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The Cordilleran Foreland Thrust Belt in Northwestern
Montana and Northern Idaho From COCORP and
Industry Seismic Reflection Datal
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ABSTRACT

COCORP and petroleum industry seismic reflection
profiles in northwestern Montana reveal the structure of
the Cordilleran foreland thrust belt. The Front Ranges
consist of thick thrust sheets containing Precambrian
Belt Supergroup and Paleozoic miogeoclinal shelf rocks
above a thin remnant of Paleozoic rocks and gently
westward-dipping North American basement. Interpre-
tation of the seismic data and results from a recent
petroleum exploration well suggest that 15-22 km of
Precambrian Belt Supergroup sedimentary rocks are
present in several thrust plates beneath the eastern Pur-
cell anticlinorium. Previous hypotheses of a large mass
of Paleozoic miogeoclinal sedimentary rocks or slices of
crystalline basement located beneath the eastern Purcell
anticlinorium do not appear to be supported by the
data. The easternmost occurrence of allochthonous
basement is interpreted to be in the western part of the
anticlinorium near the Montana-Idaho border. Compari-
son of the Cordilleran foreland thrust belt in northwest-
ern Montana and southern Canada suggests that a
change in the deep structure of the Purcell anticlinorium
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occurs along strike. The anticlinorium in southern Cana-
da has been interpreted as a hanging-wall anticline that
was thrust over the western edge of thick Proterozoic
North American basement, whereas in northwestern
Montana the anticlinorium appears to consist of a com-
plex series of thrust sheets above highly attenuated
North American basement.

INTRODUCTION

The foreland thrust belt in northwestern Montana dis-
plays two characteristics that differ from other parts of
the Cordilleran foreland thrust belt of western North
America: (1) an extremely thick section of Proterozoic
Belt Supergroup rocks and (2) a virtual lack of evidence
at the surface for a well-developed Paleozoic miogeocli-
nal wedge. Early geologic mapping did not reveal major
evidence for thrusting west of the Lewis thrust in Glacier
National Park, resulting in hypotheses that the Belt
Supergroup was autochthonous or parautochthonous
(Mudge, 1970; Harrison, 1972) and that the Cordilleran
foreland thrust belt had been deflected eastward around
a rigid block containing the “Belt basin” (Harrison, 1972;
Harrison et al., 1974). Subsequent geologic mapping in
northwestern Montana (Harrison et al., 1980; Harrison et
al., 1983) identified major thrusts within the Belt Super-
group, leading to the conclusion that the Cordilleran
foreland thrust belt is continuous through northwestern
Montana within Belt Supergroup rocks.

As part of a major regional transect of the Cordillera
in the northwestern United States (Potter et al., 1987),
the Consortium for Continental Reflection Profiling
(COCORP) collected deep seismic reflection profiles in
northwestern Montana and northern Idaho during 1985
to examine the deep structure of the foreland thrust belt.
These profiles were augmented with an industry profile
farther east so that structures near the leading edge of
the foreland thrust belt could be traced westward to the
vicinity of the COCORP lines. These seismic profiles
were instrumental in addressing the following questions
in this study. To what extent do thrust plates beneath
the Purcell anticlinorium contain Paleozoic rocks or
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crystalline basement? What is the westward extent of
potentially hydrocarbon-bearing Paleozoic rocks in the
subsurface? What is the geometry of major thrust struc-
tures at depth and toward the interior parts of the moun-
tain belt? How does the structure of the foreland thrust
belt in northwestern Montana compare with that of the
more extensively studied foreland thrust belt in south-
ern Canada?

In this paper, we present detailed interpretations of
the seismic data and a new interpretation of the regional
structure of the foreland thrust belt in northwestern Mon-
tana and northern Idaho. Our analysis suggests that the
Purcell anticlinorium consists of several thrust plates
containing Precambrian Belt Supergroup rocks, with the
basal decollement 20-22 km beneath the western part of
the anticlinorium. Only a thin remnant of autochthonous
Paleozoic rocks is interpreted to be present beneath the
easternmost part of the Purcell anticlinorium and
allochthonous crystalline basement is interpreted only in
the western part of the anticlinorium. The data also sug-
gest that changes in the internal structure of the Purcell
anticlinorium and the location of the western edge of
thick Proterozoic North American basement occur along
strike from southern Canada to northwestern Montana.

REGIONAL GEOLOGIC SETTING

The Cordilleran foreland thrust belt in northwestern
Montana and southernmost Canada (Figure 1) has been
divided into four major regions (see Bally et al., 1966):
the Foothills belt, the Front Ranges, the Rocky Mountain
trench, and the Purcell anticlinorium. The Foothills belt,
located east of the Lewis thrust (Figure 2) in the vicinity
of the United States—Canada border, consists of closely
spaced folds and imbricate thrust faults involving Meso-
zoic synorogenic sedimentary rocks at the surface and
Paleozoic miogeoclinal shelf rocks at depth (Gordy et
al., 1977). The Front Ranges in Montana consist predom-
inantly of Proterozoic Belt Supergroup rocks within
large thrust plates (Figure 2). These thrust sheets were
deformed and transported east-northeastward during
the Cretaceous and early Tertiary (Hoffman et al., 1976)
along widely spaced thrust faults. The Rocky Mountain
trench is a topographic low bounded on the east by nor-
mal faults. The trench separates the Front Ranges from
the Purcell anticlinorium (Figure 1), a structural high
consisting of Belt Supergroup rocks deformed by a
series of north—-northwest-trending folds and faults (Har-
rison et al., 1980). In this paper, the Purcell anticlinori-
um south of the international border is used in a geo-
graphic sense to describe the area between the Rocky
Mountain trench and the Purcell trench (Figures 1, 2).
The area between the Rocky Mountain trench and the
lead thrust in the Libby thrust belt is referred to as the
eastern part of the Purcell anticlinorium, and the west-
ern part includes the area from the Libby thrust belt west
to the Purcell trench (Figure 2). The Purcell trench forms
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Figure 1—Map illustrating major tectonic and selected
structural features of the Cordilleran foreland thrust
belt from 47°-52°N and location of cross sections illus-
trated in Figure 3. FB = Foothills belt, FR = Front Ranges,
MR = Main Ranges, RMT = Rocky Mountain trench, PA =
Purcell anticlinorium, MOT = Moyie thrust, SMF = St.
Mary faults, PuTr = Purcell trench, PRC = Priest River
Complex. Data compiled from Bally et al. (1966), Mudge
(1982), and Price (1981).

the westward limit of the foreland thrust belt in Idaho,
separating relatively unmetamorphosed sedimentary
rocks exhibiting thin-skinned deformation in the Purcell
anticlinorium from highly deformed upper greenschist
to amphibolite facies metamorphic rocks and plutons
exposed in the Priest River Complex in the hinterland of
the mountain belt (Figure 2) (Harrison et al., 1972; Miller
and Engels, 1975; Rhodes and Hyndman, 1984).

In southern Canada, the Purcell anticlinorium was
interpreted by Price (1981) as a crustal-scale hanging-
wall anticline located between the Rocky Mountain
trench and the Kootenay arc (Figures 1, 3a). In Price’s
hypothesis for the origin of the anticlinorium, a miogeo-
clinal wedge of Proterozoic and Paleozoic sedimentary
rocks was thrust over the western edge of Proterozoic
North American basement located beneath the Koote-
nay arc. South of 49°45'N (Figure 1), however, the
northeasterly-trending St. Mary and Moyie thrusts cut
across the trend of the anticlinorium, the Kootenay arc
becomes south and southwest trending, Belt Super-
group strata are exposed over a much wider area in
northwestern Montana than in southern Canada, and
gravity values increase along the anticlinorium (Price,
1981). These observations suggest that a change in the
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Figure 2—Generalized geologic map and location of seismic reflection lines and regional cross sections used or ref-
erenced in this study. SIGNAL = Signal of Montana line WTF-82-1; MT-1, MT-2, ID-1, ID-2, and WA-5 = COCORP Mon-
tana lines 1 and 2, Idaho lines 1 and 2, and Washington line 5, respectively. Major geologic features and structures
from east to west: LT = Lewis thrust, FF = Flathead fault, KB = Kishenehn basin, MacDT = MacDonald thrust, HT =
Hefty thrust, CF = Couldrey fault, TF = Tuchuck fault, WT = Wigwam thrust, WF = Whitefish fault, SF = Stryker fault,
RMT = Rocky Mountain trench, PT = Pinkham thrust, LTB = Libby thrust belt, SA = Sylvanite anticline, MOT = Moyie
thrust, SMF = St. Mary faults, HF = Hope fault, PuTr = Purcell trench, PRC = Priest River Complex, NF = Newport
fault, JJ = Jumpoff Joe fault. Petroleum exploration wells and fields: WGF = Waterton gas field, PCGF = Pincher
Creek gas field, LBGF = Lookout Butte gas field, TMF = Two Medicine oil and gas field, PAF = Pacific-Atlantic flathead
well, SM = Shell MacDonald well, ARCO = ARCO-Marathon 1 Paul Gibbs well. Lines of section for cross sections: BB'
= Continent-Ocean transect B-3 (Cowan and Potter, 1986; see Figure 3b); CC' from Harrison et al. (1980) (see Figure
3¢); DD' = new regional cross section interpreted from this study (see Figure 3d). Data complied from Harrison et
al. (1983), Mudge (1982), Aadland and Bennett (1979), Gordy et al. (1977), Miller and Yates (1976), Miller and Engels
(1975), Johns (1970), Dahlstrom (1970), Price (1962), Ross (1959), and Okulitch and Woodsworth.

structure of the foreland thrust belt may occur along
strike.

Three contrasting views of the structure of the Purcell
anticlinorium south of the United States—Canada border
were published prior to the COCORP surveys. Cowan
and Potter (1986) (Figure 3b) interpreted a 10-km-thick
mass of Paleozoic miogeoclinal shelf rocks (perhaps
structurally thickened) beneath the eastern part of the
anticlinorium and allochthonous North American base-
ment beneath the western part of the anticlinorium. In

contrast, Harrison et al. (1980) suggested that Paleozoic
rocks were absent but that several slices of alloch-
thonous crystalline basement were present beneath the
anticlinorium (Figure 3c). Fountain and McDonough
(1984) used gravity modeling to propose the presence a
basement-cored hanging-wall anticline beneath the anti-
clinorium.

The Proterozoic Belt Supergroup is an important ele-
ment in the regional geology of northwestern Montana.
Harrison (1972) divided the Belt into four groups. From
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Table 1. Seismic Data Acquisition Parameters

Signal of Montana

COCORP Lines

Line WTF-82-1 MT-2, MT-1, ID-2
Station Spacing 50.3 m 100.6 m
Source Spacing 100.6 m 100.6 m
Group Spacing 50.3 m 100.6 m
Common Midpoint 251 m 50.3 m
Spacing
Recording Split-dip spread Off-end spread

Configuration

Nominal Spread 2565-201.2-VP-
Dimensions 201.2-2565 m VP-402.3-9958 m
Number of 96 96
Channels
Nominal Stacking 24 48
Fold
Energy Source 4 Vibrators 4 or 5 Vibrators
Sweep 56-14 Hz 10-32 Hz
Frequencies
Sweep Length 15s 32s
Field Record 20 s 48s
Length
Correlated S5s 16 s
Record Length
Sampling Rate 2 ms 8 ms

base to top they are (1) the lower Belt or Prichard For-
mation, (2) the Ravalli Group, (3) the Helena and Wal-
lace formations (sometimes referred to as the middle
Belt carbonate), and (4) the Missoula Group. The
Prichard Formation, Ravalli Group, and Missoula Group
consist of argillite, siltite, and quartzite, and the Helena
and Wallace formations are primarily limestones or
dolostones, and quartzites (see various papers in Hobbs,
1984). Scattered gabbroic sills and dikes intrude the
Helena and Wallace formations in Glacier National Park
(Ross, 1959) and gabbroic to dioritic intrusives are
prevalent within the lower and middle parts of the
Prichard Formation in northwesternmost Montana and
the adjacent Idaho panhandle (Aadland and Bennett,
1979; Harrison et al., 1983).

From 1983 to 1984, a deep petroleum exploration
well, the ARCO-Marathon 1 Paul Gibbs (Figure 2), was
drilled to test the hypothesis of Paleozoic rocks beneath
Belt Supergroup rocks exposed across the Purcell anti-
clinorium (Boberg, 1985). The well drilled a total of
5417 m of lower Belt Supergroup rocks and established
a correlation between high-amplitude reflections on
seismic reflection lines from the Purcell anticlinorium
and diabase intrusives within the Belt Supergroup, but
did not encounter any Paleozoic rocks (Boberg, 1985).

SEISMIC DATA

Four seismic reflection lines, WTF-82-1 acquired as
part of a petroleum industry survey by Signal of Mon-

tana, Inc., and Montana line 1, Montana line 2, and
Idaho line 2 acquired by COCORP, form a nearly contin-
uous traverse across the foreland thrust belt in north-
western Montana and northern Idaho (Figure 2). All of
the data were collected on crooked roads using a Vibro-
seis® source and the common midpoint method of
reflection profiling. Cross lines within the survey area
are not yet available, limiting the three-dimensional con-
trol of reflections and structures within the foreland
thrust belt.

The data acquisition parameters for the two data sets
are similar in many respects, but differences are noted in
Table 1. Data processing for all of the lines used stan-
dard industry techniques.

The term “reflection sequence,” or “sequence,” is
used in this paper to describe a group of relatively con-
tinuous reflections that may have an igneous, sedimen-
tary, metamorphic, or structural origin. A sequence may
be bounded by surfaces of discordance or concordance.
These surfaces may have a depositional (angular uncon-
formity, disconformity) or tectonic (fault) origin.

DATA DESCRIPTION AND INTERPRETATION
Western Front Ranges

The eastern half of Signal of Montana line WTF-82-1
begins at the western edge of Glacier National Park in
the Kishenehn basin (Figure 2), crosses the western part
of the Front Ranges, and enters the Rocky Mountain
trench at VP (vibration point) 930. Reflections labeled A
(Figure 4a) can be traced continuously across the seis-
mic line and occur at 4.2 s two-way traveltime (approxi-
mately 11.5 km) beneath the eastern edge of the Rocky
Mountain trench at VP 1000. On a depth section, the
apparent dip measured along the base of sequence A
from VP 250-640 is 2.4-2.7°SW. Projecting this trend
northeastward beneath Glacier National Park, these
reflections would appear at the base of autochthonous
and parautochthonous Paleozoic miogeoclinal shelf
rocks encountered in scattered petroleum exploration
wells in the Foothills belt north and east of the park (Fig-
ure 2) (Gordy et al., 1977; Mudge, 1982). In addition,
this calculated dip is similar to the regional dip of a
prominent Middle Cambrian reflection mapped on seis-
mic reflection profiles in the undeformed foreland and
traced beneath the southern Canadian foreland thrust
belt (Bally et al., 1966; P. L. Gordy, 1986, personal com-
munication). Therefore, reflections within sequence A
are interpreted as the basal part of the autochthonous or
parautochthonous Paleozoic miogeoclinal shelf rocks
(Figure 4b). The top of the Proterozoic crystalline base-
ment is inferred to lie just beneath sequence A, and
appears relatively unreflective down to the bottom of
the data at 5.0 s. Proterozoic Belt Supergroup rocks are
not interpreted to be beneath Paleozoic strata here as
was suggested by Cowan and Potter (1986) and Harri-
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son et al. (1980) (Figure 3b, ¢) because (1) regional
petroleum exploration wells in southern Alberta did not
encounter Belt Supergroup rocks beneath Paleozoic
rocks (Bally et al., 1966; P. L. Gordy, 1986, personal
communication) and (2) Belt Supergroup rocks general-
ly are reflective within the Lewis thrust plate and the
western Front Ranges, which contrasts with the unre-
flective character of the data beneath sequence A.

A large anticline outlined by reflections from VP
200400 (Figure 4a) requires at least one fault between it
and horizontal reflections at the base of sequence A.
Westward-dipping reflections B (Figure 4a) are the only
major discordant reflections between these two features.
Assuming a constant dip, these reflections would project
updip to a position approximately 3—4 km beneath the
surface trace of the Flathead fault (Figure 2), a major

normal fault that bounds the eastern edge of the
Kishenehn basin. This fault has been interpreted from
field evidence and drilling as a Tertiary listric normal
fault, which reactivated a major footwall ramp along the
Lewis thrust (Bally et al., 1966; Constenius, 1982). There-
fore, reflections B are interpreted as the Lewis thrust, or
rocks in the hanging wall immediately above the thrust.
Calculations based on seismic reflection data, drilling
results, and outcrop measurements yield very similar
estimates for the thickness of Belt Supergroup rocks
within the Lewis thrust plate both east and west of the
Flathead fault. The similarity of thickness estimates sug-
gests that the discordance between the Lewis thrust and
the eastern limb of the anticline is due to rotation of the
strata in the hanging wall of the Flathead fault and not a
hanging-wall cutoft along the Lewis thrust.
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The subsurface location of the Lewis thrust is identi-
fied based on surfaces of discordance, interpreted as
thrust ramps, between sequences A, B, and C (Figure
4b). Thrusts mapped within the Foothills belt and
encountered in wells in the Waterton gas field and Pacif-
ic—Atlantic Flathead well to the north in Canada (Figure
2) all indicate that the basal decollement of the foreland
thrust belt is located beneath the Lewis thrust east of the
Flathead fault (Gordy et al., 1977). Although the precise
position of the basal decollement and the location
where it meets the Lewis thrust are not evident from the
data, our preferred interpretation is shown in Figure 4b.

Reflections within sequence C (Figure 4a) immediate-
ly beneath the Lewis thrust are interpreted to be from
allochthonous Paleozoic miogeoclinal shelf sedimentary
rocks encountered beneath the Lewis thrust in the Pacif-
ic—Atlantic Flathead well (Figure 2) (Gordy et al., 1977).
Although sequences A and C have apparent eastward
dips from VP 105-210, as contrasted with horizontal or
apparent westward dips from VP 240-640, this change
in dip is interpreted to be a velocity effect due to low-
velocity Tertiary (Kishenehn Formation) and Quaternary
sedimentary rocks in the Kishenehn basin east of VP 215
(sequence D, Figure 4a).

A normal sequence of Paleozoic rocks is interpreted
within the upper 0.5 s of the Lewis plate (Figure 4b)
because Paleozoic rocks are mapped at the surface west
of the Kishenehn basin in the Lewis plate (Figure 2)
(Johns, 1970) and the Shell MacDonald well located 20
km along strike to the northwest (Figure 2) drilled a nor-
mal sequence of Paleozoic and Precambrian Belt Super-
group sedimentary rocks within the upper part of the
Lewis plate (P. L. Gordy, 1986, personal communica-
tion). A minimum thickness of 4500 m of Belt strata is
exposed in the Lewis plate in Glacier and Waterton
Lakes national parks (Ross, 1959; Gordy et al., 1977),
and requires at least 4.5 km, or approximately 1.6 s two-
way traveltime equivalent, of Belt Supergroup strata
below the Paleozoic rocks and above the Lewis thrust
after accounting for rotation of strata in the hanging wall
of the Flathead fault. Reflections within sequence E (Fig-
ure 4a), outlining the western flank of the anticline and
traceable to at least VP 850, and reflections within
sequence B located immediately above the interpreted
position of the Lewis thrust from VP 320-1000 (Figure
4a), must correspond to Belt Supergroup strata, indicat-
ing that the Belt Supergroup is moderately reflective
within the Lewis plate.

The seismic line crosses the MacDonald and Hefty
thrusts and a normal fault from VP 245-390 (Johns,
1970). Immediately along strike to the north in Canada,
the Hefty thrust is the trailing thrust of an imbricate fan
whose sole thrust is the MacDonald thrust (Price, 1962).
Because of a lack of offsets or discordances in shallow
reflections from VP 250-340, this imbricate fan is inter-
preted to be listric, becoming horizontal a few hundred
meters below the seismic datum and merging with the
Hefty thrust near VP 380-400 (Figure 4b). The Tuchuck

fault, a normal fault at VP 390 (Johns, 1970), probably
soles into the MacDonald thrust (Figure 4b).

The location of the MacDonald thrust in the subsur-
face (Figure 4b) is defined principally by discordances
between gently westward-dipping reflections in the
underlying Lewis plate and scattered, more steeply
westward-dipping reflections in the overlying MacDon-
ald plate (0.9-1.3 s, VP 580-640; sequence F, VP
700-890). Above the inferred position of the MacDonald
thrust, sequence G projects toward the surface at VP 630
and across the trend of horizontal reflections H.
Sequence G may represent a minor normal fault
mapped at VP 690 (Johns, 1970), a thrust splay above
the MacDonald thrust, or a thrust reactivated as a normal
fault. This structure may sole into the base of sequence
H, separating H from westward-dipping sequence F.
Alternatively, sequence G may be off-line reflected ener-
gy. Discontinuous westward-dipping reflections J (Fig-
ure 4a) project toward the mapped location of the Wig-
wam thrust at VP 860-870 (Johns, 1970), and are
interpreted as this thrust or rocks in the hanging wall just
above the thrust (Figure 4b).

A noticeable change in the dip of reflections within
sequences A and B, from approximately 5.1°SW (VP
650-860) to 14-15°SW (VP 870-1000), occurs at VP 870
(Figure 4a). This change in dip is interpreted to be real
basement geometry because low-velocity sedimentary
deposits within the Rocky Mountain trench are not pre-
sent east of VP 990, Belt Supergroup rocks with similar
seismic velocities are exposed at the surface in this area,
reflections from 1.0-2.0 s do not show a systematic
increase in dip west of VP 870, and the seismic line is
relatively straight in this area. From VP 720-1020, no
major offsets are observed within the inferred Paleozoic
sequence or the top of basement surface, suggesting
that the Lewis thrust remains in a decollement zone a
few tens or hundreds of meters above crystalline base-
ment east of the Rocky Mountain trench.

Rocky Mountain Trench

As the seismic line crosses the Whitefish and Stryker
normal faults and enters the Rocky Mountain trench
(Figure 2), the data quality deteriorates markedly below
1.0 s (Figure 5a). This change in data quality coincides
with the presence of Quaternary glacial deposits at the
surface (Johns, 1970). A group of short, chaotic reflec-
tions, sequence K (Figure 5a), outline a northeastward-
thickening wedge interpreted as Quaternary (and Ter-
tiary?) sedimentary rocks within the Rocky Mountain
trench. These reflections terminate near VP 1000 against
the downdip projection of the Stryker fault, which is
consistent with geologic observations of motion on the
Stryker fault 17.7 km south of the seismic line (Johns,
1970). Thus, the Rocky Mountain trench appears to be a
half-graben bounded on the northeast by a series of nor-
mal faults (Figure 5b).
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reflection sequences discussed in the text.

Unfortunately, the absence of reflections below
sequence K does not allow specific structures to be
traced westward beneath the trench. In addition, the
relationship between the Wigwam thrust and the White-
fish and Stryker faults is not constrained by the data: one
or both of the normal faults may sole into the Wigwam
thrust or may offset it. If these normal faults are similar
to other normal faults encountered in foreland thrust
belts (Royse et al., 1975), then they probably sole into
the underlying Wigwam thrust at depth.

Eastern Purcell Anticlinorium
Of reflection sequences L through R identified on Sig-

nal of Montana line WTF-82-1 beneath the eastern part
of the Purcell anticlinorium (Figure 5a), only westward-

dipping sequence R can be related to a known structure.
Sequence R projects toward the mapped trace of the
Pinkham thrust at VP 1655 (Harrison et al., 1983). The
five discordances between sequences L through Q are
also interpreted as thrusts because (1) widespread angu-
lar unconformities with high angles of discordance have
not been documented within the Belt Supergroup or
between the Belt and overlying Paleozoic strata based
on geologic mapping and (2) the recognition of thrust
belt structures on both sides of the Rocky Mountain
trench from geologic mapping (Johns, 1970; Harrison et
al., 1980; Price, 1981; Harrison et al., 1983) and the inter-
pretation of seismic reflection data near the international
border (Bally et al., 1966; Cook et al., 1987) suggest that
a structural style exists within the Purcell anticlinorium
similar to that interpreted east of the Rocky Mountain
trench in the Front Ranges.
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Surfaces of discordance between sequences L
through Q from VP 1500-1900 are interpreted as foot-
wall and hanging-wall ramps along thrusts separating
these sequences (Figure 5b). Tracing of inferred thrusts
M, O, P, and Q (which carry sequences M, O, P, and Q,
respectively, in their upper plates) northeast of VP 1450
becomes difficult due to a lack of discordances in the
dominantly horizontal reflection pattern from VP
1340-1450. Northeast of VP 1450, therefore, these
thrusts are interpreted as flats (Figure Sb). Specific corre-
lation of thrusts L-Q with the Lewis, Hefty, or Wigwam
thrusts on the east side of the Rocky Mountain trench is
speculative. The ramp and flat geometry shown by
thrust M (Figure 5b, VP 1350-1550) suggests a footwall
ramp, eliminating parts of sequence L. If thrust M is cor-
relative with the Lewis thrust, then sequence L would
represent autochthonous Paleozoic miogeoclinal shelf
and Precambrian Belt Supergroup sedimentary rocks.

The unique correlation of structures on the western
end of Signal of Montana Line WTF-82-1 with structures
on the eastern end of COCORP Montana line 2 (Figure

6) is not possible due to a large 14.9-km downdip data
gap (Figure 2) and a lack of three-dimensional control in
the area, but some general relations can be inferred. The
Pinkham thrust and thrust Q dip approximately
23-24°SW near the western end of the Signal line (Fig-
ure 5b). If these thrusts were projected across the data
gap with this constant dip, they would be located at
about 3.4 s and 4.9 s, respectively, on the eastern end of
Montana line 2 (Figure 6), where reflections have similar
unmigrated apparent dips of about 21-23°W. Faint, low-
amplitude reflections from 5.0-7.0 s at VP 420-480 on
Montana line 2 have shallower unmigrated apparent
dips (about 15°W), suggesting they are from one or
more separate thrust plates.

Western Purcell Anticlinorium
COCORP Montana lines 1 and 2 cross the eastern

limb of the Sylvanite anticline, a south—-southeastward-
plunging structure exposing a nearly complete section



of Belt Supergroup rocks at the surface (Harrison et al.,
1983; Harrison and Cressman, 1985). Line 2 continues to
the east across the Libby thrust belt, a syncline disrupted
by several steeply dipping north-south—trending reverse
and normal faults (Harrison et al., 1983; J. E. Harrison,
1986, personal communication) and part of the eastern
Purcell anticlinorium (Figure 2).

High-amplitude reflections S on Montana line 1 (Fig-
ure 6) project to surface outcrops of a group of gabbroic
to dioritic sills mapped within the Prichard Formation
(Johns, 1970; Harrison et al., 1983). Extensive outcrops of
similar sills in a stratigraphically lower position within
the Prichard Formation were also mapped just north of
Montana line 1 (Johns, 1970; Harrison et al., 1983) and
may be correlative with reflection sequence T (Figure 6).
Sequence U on Montana line 2 (Figure 6) is also inter-
preted as mafic intrusives within the lower to middle
Prichard Formation based on updip projection of these
reflections to outcrops mapped by Harrison et al. (1983).

Reflection sequences V and W on Montana line 2 (Fig-
ure 6) probably also represent mafic sills and dikes based
on their similar high-amplitude character and stratigraph-
ic position compared with diabase sills encountered in
the ARCO-Marathon 1 Paul Gibbs well. Located 40 km
along strike southeast of the data gap between Signal of
Montana line WTF-82-1 and COCORP Montana line 2
(Figure 2), the well drilled several diabase sills within the
lower and middle Prichard Formation (Boberg, 1985).
Sonic and density logs from the well (Figure 7) show a
substantially higher velocity and density for the sills com-
pared with the argillite of the Prichard Formation. The
large acoustic impedance contrasts associated with the
sills can be correlated with high-amplitude reflections on
seismic lines in the vicinity of the well and are interpret-
ed as the source of high-amplitude reflections seen on
industry seismic data throughout the Purcell anticlinori-
um (Boberg, 1985; P. L. Gordy, 1986, personal communi-
cation). Sequences V and W appear to be in a strati-
graphic position similar to that of the diabase sills
encountered in the ARCO-Marathon well.

Very high-amplitude reflections from 3.5-7.5 s on
Montana line 2 and reflections and diffractions from
2.8-7.5 s on the eastern end of Montana line 1 are also
interpreted to be from mafic intrusives within the
Prichard Formation for four reasons. (1) The high-ampli-
tude character of these reflections is very similar to high-
amplitude reflections S and U, which project to outcrops
of mafic intrusives within the Prichard Formation. (2) Re-
sults from the ARCO-Marathon well indicate that high-
amplitude reflections observed on seismic lines from the
Purcell anticlinorium are the result of mafic sills in the
Prichard Formation (Boberg, 1985). (3) Where they are
known to occur in outcrop across the anticlinorium, Belt
Supergroup rocks stratigraphically above the Prichard
Formation are not highly reflective, as observed on the
upper 1.0 s of the western half of the Signal of Montana
line and COCORP Montana line 2. (4) Allochthonous and
autochthonous crystalline basement within the foreland
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Figure 7—Lithologic, sonic, and neutron density logs
from the ARCO-Marathon 1 Paul Gibbs well (modified
from Harrison et al., 1985), and corresponding synthet-
ic seismogram generated from the sonic log. The gab-
broic to dioritic sills have a much higher velocity and
density than argillite of the Prichard Formation and are
interpreted as the source of high-amplitude reflections
on seismic data throughout the Purcell anticlinorium.

thrust belt is relatively unreflective as was noted on the
eastern half of Signal of Montana line WTF-82-1 and as
will be shown in following paragraphs.

Due to the steep dips of reflections on Montana lines
1 and 2, data migration is necessary to properly locate
and interpret geologic structures. Because two-dimen-
sional migration yields only a rough approximation of
the location of reflectors in the subsurface in this area of
complex three-dimensional geology, the migrated data
do not clearly image the subsurface locations of faults
within the Libby thrust belt. The migrated data, howev-
er, help constrain interpretations of structures in the area
and suggest that faults within the Libby thrust belt
remain steeply dipping to at least 3.0 s, or a depth of at
least 8.5 km.

Migration of Montana line 2 separates sequences U
and V, outlining the flanks of the Libby syncline, and
moves sequence U almost completely above sequence
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X (compare Figures 6 and 8a). The discordance between
sequences U and X after migration could be interpreted
either as the subsurface location of one or more faults of
the Libby thrust belt, a sharp kink within the Libby syn-
cline, or both. Our preferred interpretation is shown in
Figure 8b. Reflections Y on Montana line 1 (Figure 6)
appear to truncate eastward-dipping reflections within
sequence T. After migration (Figure 9a), reflections
within sequence T move above and west of sequence Y.
This discordance may represent the subsurface location
of the trailing fault of the Libby thrust belt, which crops
out 6.2 km east of the eastern end of Montana line 1
(Harrison et al., 1983), or it may merely represent a
sharp kink in the Libby syncline.

Reflections from 4.0-8.0 s on Montana line 2 (Figure
0) are alternately dipping (sequences BB and DD) and
horizontal (sequences AA and CC) suggesting that the
Pinkham thrust and structurally lower thrusts have a
ramp and flat geometry beneath the Sylvanite anticline,
Libby thrust belt, and the eastern Purcell anticlinorium.
After migration (Figure 8a), sequence BB appears to
define a footwall ramp that changes to a flat at the base
of sequence AA (Figure 8b), whereas sequence DD may
define an additional footwall ramp passing into a flat at
sequence CC. Reflections within sequence BB are the
deepest westward-dipping reflections on Montana line 2
and are interpreted as a footwall ramp cutting up from
the basal decollement at 7.0-7.5 s, or a depth of 20-22
km (Figure 8b). Although it is difficult to trace structures
to the east, faint, low-amplitude westward-dipping
reflections from 5.0-7.0 s at VP 420480 (Figure 8a) sug-
gest that the basal decollement is located at 6.0-7.0 s at
the eastern end of Montana line 2. Horizontal reflections
within sequence CC suggest the basal decollement
becomes horizontal somewhere to the west of VP 400,
perhaps near the base of sequence CC (Figure 8b).

Two relatively unreflective zones, one underlying
sequence T on Montana line 1 (Figures 6, 9) and the
other from 2.8-6.0 s at the eastern end of Montana line 2
(Figures 6, 8), could be interpreted as either alloch-
thonous crystalline basement or as poorly reflective Belt
Supergroup strata. If these areas do not contain thrust
plates of unreflective Belt rocks, they are probably crys-
talline basement because no stratigraphically lower
rocks are known below the Prichard and above base-
ment. We favor an interpretation of these unreflective
zones as crystalline basement for the following reasons.
(1) There is no evidence from geologic mapping of

rocks located stratigraphically below the Prichard For-
mation and above basement. (2) A similarly unreflective
area on the eastern part of Signal of Montana line WTF-
82-1 was interpreted as crystalline basement. Thus, we
interpret the easternmost occurrence of allochthonous
basement to be within the core of the Sylvanite anticline.

However, a lack of reflections alone is not sufficient
evidence to interpret the presence of crystalline base-
ment. Relatively unreflective areas at 4.0-5.0 s from VP
1700-1925 on Signal of Montana line WTF-82-1 (Figure
5a) and 6.0-7.5 s from VP 400-480 on COCORP Mon-
tana line 2 (Figure 6) are interpreted as unreflective Belt
Supergroup rocks because these areas correlate down-
dip within thrust plates with sequences AA and CC,
which include high-amplitude reflections interpreted as
sills within the Prichard Formation (Figure 8b). Thus, we
interpret the easternmost occurrence of allochthonous
basement to be within the core of the Sylvanite anticline.

Autochthonous crust on Montana lines 1 and 2 also
appears relatively unreflective. Only scattered reflec-
tions are observed below 8.0 s on Montana lines 1 and 2
(Figure 6). Unreflective areas on the eastern half of Sig-
nal of Montana line WTF-82-1, interpreted as autoch-
thonous North American basement, and unreflective
areas on Montana lines 1 and 2 interpreted as
allochthonous basement, suggest by analogy that the
crust below 8.0 s on Montana lines 1 and 2 may also be
basement. Autochthonous Prichard Formation would
occupy the sparsely reflective region beneath the basal
decollement and above basement.

Purcell Trench and Moyie Thrust Plate

COCORP Idaho line 2 crosses the Purcell trench,
where an inferred eastward-dipping normal fault at
approximately VP 145 (the Purcell trench fault) sepa-
rates gneisses and granitic plutons of the Priest River
Complex on the west from the lower Prichard Formation
on the east (Figure 2). The Prichard Formation is intrud-
ed by numerous gabbroic to dioritic sills and dikes
(Moyie or Purcell sills) and small, scattered granitic plu-
tons.

The data quality on Idaho line 2 is only fair and the
data are not included here. Although the Purcell trench
fault is not imaged, a group of arcuate reflections can be
traced across the data. These reflections restrict the Pur-
cell trench fault to the upper 12-14 km of the crust

Figure 8—(a) Wave equation migration of COCORP Montana line 2. (b) Geological and structural interpretation of
COCORP Montana line 2. Note the ramp and flat thrust geometry suggested by sequences AA and BB and that most
reflections within sequence U have moved above horizontal reflections X after migration (compare with Figure 6). Data
are displayed so that vertical and horizontal scales are equal at a velocity of 6.0 km/s. Letters refer to reflection
sequences discussed in the text. Pem = Precambrian Missoula Group, P€w = Precambrian Wallace Formation, P€r =
Precambrian Ravalli Group, P€p = Precambrian Prichard Formation, P€nab = Precambrian North American basement.
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beneath the eastern end of Idaho line 2. In addition, the
Moyie thrust and deeper structures were not clearly
imaged making any interpretation of thrust structure in
this area speculative.

The Moyie or Purcell sills, which crop out near the
end of the line and which are extensively exposed south
and west of the line, were also not imaged. This may be
due to their steeper eastward dips of 50-80°E at the sur-
face in the vicinity of Idaho line 2 (Aadland and Bennet,
1979) compared to dips of 1040°E for the sills on Mon-
tana lines 1 and 2.

DISCUSSION

A new regional cross section spanning the Cordiller-
an foreland thrust belt from southern Alberta, across
northwestern Montana, and into northern Idaho has
been constructed (DD', Figure 3d) based on the inter-
pretation of the seismic reflection profiles discussed and
previous results from petroleum industry profiles and
exploration wells in the eastern Front Ranges of south-
ern Canada (Gordy et al., 1977). The section was con-
structed using as guidelines the observations in foreland
thrust belts that (1) thrusts typically exhibit ramp and flat
geometries, cutting stratigraphically up section in the
direction of tectonic transport, (2) thrusts place older
strata over younger strata, and (3) later normal faults
tend to have a listric geometry, soling into thrusts at rela-
tively shallow depths (Dahlstrom, 1970; Royse et al.,
1975). The section is not balanced west of the MacDon-
ald thrust due to uncertainties in the mapping and corre-
lation of Belt Supergroup strata across the Kishenehn
basin and Rocky Mountain trench, the erosion of Belt
Supergroup strata that formed the hanging-wall ramp
along the Lewis thrust east of Glacier National Park, and
the uncertain location and shape of the autochthonous
Belt basin at depth. In addition, we have illustrated only
macroscopic structures such as the ramp and flat geom-
etry of thrusts and large-scale folds that can be resolved
by the seismic reflection data.

Structure and Stratigraphy of the Foreland Thrust Belt

Undeformed North American basement dips
2.5-5.0°SW toward the interior of the mountain belt
beneath the Foothills belt and Front Ranges, with the
basal decollement of the foreland thrust belt located
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above Paleozoic miogeoclinal shelf rocks and perhaps a
few tens or hundreds of meters above crystalline base-
ment. The Lewis thrust most likely ramps downsection
into Belt Supergroup rocks beneath or just west of the
Rocky Mountain trench because autochthonous Belt
rocks are not interpreted to be present east of the trench
(Figure 3d). The autochthonous edge of the Belt basin
thus would be located beneath the Rocky Mountain
trench just north of the international border as was sug-
gested by Bally et al. (1966). The easternmost part of the
Purcell anticlinorium, therefore, is the site of the western
edge of thick Proterozoic North American basement,
with thinner continental crust beneath the anticlinorium
(Figure 3d).

Significant thicknesses of Paleozoic rocks are not
interpreted beneath the Purcell anticlinorium along the
line of section for five reasons. (1) Paleozoic rocks
exposed in the Lewis and MacDonald thrust plates are
cut out by footwall ramps along the MacDonald and
Hefty thrusts, respectively (Figure 4b, VP 350-600). Simi-
larly, Paleozoic rocks interpreted beneath the Lewis
thrust (sequence C, Figure 4a) are cut out by footwall
ramps along the Lewis thrust (Figure 4b). (2) Autoch-
thonous Paleozoic rocks below the basal decollement
and above basement east of the Rocky Mountain trench
must be eliminated where the Lewis thrust ramps down
into Belt Supergroup strata. As discussed, this scenario
most likely occurs beneath or immediately west of the
Rocky Mountain trench. (3) Beneath the eastern part of
the Purcell anticlinorium, only sequence P (Figure 5a)
can include Paleozoic strata because all of the other
thrust plates beneath the anticlinorium either expose Belt
Supergroup rocks at the surface or are interpreted to cor-
relate with thrust plates exposing Belt strata in the Front
Ranges, eliminating the possibility of Paleozoic rocks at
depth. (4) Cambrian strata within the Libby thrust belt
south of 48°15'N (Figure 2) are most likely local occur-
rences within the core of the Libby syncline, and proba-
bly do not extend westward in the subsurface (Harrison
and Cressman, 1985). (5) High-amplitude reflections on
seismic lines throughout the Purcell anticlinorium are
interpreted to be mafic sills within the Prichard Forma-
tion based on the results of the ARCO-Marathon 1 Paul
Gibbs well and the tracing of high-amplitude reflections
to outcrops of mafic sills.

Although the base of the Prichard Formation is not
exposed, a minimum thickness of 5800 m, including
sills, is known from surface exposures in the core of the
Sylvanite anticline (J. E. Harrison, 1986, personal com-

Figure 9—(a) Wave equation migration of COCORP Montana line 1. (b) Geological and structural interpretation of
COCORP Montana line 1. Note that dipping reflections within sequence T have moved above and west of horizontal
reflections Y after migration (compare with Figure 6). Data are displayed so that vertical and horizontal scales are
equal at a velocity of 6.0 km/s. Letters refer to reflection sequences discussed in the text. P<m = Precambrian Mis-
soula Group, P€w = Precambrian Wallace Formation, P-er = Precambrian Ravalli Group, P-€p = Precambrian
Prichard Formation, P-cnab = Precambrian North American basement.
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munication). If the reflections within sequence T on
Montana line 1 are assumed to be from sills and dikes
within the lower and middle Prichard Formation, and if
the base of these reflections is assumed to delineate the
base of the Prichard Formation, then a thickness of
10,000 £ 500 m is indicated for the Prichard Formation in
this area. Together with estimates of the thicknesses of
Belt Supergroup rocks that overlie the Prichard Forma-
tion on the flanks of the Sylvanite anticline (Cressman
and Harrison, 1986), a minimum stratigraphic thickness
of 18 km is indicated for the Belt Supergroup in the
vicinity of the Sylvanite anticline. This thickness of strata
suggests that the Belt Supergroup exposed on the Syl-
vanite anticline originally was deposited on highly
stretched continental crust or oceanic crust.

The Purcell anticlinorium consists of several large
thrust plates containing Belt Supergroup rocks intruded
by mafic sills and dikes. These thrusts are folded above
a major ramp in the basal decollement and above an
interpreted duplex near the Proterozoic hingeline of
western North America (Figure 3d). Previous hypothe-
ses that crystalline basement is involved in thrusting
beneath the eastern part of the Purcell anticlinorium are
not supported by the seismic data. Across the width of
the foreland thrust belt, autochthonous and alloch-
thonous basement are relatively unreflective. Data from
the eastern Purcell anticlinorium, in contrast, show
numerous, high-amplitude reflections. As previously
discussed, the easternmost location of allochthonous
crystalline basement is interpreted to be within the core
of the Sylvanite anticline (Figures 3d, 8b).

The crustal structure from the Moyie thrust to the Pur-
cell trench (Figure 3d) is speculative due to the lack of
reflections on Idaho line 2. The only constraint on the
geometry of the Purcell trench fault from the data is that
it is restricted to the upper 12-14 km of the crust
beneath Idaho line 2. If the Purcell trench fault pene-
trates to mid-crustal levels to the east, then it is appar-
ently unreflective because no prominent eastward-dip-
ping reflections are observed on Montana lines 1 or 2
that can be related to the fault. The Purcell trench fault,
therefore, has been drawn as a low-angle planar fault
similar to normal faults bounding other metamorphic
core complexes in the hinterland of the northwestern
United States Cordillera.

The extent to which basement is involved in thrusting
in the panhandle of Idaho east of the Purcell trench is
also not known. Basement probably is present in one or
more thrust plates because allochthonous basement is
interpreted beneath the Sylvanite anticline. Potter et al.
(1986) suggested that thrust structures probably contin-
ue westward beneath the Priest River Complex and may
contain crystalline basement. Correlation of interpreted
thrust structures in Montana with those beneath the
Priest River Complex is not possible, however, due to a
large north-south offset in the seismic lines (Figure 2)
and an unknown amount of extension on the Purcell
trench fault.

Petroleum Geology

The conclusion that substantial thicknesses of Paleo-
zoic rocks are not present beneath the Purcell anticlino-
rium suggests that subthrust Paleozoic rocks similar to
those containing hydrocarbon reservoirs in southern
Canada are restricted to the Front Ranges east of the
Rocky Mountain trench. This conclusion is in agreement
with conclusions reached by Harrison et al. (1985). The
greatest potential for Paleozoic discoveries along the
line of section is within the Foothills belt and the eastern
Front Ranges, east of the footwall ramp in the Lewis
thrust (VP 400 on Signal of Montana line WTF-82-1, Fig-
ure 4), which provides room for significant thicknesses
of Paleozoic strata in imbricate thrust plates or duplexes
beneath the Lewis thrust (see also Fritts and Klipping,
1987). Because Glacier National Park covers a large part
of the eastern Front Ranges in northwestern Montana,
exploration will be restricted to areas south and east of
the park. The Two Medicine field (Figure 2) is an exam-
ple of hydrocarbon-bearing Paleozoic rocks within the
Foothills belt southeast of Glacier National Park (Mudge,
1982).

Although Paleozoic source and reservoir rocks are
interpreted to be limited in geographic extent, the possi-
bility of source and reservoir rocks within the Belt
Supergroup across most of the foreland thrust belt was
suggested by data from the ARCO-Marathon 1 Paul
Gibbs well. Gas shows were encountered within the
Prichard Formation in the well, and studies of the well
cuttings indicate that the Prichard Formation contains
sufficient organic carbon to have been a hydrocarbon
source rock (Boberg, 1985). In addition, stromatolite
zones have been identified in the Missoula Group, Hele-
na and Wallace formations, and the Altyn Formation
(possible equivalent of the Prichard Formation?) in
Glacier National Park and the Whitefish Range (Ross,
1959; Whipple et al., 1984). Fracture porosity within the
Belt Supergroup may be sufficient in certain areas to
have created hydrocarbon reservoirs (Boberg, 1985).
Finally, wells drilled in the Kishenehn basin have
encountered oil shales and hydrocarbons within Ter-
tiary rocks (Boberg, 1984), suggesting that hydrocar-
bons might be present in Tertiary (and Mesozoic?) sedi-
mentary rocks in the Kishenehn basin and Rocky
Mountain trench.

Comparison with the
Southern Canadian Foreland Thrust Belt

Comparison of the structure of the Cordilleran fore-
land thrust belt in northwestern Montana (Figure 3d)
and southern Canada (Figure 3a) confirms the sugges-
tion that a change in the deep structure of the foreland
thrust belt occurs along strike. Balanced sections con-
structed by Price (1981) suggest that the western edge of
thick Proterozoic North American basement is located



beneath the Kootenay arc from 49°45'N to 50°30'N, with
thinner continental crust beneath and west of the Koote-
nay arc. This appears to change to the southeast, with
the western edge of thick Proterozoic North American
basement interpreted to be beneath the easternmost
part of the Purcell anticlinorium in northwestern Mon-
tana, and attenuated continental crust beneath most of
the anticlinorium (Figure 3d). As a result, Belt Super-
group rocks currently within the Purcell anticlinorium
have not been thrust over the Proterozoic hingeline and
onto thick continental crust in northwestern Montana as
shown in Price’s model for southern Canada (compare
Figure 3a, d). '

Finally, Belt Supergroup strata within the Purcell anti-
clinorium in northwestern Montana appear to be imbri-
cated to a greater degree than in southern Canada. Four
or five major thrust plates containing 15-22 km of Belt
Supergroup strata (Figures 5b, 8b) are imaged within the
anticlinorium in northwestern Montana as compared
with three major thrust plates with 12-20 km of Belt
Supergroup and Windemere Group rocks in southern
Canada (Figure 3a) (Price, 1981; Cook et al., 1987).

The Front Ranges in northwestern Montana consist of
thick thrust plates containing predominantly Proterozoic
Belt Supergroup rocks (Figures 2, 4b), as contrasted with
smaller thrust plates containing mostly Paleozoic mio-
geoclinal shelf strata in the Front Ranges of southern
Canada at 50-52°N latitude (Figure 3a) (Price, 1981). This
difference can be attributed to the autochthonous posi-
tion of the Belt basin. A thick section of Proterozoic Belt
Supergroup and Paleozoic miogeoclinal shelf sedimenta-
ry rocks that accumulated along the western edge of the
North American craton in Montana, where the present-
day Purcell anticlinorium is located, were subsequently
thrust over the edge of the craton and into their current
position within the Front Ranges. The Paleozoic strata
were then extensively eroded leaving mostly Belt Super-
group rocks exposed in the Front Ranges of Montana. In
contrast, Paleozoic miogeoclinal shelf rocks deposited
on the North American craton in southern Canada were
thrust into their current position within the Front Ranges
(Price, 1981). Because the autochthonous Belt basin in
southern Canada was located further west beneath the
present-day location of the Kootenay arc, Belt Super-
group rocks were not thrust as far east in southern Cana-
da as in Montana.

CONCLUSION

COCORP and industry seismic reflection profiles,
spanning most of the Cordilleran foreland thrust belt in
northwestern Montana, image the structure of the thrust
belt. Recognition of reflection sequences and their
boundaries permits the identification and tracing of thrust
faults from the Front Ranges to the western part of the
Purcell anticlinorium. The interpretation of high-ampli-
tude reflections beneath the Purcell anticlinorium as

Theodore R. Yoos, et al. 1105

intrusives within the Prichard Formation suggests that
15-22 km of allochthonous Precambrian Belt Supergroup
sedimentary rocks are present beneath the eastern part of
the anticlinorium. The data do not appear to support
models that include a large mass of Paleozoic miogeocli-
nal sedimentary rocks or slices of crystalline basement
beneath the eastern part of the anticlinorium. Based on
the unreflective character of autochthonous crystalline
basement and regional geologic considerations, the east-
ernmost location of allochthonous basement is interpret-
ed to be within the core of the Sylvanite anticline near the
Montana-Idaho border. Comparison of cross sections of
the Cordilleran foreland thrust belt in southern Canada
and northwestern Montana suggests that the western
edge of thick Proterozoic crust is located farther east, and
the basal decollement is located at a greater depth in
northwestern Montana than in southern Canada.

REFERENCES CITED

Aadland, R. K., and E. H. Bennet, compilers, 1979, Geologic map of
the Sandpoint Quadrangle, Idaho and Washington: Idaho Geologi-
cal Survey, 1:250,000.

Bally, A. W., P. L. Gordy, and G. A. Stewart, 19606, Structure, seismic
data and orogenic evolution of Southern Canadian Rocky Moun-
tains: Bulletin of Canadian Petroleum Geology, v. 14, p. 337-381.

Boberg, W. W., 1984, Flathead region, Montana, Alberta and British
Columbia, petroleum exploration an historical review, in Montana
Geological Society 1984 Field Conference and Symposium, North-
west Montana and adjacent Canada, p. 1-25.

Boberg, W. W., 1985, Geological and geophysical review of the results
of the ARCO 1 Paul Gibbs well, Flathead County, Montana (abs.):
AAPG Bulletin, v. 69, p. 1042.

Constenius, K., 1982, Relationship between the Kishenehn basin and
the Flathead listric normal fault system and Lewis thrust salient in
R. B. Powers, ed., Geologic studies of the Cordilleran thrust belt,
Denver, Colorado: Denver, Colorado, Rocky Mountain Association
of Geologists, p. 817-830.

Cook, F. A, P. S. Simony, K. C. Coflin, A. G. Green, B. Milkereit, R. A.
Price, R. Parrish, C. Patenaude, P. L. Gordy, and R. L. Brown, 1987,
Lithoprobe southern Canadian Cordilleran transect: Rocky Moun-
tain thrust belt to Valhalla gneiss complex: Geophysical Journal of
the Royal Astronomical Society, v. 89, p. 91-98.

Cowan, D. S., and C. J. Potter, 1986, Continent-oceans transect B-3:
Juan de Fuca spreading ridge to Montana thrust belt: Boulder, Col-
orado, GSA.

Cressman, E. R, and J. E. Harrison, 1986, Geologic map of the Yaak
River area, Lincoln County, northwest Montana: USGS Miscella-
neous Field Studies Map MF-1881, 1:48,000.

Crosby, G. W., 1974, Long refraction line through western Montana
and northern Idaho (abs.): EOS, v. 55, p. 74.

Dahlstrom, C. D. A., 1970, Structural geology in the eastern margin of
the Canadian Rocky Mountains: Bulletin of Canadian Petroleum
Geology, v. 18, p. 332-406.

Fountain, D. M., and D. McDonough, 1984, Crustal structure of north-
western Montana and southern Alberta and British Columbia based
on interpretation of gravity data, in Montana Geological Society
1984 Field Conference and Symposium, Northwest Montana and
adjacent Canada, p. 253-258.

Fritts, S. G., and R. S. Klipping, 1987, Structural interpretation of north-
eastern Belt basin: implications for hydrocarbon prospects: Oil &
Gas Journal, v. 85, no. 39, p. 75-79.

Gordy, P. L., F. R. Frey, and D. K. Norris, 1977, compilers, Geological
guide for the Canadian Society of Petroleum Geologists 1977
Waterton-Glacier Park field conference: Canadian Society of
Petroleum Geologists, 93 p.



1106 Cordilleran Foreland Thrust Belt

Hales, A. L., and J. B. Nation, 1973, A seismic refraction survey in the
northern Rocky Mountains: more evidence for an intermediate
crustal layer: Geophysical Journal of the Royal Astronomical Soci-
ety, v. 35, p. 381-399.

Harrison, J. E., 1972, Precambrian Belt basin of northwestern United
States: its geometry, sedimentation, and copper occurrences: GSA
Bulletin, v. 83, p. 1215-1240.

Harrison, J. E., and E. R. Cressman, 1985, Libby thrust belt and adjacent
structures—new factors to consider in thrust tectonics of north-
western Montana (abs.): AAPG Bulletin, v. 69, p. 850-851.

Harrison, J. E., M. D. Kleinkopf, and J. D. Obradovich, 1972, Tectonic
events at the intersection of the Hope fault and Purcell trench,
northern Idaho: USGS Professional Paper 719, 24 p.

Harrison, J. E., A. B. Griggs, and J. D. Wells, 1974, Tectonic features of
the Precambrian Belt basin and their influence on post-Belt struc-
tures: USGS Professional Paper 866, 15 p.

Harrison, J. E., M. D. Kleinkopf, and J. D. Wells, 1980, Phanerozoic
thrusting in Proterozoic Belt rocks, northwestern United States:
Geology, v. 8, p. 407—411.

Harrison, J. E., E. R. Cressman, and J. W. Whipple, 1983, Preliminary
geologic and structure maps of part of the Kalispell 1° x 2° Quad-
rangle, Montana: USGS Open-File Report 83-502, 1:250,000.

Harrison, J. E., E. R. Cressman, and M. D. Kleinkopf, 1985, Regional
structure, the Atlantic Richfield-Marathon Oil No. 1 borehole, and
hydrocarbon resource potential west of the Rocky Mountain trench
in northwestern Montana: USGS Open-File Report 85-249, 5 p.

Hobbs, S. W., ed., 1984, The Belt: abstracts with summaries, Belt Sym-
posium II (1983), Butte Montana: Montana Bureau of Mines and
Geology, 117 p.

Hoffman, J., J. Hower, and J. L. Aronson, 1976, Radiometric dating of
time of thrusting in the disturbed belt of Montana: Geology, v. 4,
p. 16-20.

Johns, W. M., 1970, Geology and mineral deposits of Lincoln and Flat-
head counties, Montana: Montana Bureau of Mines and Geology
Bulletin 79, 182 p.

Miller, F. K., and J. C. Engels, 1975, Distribution and trends of discor-
dant ages of the plutonic rocks of northeastern Washington and
northern Idaho: GSA Bulletin, v. 86, p. 517-528.

Miller, F. K., and R. G. Yates, 1976, Geologic map of the west half of
the Sandpoint 1° x 2° Quadrangle, Washington: USGS Open-File

Report 76-327, 1: 125,000.

Mudge, M. R., 1970, Origin of the Disturbed belt in northwestern Mon-
tana: GSA Bulletin, v. 81, p. 377-392.

Mudge, M. R., 1982, A resume of the structural geology of the northern
Disturbed belt, northwestern Montana in R. B. Powers, ed., Geo-
logic studies of the Cordilleran thrust belt: Denver, Colorado,
Rocky Mountain Association of Geologists, p. 91-122.

Okulitch, A. V., and G. J. Woodsworth, compilers, Kootenay River
map-sheet: Geological Survey of Canada, 1:1,000,000.

Potter, C. J., R. W. Allmendinger, E. C. Hauser, and J. E. Oliver, 1987,
Deep seismic reflection traverses of the U. S. Cordillera: Geophysi-
cal Journal of the Royal Astronomical Society, v. 89, p. 99-104.

Potter, C. J., W. E. Sanford, T. R. Yoos, E. I. Prussen, R. W. Keach, J. E.
Oliver, S. Kaufman, and L. D. Brown, 1986, COCORP deep seismic
reflection traverse of the interior of the North American Cordillera,
Washington and Idaho: implications for orogenic evolution: Tec-
tonics, v. 5, p. 1007-1026.

Price, R. A., 1962, Fernie map-area, east half, Alberta and British
Columbia: Geological Survey of Canada Paper 61-24, 65 p.

Price, R. A., 1981, The Cordilleran foreland thrust and fold belt in the
southern Canadian Rocky Mountains in K. R. MacClay and N. J.
Price, eds., Thrust and nappe tectonics: Geological Society of Lon-
don Special Publication 9, p. 427-448.

Rhodes, B. P., and D. W. Hyndman, 1984, Kinematics of mylonites in
the Priest River “metamorphic core complex,” northern Idaho and
northeastern Washington: Canadian Journal of Earth Science, v. 21,
p. 1161-1170.

Ross, C. P., 1959, Geology of Glacier National Park and the Flathead
region, northwestern Montana: USGS Professional Paper 296,
125 p.

Royse, F., M. A. Warner, and D. C. Reese, 1975, Thrust belt structural
geometry and related stratigraphic problems, Wyoming-Idaho—
northern Utah, i# Symposium on deep drilling frontiers in the cen-
tral Rocky mountains: Denver, Colorado, Rocky Mountain Associa-
tion of Geologists, p. 41-54.

Whipple, J. W., J. J. Connor, O. B. Raup, and R. G. McGimsey, 1984,
Preliminary report on the stratigraphy of the Belt Supergroup,
Glacier National Park and adjacent Whitefish Range, Montana:
Montana Geological Society 1984 Field Conference and Sympo-
sium, Northwest Montana and adjacent Canada, p. 33-50.



