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ABSTRACT

An analysis of mesoscale faulting asso-
ciated with thrust-belt development was
completed along a transect crossing several
foreland thrust sheets of the central Sawtooth
Range, Montana. At a regional scale, a bal-
anced cross section of the central Sawtooth
Range, constrained by well, seismic, and sur-
face data, indicates a minimum of 60% hori-
zontal shortening of the upper Paleozoic
carbonate bank sequence, accommodated by
a forward-developing thrust system. Subsur-
face data delineates a 4° westward-dipping
Precambrian basement and westward thick-
ening of the Precambrian Belt Supergroup.
Major décollements within the central Saw-
tooth Range are present at the base of the
Devonian Jefferson Formation, in the lower
Mississippian Allan Mountain Limestone,
and in the Cretaceous Colorado Group.

Within the Diversion, French, Norwegian,
and Beaver thrust sheets of the central
Sawtooth Range, deformation has been parti-
tioned into arrays of meter- to decimeter-
sized faults that constitute brittle deformation
zones (BDZs). BDZ thickness is directly re-
lated to fault displacement but is not related
to fault trajectories or subsequent foreland
imbrication. The ratio of BDZ thickness to
displacement is nearly constant, with BDZ
thicknesses ranging from 65 m to 200 m for
faults whose displacements range from 2 km
to 5 km. The BDZs of each thrust sheet can
be separated into three regions defined by dif-
ferences in fault diversity, fault intensity, and
fault kinematics. Proportionally, the locations
of boundaries between regions within the
BDZs are remarkably constant for each of the
four thrust sheets studied, indicating that the
BDZs widen uniformly during thrust sheet
emplacement. BDZ bases are characterized
by an interlocking network of faults that ex-
hibit great diversity and accommodate meso-
scale cataclastic flow. BDZ bases are domi-

nated by oblique-slip faults, whereas the
middle and upper regions of BDZs are domi-
nantly dip- or strike-slip faults. In all regions
of a BDZ, localized zones of contractional,
extensional, or more commonly, transport-
parallel strike-slip faults bounded by bedding-
plane detachments are present. Fault length/
m? of outcrop decreases logarithmically to
zero from a maximum of 4 m/m? across the
French and Norwegian BDZs. Zones of in-
tense faulting alter this general pattern of de-
creasing fault intensity in the Diversion and
Beaver thrust sheets.

INTRODUCTION

The Sawtooth Range in Montana exemplifies
an imbricate thrust geometry common to exter-
nal portions of mountain belts (Mudge, 1972;
Lageson, 1987; Fig. 1). In such foreland regions
of mountain belts, deformation typically occurs
at sub-greenschist grade conditions, and thrust
faults and fault-related folds dominate regional
structures. On a mesoscopic scale, rocks within
foreland areas of mountain belts typically de-
form by discontinuous mechanisms such as frac-
turing and faulting (Wojtal, 1986).

A balanced cross section (Elliott, 1983)
across the central Sawtooth Range was con-
structed using surface data and available well
and seismic data. The cross section constrains
fault shapes, the amount of individual fault dis-
placement, and the amount of stratigraphic
thickening and horizontal shortening. The geom-
etry provided by the deformed and restored
cross sections also provides a framework for
consideration of mesoscale deformation within
the range.

Deformation features within the frontal thrust
sheets of the central Sawtooth Range are domi-
nated by mesoscale fault arrays that define brit-
tle deformation zones (BDZs) associated with
each regional thrust sheet. Previous work has
established that minor fault fabrics indicate the
kinematic history of thrust-sheet emplacement
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and has resulted in some progress toward under-
standing the manner in which discontinuous de-
formation is partitioned within foreland thrust
sheets. Price (1967) determined the relative
movement directions within two converging
structural salients and characterized a transverse
fault using minor fault arrays within Front
Range thrust sheets of the Southern Canadian
Rocky Mountains. Farther north in the Front
Ranges, Bielenstein (1969) used plan view varia-
tions in minor faults to document strike-parallel
extensional strains during thrust-sheet emplace-
mént. Wojtal (1986) analyzéd the minor fault
populations within three Appalachian thrust
sheets and found that mesoscale deformation
occurred in two components. First, the rock was
shortened subparallel to the transport direction
and thickened by low-angle, synthetic reverse
faults. Second, the sheet was extended both sub-
parallel and normal to transport and thinned by
high-angle, foreland-dipping normal faults.

In addition to use in kinematic studies, minor
fault arrays can be used to determine the orienta-
tion and magnitude of the pervasive mesoscale
strain if fault displacements and attitudes are
known (Wojtal, 1986, 1989). If only the fault
orientation, sense, and direction of slip are
known, and if assumptions are correct about the
relationship between stress directions and fault
orientation (Anderson, 1951; Reches, 1978),
then it is possible to estimate the orientation of
principal-stress axes (Wallace, 1951; Arthaud,
1969; Angelier, 1979; Etchcopar and others,
1981; Aleksandrowski, 1985; Reches, 1987,
Wojtal and Pershing, 1991), and it may be pos-
sible to determine their relative magnitudes
(Angelier, 1984, 1989; Wojtal and Pershing,
1991).

In order to better understand BDZ develop-
ment within foreland thrust sheets, four well-
exposed thrust sheets of varying structural
position and displacements within the frontal re-
gion of the central Sawtooth Range, Montana
(Fig. 1), were studied. The Diversion, French,
Norwegian, and Beaver thrust sheets were se-
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Figure 1. (A) Generalized geologic map of the Montana Disturbed Belt. (B) Geologic map
of the central Sawtooth Range (after Mudge, 1965, 1966, 1982, 1983; cross section A-A’

shown in Fig. 5).

lected because of the variety of exposure orienta-
tions produced along roadcuts and the Sun
River (Fig. 2) and the irregular, continuous na-
ture of the outcrops. The nature of the exposures
allowed sampling of the minor fault populations
in three dimensions, thus maximizing data avail-
able to investigate fault-zone processes.
Potential variables controlling the internal de-
formation of a thrust sheet are hanging-wall and
footwall rock types, fault displacement, and dis-
tance from the fault’s lateral terminations. In the
central Sawtooth Range, by selecting thrust
sheets that had similar hanging-wall and foot-
wall rock types, it was possible to isolate dis-
placement and distance from the lateral termina-

tions of faults in an analysis of fault-zone
processes. In the hanging walls of each thrust
sheet, mesoscale structural data were collected
throughout the continuously exposed Mississip-
pian sections.

Faults within the frontal thrust sheets of the
central Sawtooth Range are generally coated
with shear fibers, indicating pressure solution
slip (Elliott, 1976). Shear fibers were interpreted
to determine the direction and sense of slip for
each fault surface. After Norris (1958), contrac-
tion faults are defined as those that shorten bed-
ding, and extension faults are those that extend
bedding. For this study, faults with movement
direction within 30° of the minor faults’ intersec-
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tion with bedding were considered strike-slip
faults. Using these criteria, eight classes of faults
are possible (Fig. 3); these faults result in range-
parallel or range-perpendicular contraction, ex-
tension, or strike-slip. Each of these fault types
developed during the emplacement of the thrust
sheets of the central Sawtooth Range.

The results of the mesoscale analyses were
compared with fault shapes, fault displacements,
and position within the thrust belt to establish
controls on thrust-sheet deformation. These anal-
yses provide insight into fault-zone evolution
and the kinematics of thrust-sheet emplacement.

GEOLOGIC SETTING
Structural Setting

The Montana Disturbed Belt (Fig. 1) is a
segment of the U.S. Rocky Mountains. The
Rocky Mountains in west-central Montana are
characterized by three subbelts. From west to
east these include Subbelt I, containing imbri-
cated Precambrian and younger rocks; Subbelt
II, which is comprised of Paleozoic and younger
imbricates; and Subbelt III, which contains im-
bricated synorogenic Mesozoic rocks (Mudge,
1982). The central Sawtooth Range is an arcu-
ate zone of north-trending, closely spaced, west-
erly dipping, imbricate thrust sheets and asso-
ciated folds which compose Subbelt II in the
vicinity of the Sun River. The central Sawtooth
Range formed in the Late Cretaceous to early
Paleocene during the Sevier orogeny (Mudge,
1970).

Stratigraphy

The Sawtooth Range exposes Paleozoic and
Mesozoic sedimentary rocks (Fig. 4). Underly-
ing the Sawtooth Range, the Precambrian Beit
Supergroup consists of marine siliciclastic rocks
with subordinate carbonate units. The Cambrian
and Devonian stratigraphic sequence consists
predominantly of carbonate rocks, with rela-
tively few thin siliciclastic units. The Devonian
strata also contain evaporite-solution breccias.
Overlying the Devonian units are Mississippian
carbonate rocks of the Allan Mountain Lime-
stone and Castle Reef Dolomite. These units are
interbedded marine limestone and dolomite,
with the percentage of dolomite increasing up
section. Jurassic and Cretaceous marine and
non-marine, foreland-basin, siliciclastic strata
that are partly synorogenic unconformably over-
lie the Mississippian carbonate rocks (Mudge,
1982). The focus of this study is mesoscale fault-
ing within the Allan Mountain Limestone and
Castle Reef Dolomite exposed within the hang-
ing walls of the Sawtooth thrust sheets.
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Figure 2. Topographic map of the Sun River Canyon area showing regional thrust faults and
the locations of the traverses through the thrust sheets.

REGIONAL SCALE DEFORMATION

A balanced cross section was constructed
through Subbelts I and II of the Montana Dis-
turbed Belt. The balanced cross section defines
the geometry of the Sawtooths, the amount of
regional scale shortening, and individual thrust-
sheet displacement (Fig. 5). The eastern edge of
this cross section was pinned in undeformed
rocks of the foreland.

Regional deformation within the Devonian
and Mississippian units of Subbelt II is charac-
terized by imbricate thrust faults and concomit-
ant folding (Fig. 5). Major décollement surfaces
are at the base of the Devonian Jefferson For-
mation and at the top of the lower member of
the Mississippian Allan Mountain Limestone
(Fig. 4). The style of deformation within the
Jurassic and Cretaceous rocks of Subbelts I and
11 is characterized by abundant imbricate thrust
faults with relatively small offsets (Mudge, 1982;
Johnson, 1988) and tight asymmetric folds, with
major décollement surfaces in the Cretaceous
Colorado Group. Deformation within Subbelt I
has been described by Mudge (1972) and John-
son (1988).

Underlying the allochthonous rocks, the Belt
Supergroup ranges in thickness from ~400 m at
the thrust front to >600 m at the western edge of
Subbelt II. The thickness estimate was deter-
mined by correlating a regional seismic reflec-
tion line to an exploration well log that

penetrated the top of the Cambrian Devils Glen
Dolomite. Time-to-depth conversions were
based on reported migration velocities. Pub-
lished estimates of the thickness of Cambrian
rocks (Mudge, 1982) were used to locate the top
of the Precambrian Belt Supergroup. The thick-
ness of the belt was taken as the difference be-
tween the top of the Belt Supergroup and a
seismic interpretation of the basement cover se-
quence interface. Our thickness estimates closely
agree with the 500 m shown on Mitra’s (1986)

synthetic
extension

cross section through the Sawtooth Range but
are substantially less than the 2,000 m reported
by Mudge and others (1982). A dip of 4° west
for the underlying Precambrian crystailine base-
ment was determined from several variously ori-
ented, regional seismic profiles. This estimate of
basement dip is comparable to the 3°-4° re-
ported by Bally and others (1966) for the Cana-
dian Rockies. The calculated dip, however, is
more than the 2°-3° determined from regional
structure contour maps of the top of Precam-
brian crystalline rocks constructed by projecting
the depth to basement from well logs that pene-
trate only into the Paleozoic section (Mudge,
1982).

Continuous structural profiles were conduct-
ed through the Diversion, Norwegian, French,
and Beaver thrust sheets. The traverses along the
Sun River allowed an assessment of along-strike
variation in fault-zone development (Fig. 6).
The thrust sheets of the central Sawtooth Range
have simple fault trajectories (Fig. 5). Field and
map observations indicate that the thrust faults
and bedding within the overlying Mississippian
Allan Mountain Limestone are parallel within
the Diversion, Norwegian, and Beaver thrust
sheets for many kilometers along the strike of
the fault. From field and map evidence (Mudge,
1965, 1966; Mudge and others, 1982; Mudge
and Earhart, 1983; this study) we infer that the
primary detachments for the Diversion, French,
Norwegian, and Beaver thrust sheets along the
Sun River transect lie in the Mississippian Allan
Mountain Limestone and in the Cretaceous
Colorado Group, with a major 20° frontal ramp
connecting the two flats.

The minimum slip required to restore the pa-
leozoic section back to regional position was
chosen and ranged from ~2-5 km for the four
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Figure 3. Schematic thrust sheet defining mesoscale fault types.
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Figure 4. Stratigraphic column for western Montana (after Mudge, 1982). The primary
horizons of Sawtooth detachments are indicated.

thrust sheets (Fig. 5). Errors in the estimates of
fault displacement were determined on the basis
of the variance of calculated displacements on
several admissible (Elliott, 1983) versions of the
cross section. The minimum horizontal shorten-
ing of the Paleozoic carbonates from the thrust
front to the trailing branch line of the Beaver
thrust fault is ~60% (15 km).

MESOSCALE DEFORMATION

Deformation at the base of each thrust sheet
of the central Sawtooth Range was partitioned
into arrays of mesoscopic faults that define
BDZs. Individual minor faults found at any po-

sition within any of the thrust sheets are indistin-
guishable; however, fault spacing, attitude, and
slip direction change systematically with dis-
tance above each regional thrust. At comparable
positions within the Sawtooth BDZs, minor
fault arrays record similar kinematic patterns,
suggesting that arrays of minor faults and not
individual faults are the primary components of
mesoscale deformation. The kinematic patterns
recorded by minor fault arrays provide insight
into foreland fault-zone development.

The BDZs within each of the thrust sheets are
defined as the region in each thrust sheet be-
tween the regional thrust surface and the last
observed minor fault within the hanging wall.
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BDZ thickness was measured normal to the re-
gional thrust. The total thickness of each BDZ
along the Sun River transect varies directly with
thrust-sheet displacement (Fig. 7). As fault dis-
placement increases from 2 km on the Diversion
thrust to ~5 km on the more hindward Beaver
thrust, BDZ thickness increases linearly from 65
m to 200 m. A line of best fit for the data was
calculated, using linear regression, and indicates
that the ratio of BDZ width to thrust sheet dis-
placement was approximately 1:22 for all four
thrust sheets (Fig. 7). The thickness of the BDZ
does not correlate with differences in fault shape
(ramp/flat ratio) or the number of foreland im-
bricates that carried more hinterland sheets pig-
gyback. Although displacement is the dominant
factor controlling BDZ development, position
above the regional thrust and relative distance
from the faults’ lateral terminations control the
kinematic patterns observed.

Because of the massive character of the Pa-
leozoic section, it was not possible to measure
fault displacement on more than 10% of the
faults observed. Using faults where displacement
was apparent, we investigated the relationship
between fault length and displacement. Al-
though there is a general logarithmic increase in
offset with increasing fault length, the relation-
ship is not useful for calibrating fault displace-
ments due to large variance in the data (Fig. 8).
Our inability to define an empirical relationship
between displacement and fault length made it
impossible to precisely determine the amount of
penetrative strain partitioned into mesoscale
faulting. In order to quantify the relative inten-
sity of mesoscale deformation, the total fault
length/m? of profile was determined across each
thrust sheet (Fig. 9). Fault length/m? was calcu-
lated every 25 m by direct measurement of the
total fault length exposed within a 10 m? area of
outcrop. From these data it is apparent that fault
intensity is always higher at the base of a BDZ
than at the top. The decrease in fault intensity is
sometimes irregular. In the French and Norwe-
gian thrust sheets the intensity of mesoscale de-
formation decreases logarithmically from 4
m/m? to 0 m/m?2 away from the thrust surface.
In the Diversion and the Beaver thrust sheets the
pattern is more complicated. Zones of more in-
tense faulting within the BDZ occur, producing
peaks in the overall pattern (Fig. 9).

In order to characterize the kinematic patterns
within the BDZs, slip linear plots were used
(Fig. 10; Hoeppener, 1953; Anastasio, 1987;
Twiss and Geffell, 1991). Slip linears preserve
fault attitude, slip direction, and sense of move-
ment by stereographically plotting a segment of
the great circle (M-plane) that contains the fault
pole and the slip direction, and an arrowhead
that records the relative direction of fault slip.
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Systematic changes in fault intensity and kine-
matics allow us to partition each BDZ into three
regions. Within each BDZ, we recognized dis-
tinct groups of minor faults having similar orien-
tations and slip directions. Collections of minor
fault groups define the kinematics of the meso-
scale deformation within each region of a BDZ.

Using the Bingham axial distribution tech-
nique, we determined an average slip linear for
groups of minor faults having similar attitudes
and movement directions at different levels
within each BDZ. M-planes and the fault planes
were averaged in order to construct an average
slip linear plot. Averages were considered valid
if eigenvalues for both averages exceeded 0.80
when accounting for >80% of the faults in an
analysis. An example data reduction from the
middle part of the Diversion BDZ is shown in
Figure 11, with the accompanying statistical pa-
rameters describing the data clustering presented
in Table 1. Summary slip linear plots of meso-
scale faults allow the clarification of the
kinematics of deformation while quantifying the
natural variation in the data. The results of the
data reduction are displayed as block diagrams.
The block diagrams provide the clearest visual
display of fault spatial variations, fault orienta-
tions, sense of movement, and relative abun-
dances within each BDZ.

Figure 6. Position of the tran-
sect along the Sun River relative
to the northern and southern
terminations of the Diversion,
French, Norwegian, and Beaver
thrust sheets.

Gibson
Reservoir ;;

It is possible that because offsets on individual
minor faults are not known, kinematic analyses
may be skewed towards numerically dominant
fault types. This would occur when fault types
with the highest density do not make the largest
contribution to the total displacement field,
which is possible when one or several of the
numerically subordinate fault types are of large
displacement. This does not appear to be the
case within the central Sawtooth Range, how-
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ever, because fault types that dominate numeri-
cally also contribute the largest fraction of total
fault length within a given region of the BDZ.
Data recorded in continuous traverses across
each BDZ fall into three regions defined by dif-
ferences in fault type and intensity (Fig. 12). The
boundaries between regions within the BDZ are
gradational. For the four thrust sheets studied,

Range BDZs can be made. The lower region of
each BDZ has a higher diversity of fault types
than the middle and upper regions and contains
all fault types found elsewhere in the thrust
sheet. Minor faults in the basal region of a BDZ
form an interlocking network which allows the
base of the thrust sheet to deform by cataclastic
flow (Fig. 13). The most prevalent types of

Figure 5. Restored and de-
formed balanced cross sections

along A-A’ through the central

Sawtooth Range (see Fig. 1 for

line of section). Deformation

within the upper Cretaceous is
depicted schematically.
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Figure 7. Graph of BDZ thick-
ness and region boundaries versus
regional thrust displacement.

Thrust Displacement

3 km

the boundaries between the lower and the mid-
dle regions and the middle and upper regions
range 18%-23% and 60%-70% of the total BDZ
thickness, respectively (Fig. 12).

Although the pattern of mesoscale deforma-
tion in each thrust sheet varied, some generaliza-
tions concerning the kinematics of Sawtooth
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TABLE 1. STATISTICAL DATA DESCRIBING THE CLUSTERING
OF DATA POINTS FOR THE FAULT POPULATIONS SHOWN

IN FIGURE il
Population N ° 1otal k k
faults M-planes
A 50 50% 81 82
B 22 22% 85 .80
C 19 19% 974 50
D 8 8% 86 8

Fault pole with -
slip linear .-~

Pole to M-piane
~

Fault striae
orientation

Figure 10. (A) Block diagram of the commonly analyzed kinematic features on a fault plane. (B) An equal area plot of the slip linear and the
great circle traces of the fault plane and M-plane (from Anastasio, 1987).
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Figure 11. (A) A slip-linear plot of miner faults found within the middle region of the
Diversion BDZ. (B) Reduced data with the percentage of data points projected into each slip

linear indicated.

minor faults found at the base of the BDZs are
range-parallel contraction faults with oblique
slip; range-parallel, strike-slip faults; and trans-
port-parallel, strike-slip faults (Fig. 14). Few
faults at the base of any of the BDZs studied
record dip-slip movement. While limited, cross-
cutting relationships observed at the bases of all
four thrust sheets suggest that all populations of
minor faults were active contemporaneously.

In the middle region of each BDZ, there is an
abrupt decrease in fault diversity manifested by
a loss of minor faults with range-parallel motion.
Transport-parallel strike-slip, contraction, and
extension faults are most common in the middle
region of a BDZ (Figs. 14 and 15) and may be
localized into relatively thin zones of intense
faulting. In the middle region of the Diversion
and Beaver BDZs, the most prevalent type of
minor faults are transport-parallel, strike-slip

faults (Fig. 15). The middle of the Norwegian
and French BDZs contain a substantial percen-
tage of transport-parallel contraction and exten-
sion faults, but transport-parallel, strike-slip
faults are conspicuously absent.

The top of each BDZ is characterized by a
low diversity of minor fault types and is domi-
nantly dip- or strike-slip, including transport-
parallel contraction and extension faults (Figs.
14 and 15). As in the middle region of the
BDZs, transport-parallel, strike-slip faults are
common in the Diversion and Beaver BDZs.

Transport-parallel, strike-slip faults are the
most penetrative class of minor faults observed
within the BDZs (Figs. 14 and 15). Both right-
and left-lateral faults are common in the same
fault arrays; however, one movement sense
dominates depending on the lateral position
within the thrust sheet. In locations north of the

Figure 12. Schematic BDZ
showing subdivision boundaries.
Percentages represent the range
in position of subdivision bound-
aries as a function of total BDZ
thickness for studied Sawtooth
Range thrust sheets. Similar
hatching patterns are used in
subsequent figures to denote po-
sition within the BDZ.
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middle of a thrust sheet, left-lateral faults domi-
nate, whereas in locations toward the southern
tip, right-lateral faults dominate.

DISCUSSION
Mesoscale Deformation

Deformation of four of the frontal imbricates
of the Sawtooth Range was strongly partitioned
into mesoscale fault arrays that define BDZs
along each regional thrust fault. Penetrative
grain-scale strain was uniformly low across each
thrust sheet studied (Holl, 1991). The ratio of
BDZ width to displacement is relatively con-
stant for all four thrust sheets studied. Linear
relationships between fault-zone thickness and
fault displacement have also been reported by
Robertson (1983) and Otsuki (1978). Hull
(1988) resolved a general relationship between
thickness and displacement for deformation
zones that varied in size by over seven orders of
magnitude. The ratio of fault zone thickness to
displacement for these deformation zones varied
between 10 and 1,000 and averaged 1:63 (Hull,
1988; Evans, 1990). These studies included data
from a wide range of rock types and structural
conditions, which may explain the wide var-
iance in the ratios of fault-zone thickness to dis-
placement observed (Evans, 1990). Within the
central Sawtooth Range, we define a correlation
between BDZ thickness and displacement for
thrust sheets that contain the same hanging-wall
carbonate rocks and footwall sandstone and
shale and have deformed under foreland condi-
tions. This relationship indicates a temporal and
genetic link between displacement and BDZ
development.

Wojtal (1986) and Wojtal and Mitra (1986)
suggested that BDZs develop progressively. As
thrust faults develop, an interlocking network of
mesoscale faults form which divide the base of
the sheet into meter- or decimeter-size blocks
(Stearns, 1969). During continued displace-
ment, deformation is accommodated by addi-
tional mesoscale faults and intrablock accom-
modation features, such as fractures and veins.
These intrablock deformation features may,
with continuing thrust-sheet displacement, de-
velop into mesoscale faults. The density of
minor faults near a fault will eventually reach a
limiting value. Further deformation would be
accommodated by increased displacement on
existing minor faults or by thickening of the
BDZ (Wojtal and Mitra, 1986).

The uniformity in relative thicknesses for
lower, middle, and upper regions of the BDZs in
the Sawtooth thrust sheets suggests that the
BDZs widen uniformly with increased dis-
placement. Areas once near the top of a BDZ,
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Figure 13. View south
of the French thrust. The
figure shows the high
quality of exposures avail-
able within the Sun River
Canyon and the diversity,
intensity, and connectiv-
ity of the minor faults
within the base of the

65m

hanging-wall BDZ. The
minor fault network al-
lows the base of the thrust
sheet to deform by meso-
scale cataclastic flow.
(Mm, Mississippian Mad-
ison Group, Kbk, Creta-
ceous Blackleaf Fm.)

120m

n=30 n=70 10M"\_50

Norwegian Thrust

Beaver Thrust

Figure 14. Block diagrams summarizing the distribution of minor faults across each BDZ.
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become incorporated into lower regions as the
BDZ widens, overprinting previously developed
faults. This is in contrast to Wojtal and Mitra’s
(1986) model of progressive thrust-sheet defor-
mation. Within the upper and middle zones of
the BDZs, minor faults are more diffuse than at
the base and do not appear to be strain harden-
ing the BDZ through interference with each
other. Our observations suggest that fault zones
widen before the existing BDZ is saturated with
minor faults.

In thrust sheets of the southern Appalachians,
15-20 km of displacement resulted in the devel-
opment of fine-grained, foliated cataclasite in the
blocks within 10 m of a regional thrust fault
(Wojtal, 1986; Wojtal and Mitra, 1986). The
reduction in grain size promoted other grain-
size—-sensitive deformation mechanisms, such as
pressure solution. This resulted in strain soften-
ing at the base of the thrust sheet, allowing
further displacement to be accommodated along
the regional detachment without proportional
increases in the thickness of the developing fault
zone. This strain-softening process is apparent
when comparing the size of brittle deformation
zones versus displacement for thrust sheets
studied by Wojtal (1986) to the thrust sheets of
the central Sawtooth Range. For a thrust sheet
having a displacement of 1-2 km, Wojtal meas-
ured a BDZ thickness of 90 m, which matches
well with correlations for the central Sawtooth
Range (Fig. 7). For a thrust sheet with an esti-
mated displacement of 15-20 km, however, the
measured BDZ thickness of 350 m is signifi-
cantly lower than what would be predicted by
our empirically derived relationship (Fig. 7). In
the Sawtooths, the linear relationship between
BDZ thickness and thrust displacement suggests
that these BDZs were rheologically constant and
did not develop strain-softening behavior.

The kinematics of minor faulting within the
central Sawtooth Range delineates three types of
mesoscale strain. Transport-parallel bulk shear is
accommodated by transport-parallel, strike-slip
faults. These faults likely result from lateral vari-
ations in thrust-sheet displacement. The sense of
a transport-parallel, strike-slip fault that domi-
nates a fault array depends on lateral position
within the thrust sheet. This observation is com-
patible with Elliott’s (1976) bow and arrow
model of thrust-sheet displacement, which sug-
gests that the middle parts of a thrust sheet are
active longest and are displaced the farthest (Fig.
16). In order to accommodate this differential
movement within the Sawtooth Range, zones of
mesoscale, transport-parallel, strike-slip faults
may have developed with left-lateral faults dom-
inating in the northern parts of a thrust sheet and
right-lateral, transport-parallel strike slip domi-
nating in the south. Alternatively, the develop-
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ment of localized zones of transport-parallel,
strike-slip faulting may be related to local heter-
ogeneities within the thrust sheet or variable
tractions along the base of the thrust sheet.

Transport-parallel, strike-slip faults are pres-
ent throughout each BDZ and generally con-
tribute the most fault length to the total fault
intensity, particularly within the middle and
upper parts of the BDZs. These observations
suggest that lateral variations in fault displace-
ment or localized heterogeneities within the
thrust sheet may be the most significant strain
being partitioned into minor faults. In the Diver-
sion and Beaver thrust sheets, large peaks in total
fault intensity are associated with large increases
in transport-parallel, strike-slip faults, suggesting
that our transect across the Sawtooths included
local zones of concentrated transport-parallel,
strike-slip faulting.

HOLL AND ANASTASIO

A second type of meso-scale strain accom-
modated within these BDZs is range-parallel
contraction and extension. Range-parallel exten-
sion is generally accommodated within the low-
est region of a BDZ and, where exposed, is
separated from the remainder of the BDZ by a
zone of strike-parallel extension. These zones of
strike-parallel displacement may be the result of
movement of the hanging wall over asperities in
the footwall (Fig. 16). The decrease in the over-
all diversity of minor fault populations across a
BDZ is the result of the localization of strike-
parallel motion near the base of the BDZ. This
localization of range-parallel extension suggests
that the thrust sheet may accommodate asperi-
ties relatively near its base.

Shortening and thickening of the thrust sheets
of the central Sawtooth Range are manifested by
the presence of synthetic and antithetic contrac-
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Figure 15. Graph showing the variations in the intensity of the individual fault populations as
a function of normalized position within all BDZs studied. Breaks in the x-axis indicate
boundaries between the three regions of the BDZs.
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tion and extension faults in the BDZs. These
fault types may be attributed to heterogeneous
simple shear within the thrust sheet (Serra,
1977, Wojtal, 1986; Woodward and others,
1988). Zones of contraction and extension
within the Sawtooth thrust sheets allow parts of
the thrust sheet to be thickened or thinned and
may be related to variable tractions along the
thrust-fault surface during slip (Platt and Leg-
gett, 1986) or along bedding-plane detachments
within the thrust sheet.

The character of the minor fault arrays in the
Norwegian thrust sheet differs from the other
Sawtooth thrusts. The lack of faults that ac-
commodate range-parallel convergence or di-
vergence and the overall low diversity of fault
types suggest a more planar fault surface. The
dominance of transport-parallel strike slip with-
in the Norwegian thrust sheet suggests substan-
tial along-strike variation in the amount of
transport that is accommodated by minor faults.
Although there are many similarities in the
character of the mesoscale deformation ob-
served within each of the thrust sheets, these
differences illustrate the complexity of the
mesoscale-faulting style of deformation.

CONCLUSION

From our balanced cross section, we have
determined a minimum of 60% (15 km) shorten-
ing of the Paleozoic section across the central
Sawtooth Range. The shortening has been ac-
commodated by a forward-developing imbricate
fan with primary décollement horizons that are
present at the base of the Devonian Jefferson
Formation, in the Mississippian Allan Mountain
Formation, and in the Cretaceous Colorado
Group.

Mesoscopic deformation within the Paleozoic
carbonate rocks exposed within the central Saw-
tooth Range was accommodated by the progres-
sive development of mesoscopic fault arrays
which allowed the base of the thrust sheet to
deform by cataclastic flow. Regional fault zones
widen progressively, with the thickness of the
BDZ increasing linearly as a function of in-
creased thrust displacement. This indicates that
BDZ development and thrust-sheet emplace-
ment are temporally and genetically related.
This empirical correlation may be limited to
thrust sheets that contain similar rock types and
that deformed under similar environmental con-
ditions by similar processes. BDZ thickness is
independent of fault shape, but the kinematics of
the faults within the zone are not. BDZ thickness
is not a function of subsequent foreland defor-
mation, suggesting that little reactivation of these .
fault surfaces occurs during piggyback motion.

Even though the intensity of mesoscale de-
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Figure 16. (A) Map
view of the types of tear
faults expected in a thrust
sheet that has its maxi-
mum displacement at
its center, with displace-
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formation is always higher at the base than at
the top of the BDZ, the pattern of decreasing
fault intensity is not always a simple one. Zones
of intense faulting may occur within the BDZ,
producing peaks in the overall pattern. At the
base of a BDZ, a high diversity of minor fault
types accommodates strike-parailel contraction
and extension, variations in thrust-sheet dis-
placement, and simple shear within the thrust
sheet. At the top of the BDZs, a lower diversity
of minor faults are dominantly dip- or strike-slip
and accommodate simple shear or along-strike
variations in thrust-sheet displacement. Only at
the top of the BDZs do minor faults mimic the
regional kinematics. The results of this analysis
provide a caution to workers attempting to in-
terpret regional kinematics from minor faults.
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