lines “A”
through “L”, and (5) the average horizontal shortening within trapezoids bounded by the
reference lines. The reference scale at the bottom is in kilometers.
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cleavage in argillaceous limestones and by tectonic compaction in clastic
units.

Convex shape of thrust belt.—Note in figure 8 that the convex shape of
the basement produces a convex topographic surface in the overlying
thrust belt, with a plateau uplift at the trailing edge of the thrust belt.
Davis, Suppe, and Dahlen (1983) demonstrated that plateau uplifis
should occur where the sole thrust merges with the brittle-ductile transi-
tion. As previously illustrated by Mugnier and Vialon (1986) and Jaumé
and Lillie (1988), a hinterland increase in basement dip could produce or
enhance the same effect.

Spacing of thrusts.—Thrust spacing decreases toward the foreland of
most thrust belts (Goff and Wiltschko, 1992, fig. 1). As demonstrated by
“sandbox” experiments and predicted by mechanical models, the thick-
ness of the sedimentary package is a major factor controlling the spacing
of thrusts (Colletta and others, 1991; Huiqi, McClay, and Powell, 1992;
Marshak and Wilkerson, 1992; Marshak, Wilkerson, and Hsui, 1992).
Although modeling by some workers suggests that thrust spacing will
decrease cratonward even in the absence of stratigraphic taper (Goff and
Wiltschko, 1992), the experiments of Huiqi, McClay, and Powell (1992)
and Colletta and others (1991) clearly illustrate the role of stratigraphic
thickness. Consequently, as a thrust belt propagates across a sedimentary
prism, the spacing of thrusts will decrease (fig. 9).

Cross-strike variation in thrust spacing should occur over shorter
distances in high-taper basins than in low-taper basins, as there is a
greater cross-strike variation in the thickness of the sedimentary package.
For the same reason, bne would expect thrust spacing to be more
uniform in low-taper basins than in basins of higher taper. Also, due to
the convex shape of most sedimentary basins, cratonward decrease in
thrust spacing occurs over a shorter distance in such basins than in basins
of constant basement dip.

Strike-parallel structural variation.—Basement dip may vary continu-
ously along strike or experience abrupt changes due to the presence of
pre-thrust cross faults (Thomas, 1990). The area balance equations of the
previous section would predict a change in internal shortening and
magnitude of thrust advance related to these along-strike changes in
basin taper. Lateral variations in internal shortening may be reflected not
only by intensity of thrust imbrication and folding but also by the
significance of penetrative mechanisms, such as pressure-solution and
tectonic compaction.

In regions of low initial basin taper, 2°, internal shortening, which is
required to build taper, absorbs most of the tectonic input (fig. 4A) and
diminishes the amount available for thrust front advance. For a much
higher basement dip, 6°, internal thrust shortening is less, and greater
tectonic displacement is translated into thrust belt advance (fig. 4B).
However, if the dip on the basin taper equals the critical angle for thrust
advance, the sedimentary prism can be stripped from its basement as
dominant thrust sheet with little or no internal deformation required to
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Fig. 9. Spatial variation in thrust spacing is controlled by changes in stratigraphic
thickness, which is in turn a function of taper angle.

(A) In sandbox experiments the spacin? of thrusts is governed by Coulomb failure
angles and the thickness of the sand, t, (Colletta and others, 1991; Mulugeta and Koyi,
1987, 1992; and Huiqi and others, 1992). &rand &y, are the dip of the foreland-vergent and
hindward-vergent thrusts, respectively. At the initiation of each new imbricate the incipient
backthrust dips toward the foreland from the thrust front. A new foreland-vergent imbri-
cate propagates from the branch line of the backthrust and the basal detachment. The
incipient backthrust deactivates as movement is transferred to the new thrust imbricate.

(B) A synthetic thrust belt produced over a basal detachment that decreases in dip from
9° 10 0°. “00S2” and “O0S1” are so-called “out-of-sequence” thrusts required to maintain
elevation in the hinterland as the thrust belt grows in width by frontal accretion. Note the
cratonward decrease in thrust spacing with decreasing dip on basement and accompanying
decrease in depth to the basal detachment. -

build critical taper (fig. 4C). All the tectonic shortening in the hinterland
translates into frontal advance of the thrust wedge.

As an example, consider a thrust belt developed within a basin
exhibiting three-dimensional variation in basement dip. Not only does
total internal shortening vary transversely and longitudinally, but the
spacing and displacement on individual thrusts also vary (fig. 10). At low
taper, the thickness of the sedimentary package is thinner, and imbricate
spacing is less. Thrust sheets are shorter, and the displacement on
individual thrusts is greater than is the case on the higher taper wedge.
For experimental examples, see the experiments of Colletta and others
(1991) and Huiqi, McClay, and Powell (1992).

Smooth lateral variations in basement dip will produce an interweav-
ing pattern of imbricate faults which transfer displacement between the
large, continuous thrust sheets, in regions of high basin dip, and the
more closely spaced and intensely shortened imbricates, in adjacent
regions of low initial basin dip (fig. 10). Alternatively, very rapid lateral
changes in basement taper may lead to the formation of cross-strike
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A

Fig. 10. Map and cross sections of hypothetical thrust belt, illustrating structural
variation induced by cross-strike and strike-parallel changes in basin morphology. Thrust
belt trends north-south, with north to top. In the north (A), dip on Easement varies
gradually from 9° to 0° over 140 km, whereas to the south (B) basement dip is 9° and
decreases abruptly to 0° 70 km east of the depocenter. The deformed cross section, A’ is
from figure 9. Deformed section B’ was constructed in a manner similar to the section of
figure 9. Thrust symbol with blackened barbs denotes the thrust front for dominant sheets.
“O0S8” are minor out-of-sequence thrusts required to adjust taper during frontal accretion.
Note that forward of the dominant sheets the foreland thrust belt is only 22 km wide in the
south but increases northward to 65 km.

partitioning faults (Thomas, 1990; Lawton, Boyer, and Schmitt, 1994).
Such variation in structural style affects sediment transport and the
spacing and width of piggyback basins (Lawton, Boyer, and Schmitt,
1994).
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INITIATION, ADVANCE, AND GROWTH RATE OF THRUST BELTS

Sedimentary basin taper exerts control on many aspects of the
growth and advance of thrust belts: (1) the initiation of dominant thrust
sheets and the locus of initial thrust advance, (2) the magnitude of
shortening within the thrust wedge, (3) the spatial and temporal varia-
tion in the widths of thrust belts and thus the rates at which thrust belts
grow in width, and (4) rates of thrust belt advance.

Since basement is convex upward, the initial thrust is likely to
develop in the deeper parts of the basin where the dip on the basement
surface is greatest and the least internal deformation is required to build
taper. These initial sheets in hinterland regions can be quite large and are
termed “dominant sheets” (Boyer and Elliott, 1982). Minimum-work
considerations favor dominant thrusts, whose basal fault is at or near
critical dip; no building of a foreland dipping topographic dip is re-
quired.

The initial width of the thrust belt, which is the width of the first
dominant sheet, is determined by the trajectory of the initial thrust and
the depth to the brittle/ductile transition (see app. 2). Assuming an
average fault trajectory of 5° to 10° and a brittle/ductile transition at 12 to
15 km, the initial width of the thrust belt would be 65 to 170 km. For
example, the Lewis thrust sheet has a width of approx 100 km (Yoos and
others, 1991), which may reflect the approximate width of the northwest
Montana thrust belt at its inception. 1 based this conclusion on the
assumption that thrust faults detach on the brittle/ductile transition, an
assumption that is commonly made but has yet to be proved.

As a thrust belt grows, its intermediate and final widths are a
function of shortening internal to the thrust wedge and the advance of
the thrust front. The greater the shortening required to build and
maintain taper, the narrower the thrust belt should be in its final state
(fig. 4). Throughout its development, the thrust wedge will cyclically
increase and decrease in width as convergence alternately translates into:
(1) propagation of the frontal thrust and (2) advance of the thrust wedge
accompanied by internal shortening to maintain taper. The net result is a
step-wise increase in thrust belt width (Mulugeta and Koyi, 1992, fig. 6, p.
327). However, since this paper focuses on thrust advance from the
standpoint of material balance, I consider the advance of the thrust
wedge to progress by continuous accretion, rather than an episodic
process of thrust propagation followed by thrust wedge advance.

To visualize the eftect of basin geometry, consider a basin in which
the dip on basement, By, varies along strike from 4° to 8° (fig. 11). 1
assume the basin to be flat-bottomed with a maximum depth of 15 km.
The sedimentary package thins to a thickness of 4 km on the “craton.”
The basin has upper and lower “hinge lines” between which the base-
ment slopes basinward. The “hinge lines” intersect each cross section at
“hinge points.” To compare rates of advance the lower hinge points of
the 4° and 8° basin segments are aligned (fig. 11A). On the basis of area
balance considerations, Ishave calculated the width of the thrust belt for
given values of displacement within the hinterland of the orogenic belt.
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Fig. 11. A comparison of the temporal advance of two thrust belts developed over
basements of dips B = 4° and p = 8°. Five stages of deformation denoted by total hinterland
displacements of 50, 100, 150, 200, and 250 km. Note that the thrust belt width is initially
wider above the 8° basement, but in time the thrust belt over 4° basement “catches up.”

In calculating the surface dip, «, 1 assumed a Coulomb material and
utilized the relations of Davis and others (1983) (fig. 3). App. 2 details the
construction method for the sections.

Note that the initial thrust wedge advance is fastest over the more
steeply dipping basement. In regions of high basement dip less internal
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deformation is required to attain critical taper, and a larger percentage of
tectonic shortening translates into frontal advance of the thrust belt. After
an initial displacement, d, = 50 km, within the core zone, the thrust
wedge above the 8° basement is 56 km to the fore of the adjacent wedge
overlying 4° basement (fig. 11A). However, as the leading edge of the
thrust belt crosses the hinge line, the initial advantage, given to thrust
advance in the areas of higher basement dip, is lost. Upon crossing the
hinge line, the thrust wedge builds taper, through internal shortening, to
compensate for the change to flat basement. Displacement at the back of
the thrust wedge is thus absorbed in building taper within the thrust
wedge and cannot be translated into frontal advance of the thrust belt. As
a result, the thrust belt over 4° basement, which initially lagged behind,
catches up with the thrust front over 8° basement (fig. 11D) and overtakes
it (hg. 11E).

Note that the fully developed orogenic belt (fig. 11E) possesses a
plateau uplift overlying hinterland regions where the sole thrust de-
tached on the brittle/ductile transition (Davis and others, 1983) or
basement dip approached criticality.

All other factors being equal, the rate of thrust belt advance depends
upon the initial taper angle. For example, let us assume that displace-
ment in the hinterland of 50 km (fig. 11B) took place in 25 Ma at an
average rate of 2mm/yr. Over this period, the thrust belt built upon 8°
basement grew to a width of 85 km. However at some distance along
strike, where the dip had diminished to 1° to 2°, the thrust belt widened
to only 20 km. Thus, hinterland displacement rate of 2mm/yr translates
to a front advance of 3.4 mm/yr over 8° basement, whereas in the region
of 1° to 2° basement dip the rate of thirust front advance is on the order of
0.8 mm/yr.

Consider a thrust belt developed within a basin of complex basement
geometry and laterally varying sediment thickness (fig. 12). The appar-
ent dip on basement is constant in dip profile and ranges between 4° and
8° (fig. 12A). Viewed in strike profile, the basin varies from convex to
concave and contains a cratonal “buttress” in the “northwest” and a
depocenter in the “southeast.” The sedimentary package is of constant
4-km thickness on the craton and reaches a maximum of 15 km in the
depocenter.

The thrust belt initiates with two prominent salients, but as the
thrust front crosses the upper hinge line it slows in response to taper-
building. The thrust salient opposite the cratonal buttress crosses the
hinge line earlier than does the salient initiated within the depocenter. As
a consequence, the former is eventually eradicated, and at the close of
thrusting only one prominent salient remains (fig. 12B).

The results are somewhat different for lower dips, 2° to 6°, on
basement (fig. 12C). Given the same magnitudes of orogenic translation,
two distinct salients persist throughout the evolution of the thrust belt. At
lower dips the distance hetween hinge lines is greater, and thus much
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greater translation is required for the leading edge of the thrust wedge to
cross the upper hinge line.

Note that the “buttress” does not block thrust advance in the classical
sense proposed by Beutner (1977) and others. Low dip on basement dip,
rather than the barricading effect of a basement obstacle, acts to retard
thrust advance.

EFFECTS OF TECTONIC LOADING AND SUBSIDENCE

The previous discussion has ignored the effects of tectonic loading.
The tectonic load of one or more dominant thrust sheets will depress the
foreland crust, increasing the dip on the basement and causing the
foredeep to migrate cratonward (Price, 1973; Royse, Warner, and Reese,
1975; Beaumont, 1981; Jordan, 1981). The dip on the foreland crust
continues to increase, as a function of tectonic load, until it reaches a
critical value. Then the next thrust initiates. Thus thrust advance can be a
self-perpetuating process: the advance of the initial dominant sheet
increases basin dip, which favors the initiation of the next thrust (fig. 13).
Subsidence of the crust is not only a response to thrust belt advance, it is
the facilitator of such advance.

This teedback loop between basement dip and thrust advance leads
to rapid thrust advance in regions of maximum basement dip and
produces prominent thrust salients. For example, the geometry of an
aulacogen in the Middle Proterozoic Belt/Purcell basin controlled forma-
tion of the Helena salient (fig. 14A) (Winston, 1986; Harris, 1957;
Harrison, Griggs, and Wells, 1974). On the basis of the model just
presented, I propose that the Lewis and various sheets carrying Belt/
Purcell rocks in the Helena embayment advanced by virtue of their great
thickness and primary taper. These dominant sheets loaded and de-
pressed the crust, leading to the formation of additional sheets and the
advance of the thrust belt to create the Lewis and Helena thrust salients.

As the thrust belt advanced into regions of lesser basement dip and
the thrust front crossed the hinge line, the thrust fronts within the Lewis
and Helena salients may have slowed by the need to build taper. Thus,

Fig. 12. Thrust front advance as a function of basin morphology. Distance scales vary
on the three figures.

(A) Contour map of depth to basement within a complex basin. Distance scale along
“Y” axis. DiP on basement varies along strike, that is, along the “X” axis, but is constant
along the “Y” axis. Contours in kilometers. Above upper hinge line basement considered to
be planar at depth of 4 km. Below lower hinge line basement is planar at depth of 15 km.
This basement configuration is used to model thrust front advance (B).

(B) Thrust front advance in a basin with the configuration shown in (A). The dashed
line indicates the position of the urper hinge line, and the dot-dash line shows the position
of the lower hinge line. The solid lines display the position of the thrust front after trailin
edge displacements, dr, of 50 to 250 km. Note cEanging shape of the thrust front with
increasing displacement.

(C) Thrust front advance over complex basin with dips of 2° to 6° on basement.
Compare with (B), where the dips varied between 4° and 8°. Due to the lower dips on
basement the hingeline is not crossed until later in the thrust front advance, thus resulting
in the retention o§a more prominent thrust salient than was the case in model (B).
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Fig. 13. Initiation of dominant thrust sheets in regions of high basin taper can be a
self-perpetuating process. )

(A) Consider a basin, viewed in cross section, in which the basement dip decreases in
convex fashion from 9° in the hinterland to 3° in the foreland. The convex geometry has
been modeled as three panels of basement dip: 9°, 6°, and 3° dip.

(B) A thrust is most likely to initiate in the region of maximum basement dip, as less
internal deformation is required to build taper, and thus the least amount of work will be
expended. .

(C) The tectonic load of the initial sheet depresses the crust, bringing additional
phortions of the foreland basement to critical taper, thus leading the initiation of the next
thrusts.

the Sawtooth thrust belt of the Sawtooths caught up with the thrust front
of the Lewis thrust, but the thrust salient developed within the Helena
embayment was able to maintain its dominance throughout the evolution
of the thrust belt.

Similar relationships among Proterozoic/Paleozoic sedimentary ha-
sins, crustal subsidence, and thrust belt advance exist in the Idaho-Utah-
Wyoming thrust belt and the Provo thrust salient of central Utah (fig. 15).
Depocenters for the synorogenic sediments lie due east of the dep-
ocenters of Paleozoic deposition. In accord with the model just presented
(fig. 13), I would argue that the initial master thrust sheets developed
near the center of the Paleozoic basins where the thickness of the
sequence and the dip on underlying basement were the greatest. Due to
high basement dips, the initial sheets would have developed on the
steepest dipping flanks of Paleozoic depocenters where the need for the
creation of topographic taper would have been the least. As these
dominant sheets advanced they loaded the foreland. The thrust load
increased the dip on the foreland basement, which in turn led to the
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Fig. 14. The dip of basement and thickness of Proterozoic/Paleozoic sedimentary
rocks within the Helena embayment may have controlled the geometry of the associated
thrust salient and the spacing of thrusts within the salient. Barbed symbols indicate major
thrusts. Shaded areas are Idaho Batholith (to west) and Boulder Batholith (to east). The
dashed line shows the approximate eastern limit of Proterozoic Belt/Purcell metasedimen-
tary rocks and thus defines the gross geometry of Belt/Purcell basin. Modified from
Winston (1986).

development of the next thrust sheets to the east. Thus the areas of thrust
belt initiation, controlled by initial basement dip, became the loci of most
rapid thrust advance.

To the north and south of the Paleozoic depocenters and subsequent
foredeep basins, the initial dip on basement was subcritical, and greater
deformation was required to create critical taper. This enhanced deforma-
tion and associated uplift fed increased erosion. The resulting synoro-
genic sediments would have been transported along-strike into the
foredeeps.

Erosion may counter or moderate the effects of tectonic loading and
subsidence discussed previously. Erosion leads to isostatic adjustments
that decrease the dip on basement. Consequently, « and B decrease, and
restoration of critical taper requires additional internal deformation.
Thus, dominant sheets, which developed in regions of high basement dip
and experienced little internal deformation at the outset of their emplace-
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Figure 15



controlling the geometry and advance of thrust belts 1245

ment, may deform internally at later stages in an orogeny. This deforma-
tion may take the form of penetrative fabrics or imbrication. The need for
this subsequent deformation is dependent on the degree of foreland
basement subsidence accompanying thrust-belt advance.

The balance between erosion rates and foreland subsidence should
influence the rate of thrust belt advance. If erosion rates are less than
uplift rates, taper may become supercritical and lead to the accretion of
additional frontal thrust sheets. Thrust belt advance would be accompa-
nied by a growth in thrust belt width. If erosion keeps pace with
thrusting, the thrust belt would advance at a steady state width. Should
erosion exceed subsidence, internal deformation would have to increase,
and the thrust belt might actually retreat or decrease in width.

VALIDITY OF THE CRITICAL-WEDGE MODEL

Boyer and Geiser (1987) argued that synchronous thrusting, out-of-
sequence thrusting, and duplex faulting should operate to maintain
critical taper in thrust belts. Woodward (1987) also maintained that the
model requires high internal strains. Consequently, the frequent pres-
ence of low internal strains and lack of out-of-sequence thrusting would
appear to reflect shortcomings in the critical wedge model (Woodward,
(1987). However, by entering the wedge shape of sedimentary prisms
into area balance models, I have shown that strains need not be as high as
previously thought. Although there are perhaps valid criticisms of the
critical-wedge model (Woodward, 1987; Price, 1988; Bombolakis, 1994),
the frequent lack of penetrative internal deformation and paucity of
other taper building mechanisms does not in and of itself diminish the
credibility of the model. On the other hand, the utility of the critical-
wedge model in explaining structural variation in thrust belts does not
constitute proof of the model. The validity of the critical-wedge model
needs to be evaluated further and the effect of stratigraphic taper (basin
geometry) should be given equal weight with other factors, including
material properties and fluid pressures within and along the base of the
thrust wedge.

CONCLUSIONS

The critical wedge model of Davis, Suppe, and Dahlen (1983) can be
applied to explain structural variation and kinematic evolution in thrust

Fig. 15. Paleozoic basin taper (dip on basement) may have controlled the position of
thrust belt advance and the loci of synorogenic depocenters within the Idaho-Utah-
Wyoming thrust belt. Contours in western Wyoming (WY) and central and eastern Utah
(UT) are 1sopachs of synorogenic Cretaceous sedimentary rocks. Contours in western Utah,
Nevada, and Idaho reflect thicknesses of Paleozoic sedimentary rocks. Depocenters of
Cretaceous basins are indicated by “X.” Thicknesses in thousands of feet. Note that the
synorogenic depocenters (Reeside, 1944) lie due east of the Paleozoic depocenters (Peter-
son, 1977). Thrust belt advance would have been the greatest in areas of highest basement
dip, thus producing the prominent thrust salients and corresponding synorogenic dep-
ocenters. .
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belts. The pre-deformational dip on basement defines the primary taper
of a sedimentary basin. All other mechanical factors being equal, primary
taper will control the spacing of thrusts, magnitude of internal shorten-
ing within the thrust wedge, the width of thrust belts, and rates of thrust
belt advance. -

Thrust spacing varies as a function of stratigraphic thickness. In
basins with relatively thin stratigraphic sequences and low taper, thrusts
will be more numerous and closely spaced than would be the case for
thicker sequences of the same taper. The greatest variation in spacing of
thrusts will occur in basins with high primary taper, since changes in
thickness take place over larger distances.

Since the magnitude of critical taper varies inversely with the dip on
the sole thrust, thrust belts developed in low-taper basins require greater
internal deformation to attain the requisite taper. Thus, basin morphol-
ogy controls the need for taper-building mechanisms, such as pressure-
solution cleavage, schistosity, out-of-sequence and synchronous thrust-
ing, and duplex faulting. Due to the convex shape of basins, thrust
spacing should decrease’and internal strain should increase toward the
foreland. Lateral changes in basin taper will produce corresponding
variation in structural geometry and kinematics.

Strain within the thrust wedge diminishes the tectonic shortening
available for thrust front advance. Thrust belts developed in basins of
lower taper will be narrower and experience slower thrust belt growth
and advance, a greater percentage of tectonic shortening being absorbed
in internal shortening tq build taper.

The qualitative correlation of structural variation with predictions of
the critical-wedge model does not prove the model. Such correlations
simply indicate compatibility between observations and the model. How-
ever, criticisms of the critical-wedge model based on the magnitude and
distribution of strain within thrust belts must take into account the
influence of basin taper..
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APPENDIX 1
Derivation of Equations to Determine Average Strain within Thrust Wedge

Assuming that basins have the configuration of simple prisms, area balance equations
can be derived to estimate the amount of strain rocks in the basin will experience as the
sedimentary prism is deformed to a thrust prism (fig. A-1). Consider a sedimentary basin in
which the dip on basement, the primary basinal taper, is Bg. The sedimentary prism has a
undeformed width ofl; and a cross-sectional area of Ay. The depth at the deepest part of the
basin is hg.

As the thrust front sweeps to the cratonward edge of the sedimentary prisms, rocks
within the prism will be internally deformed to create a thrust wedge. The thrust belt has
width of I', surface slope of @, and basement dip of B. In this treatment I will assume that
there is no erosion and no crustal subsidence due to tectonic leading. Therefore, B = Bo.
The area of the deformed wedge is divided into two elements: (1) A,, above the horizontal
datum; and (2) Ay, below the datum.

The areas of the sedimentary prism, Ay, and resulting thrust belt, A’, are given by:

Ay = h{/(2 tan By), (AL-D)
and
A’ = [h2(2 tan @)} + [h(2 tan B)). (A1-2)

Assuming constant area strain,

Ag = A
A.
4" o .
e
B Ala= A'b + A'b N
¥ h o —L - ——a
T B
1 / , - B
T Ap

Fig. Al-1(A) A sedimentary basin of taper By and area Ay prior to deformation. The
widt}ll1 of ;he basin is lg and the height at the “rear” of the reference wedge the basin has a
depth of hy.

P (B) As the thrust front progresses across a sedimentary basin to the basin’s foreland
margin, the sedimentary wedge is transformed into a thrust wedge with a taper of @ + B.
The surface topography has a dip of «. In this simple treatment, effects of tectonic loading
are ignored, yielding 8 = By. The area of the deformed wedge is A; + A, the former being
the area above a horizontal datum, and the latter the area below the datum. The height at
the back of the thrust wedge ish’ = h} + hy, .

App. 1 employs these geometric relations to calculate the strain created as deformation
creates a thrust wedge from a sedimentary prism.
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Equating (1) and (2), replacing h, by I’ tan o and hy, by I tan B, and solving for ' yields:
' = hg{(tan B)(tan « + tan B)}~1/2, (A1-3)

Since h, = 1" tan a and hy, = 1" tan B, the height above datum and depth below datum at
the back of the thrust wedge are given by: -

h, = {hy tan a}{(tan B)(tan a + tan B)}~1/?
and
hy, = {hy tan B}{(tan B)(tan & + tan B)}~1/2
The height at the back of the thrust wedge is given by:
h' = hy(tan « cot B + 1)'2, (Al1-4)

The critical taper of the thrust wedge is 7 = a + B. For angles <10°, tan 7 = tan a + tan
B. Substituting the latter relation, eqs (3) and (4) become:

1" = hy{(tan B)(tan 7))~ "* (A1-5)

u

h' = hy(tan 7)"2(tan p)~ /2. (A1-6)

Q

Since 1, = h,/tan B, the horizontal shorfening and vertical stretch are:
H, = I'/ly = (tan B cot 7)!/? (A1-7)
and
Mg = h'/hy = (tan 7 cot B)!/2. (A1-8)

The average strain within the body of the thrust wedge is given by the ratio of the
stretches:

AR = Vi/H{ = tan 7 cot 8. (A1-9)

APPENDIX 2
Derivation of Equations Dealing with Frontal Advance of Thrust Belts

If one assumes that basin morphology can be modeled in simple prismatic segments,
area balance equations can be derived to predict the advance of an ensuring thrust belt. For
the simplest case consider a basin in which the basin has a maximum thickness of t., the
thickness of sediments in the foreland is t;, and the basin is flat-bottomed (fig. A2-1).

In plane strain, a tectonic translation, d, at the back of the thrust wedge, will sweep out
an area A equal to the area of uplift, A,.

As = dr(tc)~ (AQ'I)

There are three topographic segments to the orogenic belt: (1) a frontal thrust belt with
a topographic dip of a; (2) an intermediate thrust belt with a topographic dip of o;; and (3) a
core region of plateau uplift, « = 0. These segments have areas of A, A, and A,
respectively. The heights at the back of the frontal thrust wedge and intermediate belt are hy
and h, respectively, and the widths of the frontal, intermediate, and core belts are w, wi,»
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Fig. A2-1. Creation of a critically tapered thrust wedge under constraints of plane
strain. The upper figure is at a scale of 1:1. The bottom figure has a vertical exaggeration of
10:1.

After a tectonic displacement of “d,”, the area of shortening, “A,” equals area of uplift
“A,". There are three components of uplift: (1) a frontal thrust wedge of area “A¢’, width
“Wy”, and taper angle “o,’; (2) an internal thrust wedge of area “A;”, width “W;”, and taper
angle “;”; and (3) the plateau uplift of the core with an area “A.”, width “W.”, and taper
angle “a. = 0”. The dip on the basement is B beneath the intermediate thrust wedge. Dips
on toreland basement and bottom of the basin are zero. “t” is the thickness of sediments on
the foreland basement and “t.” is thickness of sediments in the basin.

For the purposes of illustration, the model is constructed with § = 6°,t. = 15 km, t; = 4
km, and d, = 250 km. Since B = 6°, W; = 105 km. Assuming a Coulomb material, from the
equations of Davis and others (1983), oy = 5.9°% and o; = 1.9°, “h¢” = 7.2 km and “h,” = 10.8
km.

and w.. Therefore, the area of uplift is given by:
Ay =Ar+ A+ A

= {wihy/2] + {wi(h, + hf)/2} + {wch,). (A2-2)

Since “hy = wrtan of” and “h. = wetan af + w; tan o;”, eq (2) becomes
Au = {w] tan o/2} + {wi(2wy tan a¢ + w; tan o;)/2}
+{w(wrtan ap + w; tan o)} (A2-3)
From the plane strain assumption, “A; = A,”, it follows from (1) and (3) that
di(t) = {wf tan ap/2} + (wi(2wytan op + w; tan e;)/2}

+ {we(wrtan o + w; tan o)),

which can be rewritten as a quadratic equation in terms of “wy”:

(tan oq-)w,2 + (2w; tan o + 2w, tan ap)wy + (W? tan o)

+ Q2ww; tan o) — 2d,(t) = 0. (A2-4)
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Solving for the width of the frontal thrust wedge,
wi= —(w; + wo) + ((w, + wo)? — [tan ai(w;® + 2wew;) — 2d,t] cot g}/ (A2-5)
The width of the intermediate belt is given by
w; = (1 — t;) cot B, (A2-6)
where B is the dip on basement. The width of the core is given by
we =w, —d,, (A2-7)

where w; is an initial reference width for the deformed core. It must be noted the w; is
somewhat arbitrary. In the calculations I have tried to identify values of w. and d, that are
representative of many deformed belts and then back-calculated a value for w,.

The above equations describe relations when the frontal edge of the thrust belt has
passed the hinge line of the basin. In the early stages of thrust belt advance, the thrust front
will lie over the basin margins with a basement dip of B. In these cases there is only one
thrust wedge of constant topography, and eq (5) simplifies to:

wp = —we + (Wl + 2d,t. (cot ap)]"/2 (A2-8)

From eqgs (5), (6), (7), and'(S), I set up a spreadsheet to calculate we, wi, and wy for
various tectonic translations d, and basement dips B. I assumed that thrust belts behave as
the Coulomb wedge models of Davis, Suppe, and Dahlen (1983), so that a = 5.9 to 0.66.
The basins were modeled to be 15 km deep (t.). For various basin configurations in which B
varied laterally in increments of 1°, I then plotted w,, the total width of the thrust belt,
versus d; to illustrate the changing geometry of the thrust front as tectonic translation
increased. The result is plotted as figure 12. Corresponding sequential cross sections (fig.
11) were prepared from the same spreadsheet calculations.

AS
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