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A Comparison of the Thermal Profiles of Two Adjacent Thrust Plates
in Western Montana (76 pp.)

Director: James W. Sears 4L§?

Two major thrust plates overlap in a broad structural zone in
western Montana. During the late Cretaceous the western
(hangingwall) plate, cored by the present-day Idaho batholith,
thrusted over the eastern (footwall) plate. As a result, the
eastern plate underwent deformation and metamorphism, now evident
as a southwest-dipping fabric in rocks exposed in a corridor
extending 75 km northwest and southeast of Missoula, Montana.

Continental accretion and the early stages of Idaho batholith
intrusion thickened the proto-western plate during 105-85 Ma.
Heat from the early stages of batholith emplacement metamorphosed
Proterozoic Belt Supergroup rocks of the northern border zone to
upper amphibolite grade. From 85-82 Ma, the thickened western
plate failed and thrusted over the eastern plate, as evidenced by
rapid uplift and cooling in rocks of the western plate.
Decreasing overburden, due to thrusting in the hangingwall plate,
enabled lower pressure and temperature mineral assemblages to
overprint the older assemblages. A fabric associated with the
thrusting gradually migrated into footwall rocks to become a
regional, southwest-dipping fabric.

Temperature increase from the overlying western plate formed
new minerals in the regional fabric within Proterozoic Belt
Supergroup rocks of the eastern plate, overprinting Precambrian
burial metamorphic assemblages. At the highest level, the
cleavage crosscut the late Cretaceous Golden Spike Formation, a
syntectonic conglomerate derived from the western plate.
Regional fabric formation, contemporaneous with the emplacement
of the Garnet stock at 82 Ma defined a southeast plunging fold
system. At deeper levels, rocks formed broad folds, and pelitic
formations deformed by simple shear, with temperatures sufficient
to grow biotite and chlorite. Shallow level rocks formed tighter
folds, thrusted, and underwent ductile deformation locally near
thrusts. Temperatures in the southeast portion of the footwall
were higher than those at correlative levels in the northwest;
late Cretaceous intrusives in the southeast indicate that this
was an area of higher heat flow.
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THERMAL EFFECTS OF THRUST EMPLACEMENT

The study of thermal profiles in exposed thrusted sheets may lead
to a better understanding of the history of an orogenic belt. The
preserved pressure and temperature paths of the rocks can untangle the
often complex web of thermal and mechanical processes responsible for
the evolution of an orogenic belt. Many factors affect these processes
and most authors (e.g. Oxburgh and Turcotte, 1974, Brewer, 1981, and
England and Thompson, 1984) include these factors in models they
develop for the thrusting process. After the emplacement of the
thrust, models predict the changes in temperature of the allochthonous
and autochthonous rocks. Various methods enable one to determine the
maximum temperatures preserved in the rocks. Whenever possible,
authors (e.g. Crawford and Mark, 1982, and Thompson and England, 1984)
use the maximum temperature data and the pressure-temperature~time
(PTt) paths of specific horizons within the sheet to reconstruct the
paleogeothermal gradient at the time of overthrusting.

Large overthrusts cause major perturbations in the regional
geothermal gradient, since the additional overburden causes
temperatures and pressures to change. Many factors effect these
changes in allochthonous and autochthonous rocks. The key factors
include the total radiogenic heat supply of the rocks, the mantle heat
supply, the thermal conductivities of various lithologies (England and

Thompson, 1984, and Davy and Gillit, 1986), the initial surface heat



flow and heat production, and the geothermal gradient of the crust and
its change with time (Cook, 1983, and Royden and Hodges, 1984). 1In
addition, other physical parameters are important, such as the
thickness of the thrusted sheet and the rate of erosion and uplift
(Oxburgh and Turcotte, 1974, and England and Thompson, 1984). If more
than one thrust was involved, one must consider the number of thrusts
and the time between successive thrusts (Davy and Gillit, 1986).
Thermal models must include all of the above thermal and mechanical
factors to duplicate actual conditions during thrusting.

Thermal models for areas of overthrusting are necessarily
complicated. Still, most models include similar geologic assumptions
and suggest similar conclusions. For example, many models (Oxburgh and
Turcotte, 1974, Brewer, 1981, Cook, 1983, and England and Thompson,
1984) treat thrusting as a geologically rapid event and therefore
believe erosion has a significant effect only after the emplacement of
a thrust. In their study of the Eastern Alps, Oxburgh and Turcotte
(1974) used a value of 3 cm/yr for the speed of thrust faulting based
on the assumption that regional thrusting should relate to plate
tectonics and should have a similar rate of movement. Immediately
after the emplacement of the thrust plate, the thermal profile has a
sawtooth shape (Figure 1), assuming that the overthrusted and
underlying blocks retain their approximate original thermal profile
(Oxburgh and Turcotte, 1974). This assumption would be invalid if the
blocks underwent significant thermal equilibration during thrusting.

However, assuming rapid rates of thrusting, Oxburgh and Turcotte (1974)



suggested that thermal equilibration during thrusting is low enough to
make the sawtooth shaped thermal profile useful as a first
approximation for conditions immediately after thrusting. After
thrust emplacement, pressure increases dramatically, since the
tectonically thickened pile has not yet begun to erode (Richardson and
England, 1979). These conditions during and immediately after the
thrust greatly influence the pressure and temperature paths later

followed by the rocks.
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Figure 1. Thrusting model, which assumes thrusting is an
instantaneous event: (a) crustal profile of presumed
initial (t)) condition; T=temperature with T <T;<T,
and associated thermal gradient shown in (d); (b)
incipient thrust; (c) situation immediately after
thrusting, giving rise to thermal profile (e).

(from Oxburgh and Turcotte, 1974)



After thrusting occurs, models predict the changes of temperature
and pressure as the rocks uplift, erode, and equilibrate with the new
thermal conditions. For a few million years temperatures remain low in
the footwall blocks with thrust plates up to 25 km thick because of low
thermal conductivity (0.003~0.009 cal/sec °C) (Oxburgh and Turcotte,
1974), but gradually, the thermal profiles of the blocks equilibrate
with the new conditions. The temperatures in the pile rise until the
onset of uplift and erosion (Oxburgh and Turcotte, 1974), but the
maximum temperature often occurs after the start of erosion (England
and Richardson, 1977). According to England and Thompson (1984), with
geologically conservative erosion rates of 0.1-1.7 mm/yr, rocks do not
reach their maximum temperature until they complete 20-40 % of their

final total uplift and erosion (Figure 2). In general, a rock's

_-geotherm in

- equilibrium with
heat supply to
the thickened
crust

B— e |

Figure 2. Schematic pressure-temperature~time paths of rocks
undergoing rapid burial on path A, followed by uplift
histories that are progressively longer from path C to
path D to path E. Point B represents a phase of heating
with little erosion. (from England and Thompson, 1984)



temperature increases for a longer period of time when it is buried
deeper in the thrusted blocks (England and Richardson, 1977, and Royden
and Hodges, 1984). Most horizons in a tectonically thickened pile lie
within 50°C of the maximum temperature for at least one third of their
total burial and uplift time (England and Thompson, 1984). Erosion
often interrupts heating of the pile, since it brings the constant cold
temperature of the surface closer to any given stratigraphic horizon,
thus reducing that horizon's final equilibrium temperature (Oxburgh and
Turcotte, 1974, and Angevine and Turcotte, 1983).

These processes, uplift and erosion, often expose profiles across
all or part of the thrusted sheet and those rocks underlying the
thrust. These exposed thrusted terrains may allow study of the
geothermal gradient preserved during the heating event. By using the
metamorphic mineral assemblages exposed at the surface after the event,
geologists can infer the geothermal profile during metamorphism
(Thompson and England, 1984). Metamorphic mineral assemblages
establish this profile by providing isograds (lines of equal
temperature) based on the equilibration temperatures of different
metamorphic minerals (Crawford and Mark, 1982). Illite crystallinity,
vitrinite reflectance, pyrolysis, thermal alteration index data, and
conodont alteration index data also establish isograds in regions of
low-grade metamorphism. In low-grade metamorphic thrust sheets of the
Idaho-Utah-Wyoming thrust belt, Mitra and Yonkee (1984) used illite
crystallinity to establish temperatures of cleavage formation. Bostick

(1974) used thermal alteration index data as a guide to grades of



metamorphism, while Harris (1981) correlated the color of conodonts
with temperatures of low-grade metamorphism. Finally, Hood and et al.
(1975) correlated the above thermal maturation indicators, as well as
vitrinite reflectance and pyrolysis, with a level of organic maturation
(LOM) scale, which enables one to find the maximum temperature achieved
by sediments. The array of maximum temperatures from prograde
metamorphism at different horizons within the pile, found with methods
outlined above, establishes a maximum thermal profile for a thrusted
plate.

This array of temperatures cannot, however, determine the
paleogeothermal gradient at any one time during the thrusting and
heating process (England and Richardson, 1977). According the Thompson
and England (1984), additional data is required to constrain the
paleogeothermal gradient. They suggested using zoned garnets and other
porphyroblasts as portions of the PTt path for that horizonm.
Geochronology and inclusion data also isolate portions of the PTt path
(Royden and Hodges, 1984). Unfortunately, data from techniques that
isolate portions of the PTt path is often unavailable in areas of low-
grade metamorphism. In these areas, the various temperature points are
used as a rough guide to the paleogeothermal gradient or, in
conjunction with heat-flow modeling techniques, as a constraint for PTt
paths (Angevine and Turcotte, 1983). Even without precise PTt path
data, a profile of maximum temperatures, together with data on the
timing and style of deformation, yields much information about the

thermal history of an overthrusted region.



This study looks at one such area of overthrusting in western
Montana (figure 3), where uplift and subsequent erosion exposed both
the hangingwall and footwall plates. The thermal profiles of these
plates and much other information enabled me to reconstruct the area's
tectonic history. To establish the maximum thermal profile of the
exposed footwall plate, I used a combination of metamorphic mineral
assemblages and indicators of low grade metamorphism. Metamorphic
mineral assemblages from the ad jacent hangingwall plate, reported in
the literature by several workers (e.g. Chase, 1973, Childs, 1982, and
Hietanen, 1984) allowed me to determine its thermal profile and compare

it with that of the footwall.

GEOLOGIC SETTING

Two major thrust plates overlap in a broad stuctural zone near
Missoula, Montana (Figure 3). The western plate forms the hangingwall
and the eastern plate forms the footwall. These plates are distinct
structural blocks with no large-scale thrusts within each plate (Figure
3). Granitic rock of the Idaho batholith cores the western plate,
surrounded by a wide border zone of regionally metamorphosed middle
Proterozoic Belt Supergroup rocks, decreasing in grade away from the
granite (Hyndman et al., 1987). The eastern plate consists of a
complete section of middle Proterozoic Belt Supergroup rocks,
reportedly up to 20 km thick (Harrison, 1972). Overlying the Belt

Supergroup rocks are Paleozoic rocks (primarily limestones) and



Mesozoic rocks (primarily sandstones, shales, and volcanics)
approximately 10 km thick (Ruppel et al., 1981). Details of the
stratigraphy and thicknesses of units in the eastern plate are found in
Appendix A. The eastern plate does not contain pressure sensitive
metamorphic minerals that would have enabled me to measure pressure
directly, but the reported stratigraphic thicknesses in the eastern
plate and structural projections allowed me to estimate minimum

pressures experienced at different levels during thrusting and

metamorphism.
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Figure 3. Regional setting of the western and eastern plates.



The deformation and metamorphism of rocks in the eastern plate
occurred during the late Cretaceous, when rocks in the western plate
thrusted about 50 km to the northeast over the eastern plate (Sears,
1986). A series of thrust faults defines the present-day northeast
margin of the western plate (Figure 3). 1In general, these thrusts
placed uncleaved Proterozoic Belt Supergroup rocks over Paleozoic and
Mesozoic rocks of the eastern plate. Within a 150 km length of the
overlap zone, subsequently exposed by erosion, a single cleavage fabric
cuts eastern plate rocks up to late Cretaceous in age (Figures 4 and
5). Folds and minor structures within the zone define a regional
plunge to the southeast (Sears and Weiss, 1986). The relatively
simple, continuous nature of the structures within the overlap zone
enabled me to closely tie events associated with the footwall
deformation to events in the hangingwall.

The purpose of this study was to determine the thermal profiles of
the two plates and use them to constrain reconstructions of the
tectonic history. Metamorphic phases in the two plates and associated
variations in temperature and pressure enabled me to estimate the
maximum thermal conditions achieved within the plates. I then use the
profiles, together with information on the deformation and timing, to

describe the middle to late Cretaceous tectonic history for the region.



Figure 4. Photomicrograph of cleavage and refraction of cleavage in
the Proterozoic lower Prichard Formation (sample 127).
Field of view is 3.5 mm.

Figure 5. Photomicrograph of spaced cleavage in the Cretaceous
Blackleaf Formation (sample 3). Field of view is 3.5 mm,

10



METAMORPHISM AND THERMAL PROFILES

Western plate

The accretion of the Wallowa-Seven Devils terrane in north-central
Idaho along a continental suture west of the present-day Idaho
batholith (Figure 3), the emplacement of the Idaho batholith and
related plutons, and regional uplift of the terranes and Idaho
batholith region, gave rise to two thermal events in the western plate
(Hyndman et al., 1987). The first thermal event, M1, occurred during
the early stages of emplacement of the Idaho batholith and resulted in
metamorphic mineral assemblages of the Barrovian facies series
(Hietanen, 1984) in Belt Supergroup rocks near the batholith.
Subsequent regional uplift during the second thermal event, M2,
resulted in lower pressure and temperature mineral assemblages, which
overprinted Ml assemblages. The accretion affected both thermal events
and their associated mineral assemblages.

Accretion of the Wallowa-Seven Devils terrane (Figure 3) began
about 105 Ma, with thrust faulting and mesoscopic deformation within
the terrane until 95 Ma (Lund and Snee, 1985). By 95-85 Ma deformation
had shifted to the suture zone between the terrane and the present-day
Idaho batholith border zone, but between 87-75 Ma pluton emplacement
closed the suture zone (Criss and Fleck, 1987) (Figure 6). Most of the

Figure 6. Timing chart for late Cretaceous events in the western
and eastern plates.
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northern portion of the Idaho batholith formed after deformation began
in the suture (Criss and Fleck, 1987). Toth (1987) reported that early
tonalites and quartz diorites of the northern Idaho batholith intruded
between 100-80 Ma, while Lund and Snee (1985) reported that early
tonalites intruded between 95-85 Ma (Figure 6), associated with the
first thermal event, Ml. The Ml metamorphism was contemporaneous with
the emplacement of early quartz diorite and tonalite (Toth, 1987).
Appendix B lists Ml mineral assemblages reported by many workers from
metamorphosed Belt Supergroup rocks of the northern border zone. Most

of the assemblages plot in the upper amphibolite facies (Figure 7).

| SOURCES (M)
1201012) | Carey and Rice, 1985 £
g. Cha:i:e and Johnson, 1977 °
1 . Childs, 1975 &
'00T19) 27 Wietanen, 1984  MI CONDITIONS :
f 5. Lang and Rice, 1985
Seofie o Nold, 19743 Chase, 1973
o
T 6046
c
'; M2
= 40+ (4) CONDITIONS
(723
(7))
2 20-» 2 \\
a (2)

Q

100 200 300 400 500 600 700 800
Temperature °C —

Figure 7. Pressure-temperature diagram illustrating reported
assemblages and conditions for the M1 and M2
metamorphic events in the western plate.
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The maximum temperatures and pressures of Ml range between 550-700°C

and 55-80 kPa (5.5-8.0 kb), respectively. The assemblage sillimanite-

biotite-muscovite-orthoclase-quartz (Chase, 1973 and Nold, 1974)

defines these values, since the rocks entered the sillimanite-

orthoclase zone along a path through the staurolite and kyanite zones

(Hietanen, 1984).

Schematically, these pressures represent values

recorded in the western plate during the approximate period of Ml

metamorphism, 95-85 Ma (Figures 8).

80
Mi
7 o
T %1 conDITIONS
1 897 THRUSTING
L
X 50+¢(5) \
s Y M2
4; 40t 4 CONDITIONS
© 304(3)
=
3
s 20t(2)
S
o
104 (1)
| v 1] v 1] T
100 90 80 70
Time (Ma)

Figure 8. Pressure-time chart, indicating the pressure conditions in
the western plate during the Ml and M2 metamorphic events
and the change, due to thrusting or gravitational spreading
to the northeast.
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From about 85-75 Ma (Figure 6) (Lund and Snee, 1985), rapid uplift
of the batholith region established conditions of lower pressure for
minerals that crystallized during the M2 event (reported assemblages in
Appendix B). Lund and Snee (1985) concluded that plutons emplaced at
15 km in terranes near the suture zone underwent rapid uplift from 85-
75 Ma, since they cooled very quickly during emplacement. In plutonic
rocks emplaced in the suture zone, Criss and Fleck (1987) found that
potassium-argon ages of biotite and hornblende were very close, also
representing rapid cooling. From the blocking temperatures of biotite
and hornblende, 280°C and 500°C, respectively (Cliff, 1985), I
estimated cooling rates from 34-314°C/million years (from Criss and
Fleck's (1987) reported data). These rates vary from very rapid
(England and Thompson, 1984) to almost instantaneous cooling. To cool
220°C almost instantaneously in suture zone plutons emplaced at depths
greater than 10-15 km (Criss and Fleck, 1987) is impossible with
geologically conservative erosion rates of 0.1 to 1.7 mm/yr (England
and Thompson, 1984); higher erosion rates or tectonic processes are
required. With an average geothermal gradient of 30°C/km in the
uppermost crust (Oxburgh and Turcotte, 1974), the loss of overburden by
thrusting, gravitational spreading, or very rapid uplift and erosion,
of at least 7 km of rock would enable the plutons to quickly
reequilibrate at temperatures near the blocking temperature of biotite.
Pressure conditions from minerals formed further east during M2
metamorphic conditions, also suggest a loss of at least 7 km of

overburden. These M2 minerals that formed after the rapid uplift and
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unroofing, such as andalusite and cordierite (Figure 7), recorded
pressures of up to 50 kPa (5 kb). As with the Ml values, I plotted the
pressures for the approximate duration of the M2 metamorphism (Figure
8).

After the M1 metamorphism, the pressure change to M2 conditions
resulted in lower pressure, M2 metamorphic mineral assemblages
superimposed on Ml metamorphic assemblages in rocks at given sites in
the deepest levels of the western plate now exposed. I believe that
thrusting to the northeast, over the eastern plate, was the mechanism
for the decrease in pressure conditions. Though I will describe the
thrusting in greater detail below, one should note that thrusting took
place after the Ml event, but apparently before the M2 event, giving

rise to the metamorphic event in the eastern plate.

Eastern plate

The metamorphism preserved in the footwall plate overprints an
older fabric from Precambrian burial metamorphism (Norwick, 1972).
There is no other pre-existing fabric in this part of the eastern
plate. The Precambrian metamorphism reached the garnet-biotite zone,
while the Cretaceous overprint only reached the biotite zone. Due to
the similar mineralogies of the two metamorphic assemblages, I found it
necessary to analyze the minerals formed during each phase separately,
to clearly define the Cretaceous isograds and maximum thermal profile.

Within the exposed eastern plate, the highest grade Precambrian

burial assemblages (Appendix C) formed in the lowest units of the Belt
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Supergroup. At the base of the Belt Supergroup, the Prichard Formation
contained consistent assemblages of biotite-muscovite-quartz +/-
plagioclase, with isolated occurrences of garnet (Figure 9). Contrary
to previous work (Norwick, 1972), I found biotite from Precambrian
burial metamorphism throughout all of the Ravalli Group, as well as the
Prichard Formation, with the exception of quartzites in the Revett
Formation. Units stratigraphically above the Ravalli Group contained
assemblages of plagioclase-muscovite, +/-chlorite. The Precambrian
biotite within the Ravalli Group and Prichard Formation differed from
that formed in the Cretaceous in that the Precambrian burial
metamorphic biotite grew in rounded aggregates of random orientation
(Figure 10), though these were sometimes sheared and chloritized in
zones of high strain during the Cretaceous metamorphism (Figure 11).
The highest temperatures and pressures preserved from the
Cretaceous metamorphism in exposed rocks also formed in the Prichard
Formation (Figure 12). Unlike assemblages from the Precambrian burial
metamorphism, however, the highest grade assemblage (Appendix C),
biotite~chlorite-muscovite-quartz, +/-plagioclase, formed only in the
lowermost Prichard Formation. From a minimum stratigraphic depth of 15
km, without taking into account Mesozoic sediments or the overlying
hangingwall plate, the above assemblage represents a temperature at 50
kPa (5 kb) of at least 450°C (Winkler, 1982). According to Winkler
(1982), the assemblage biotite-chlorite-quartz is stable between 450 to
525°C at 50 kPa (5 kb). The Cretaceous biotite probably did not simply

recrystallize from the Precambrian biotite at an appropriate
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Figure 9. Map of Precambrian burial metamorphism showing sample
locations and the line between the Precambrian metamorphic
biotite and chlorite-muscovite zones in this study area.
Blackened circles indicate a sample with Precambrian biotite
and garnet, half-blackened circles indicate samples with
biotite only, and empty circles indicate samples with no
biotite or garnet. See Appendix C for exact Precambrian
burial assemblages.
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Figure 10. Photomicrograph of randomly-oriented biotite from
Precambrian burial metamorphism (lower Prichard
Formation, sample 14). Field of view is 3.5 mm.

Figure 11. Photomicrograph illustrating sheared and chloritized
Precambrian burial metamorphic biotite now aligned with
the regional late Cretaceous fabric. Field of view
is 3.5 mm.
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Figure 12. Map of Cretaceous metamorphism showing sample locations
Half-blackened circles indicate sample with Cretaceous
biotite. All samples contained minerals aligned with the
regional fabric (Appendix C, Cretaceous assemblages).
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temperature, since the Cretaceous metamorphism chloritized most of the
Precambrian biotite prior to the growth of the new biotite (Figure 11).
I distinguished Cretaceous biotite in thin-section by its elongate
crystals and growth in the regional Cretaceous fabric, at some angle to
bedding (Figure 13). While the biotite isograd represents the highest
grade of Cretaceous metamorphism exposed in the eastern plate, other
mineral assemblages recorded lower temperature conditions at

stratigraphically higher levels.

Figure 13. Photomicrograph of biotite aligned with the late
Cretaceous fabric at approximately 30 degrees to
bedding (horizontal), from the lower Prichard
Formation, sample 8. Field of view is 3.5 mm.

In rocks of the Ravalli Group, the Cretaceous metamorphism

chloritized Precambrian biotites, and in the Ravalli Group and
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Stratigraphically higher levels, chlorite crystallized as elongate
fibers aligned with the regional fabric. In sample 128, from just
north of Missoula, Montana (Figure 12), in the stratigraphically higher
Wallace Formation, coexisting minerals included talc, calcite,
dolomite, muscovite, and quartz. With an estimated stratigraphic depth
including only the overlying Belt Supergroup Formations and Paleozoic
rocks, at a pressure of 25 kPa (2.5 kb), the sample reached a
temperature of at least 420°C (Hyndman, 1985). However, this value
assumes a low partial pressure of carbon dioxide (0.25), probably not a
valid assumption for the calc-silicate system in the Wallace Formation,
and is therefore a minimum value. Samples 130 and 131, taken from a
Precambrian sill in the Mount Shields Formation, stratigraphically
above the Wallace Formation (Figure 12), yielded assemblages of
epidote-actinolite-chlorite~calcite-plagioclase-quartz. The samples
crystallized at a minimum pressure of 17 kPa (1.7 kb), as determined
from methods outlined above, and a temperature of 350°C (Hyndman,
1985). In the youngest units of the Belt Supergroup, samples contained
assemblages of muscovite-quartz, +/-plagioclase. Although the
conversion to 2M polymorph muscovite can establish temperatures between
200-350°C (McMechan and Price, 1982), the 2M polymorph conversion in
Belt Supergroup units occurred during Precambrian burial metamorphism
(Norwick, 1972), and can not constrain temperatures reached in the
Cretaceous.

within Phanerozoic units, metamorphic minerals did not form in the

Cretaceous fabric (aside from those in the contact aureole of the
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Garnet stock (Minnich, 1984) and 2M mica found in slates of the
Cambrian Silver Hill Formation (Babcock, 1985)). Estimates of the
temperature of cleavage formation and clay mineralogy data constrain
the thermal profile for units in this portion of the eastern plate.
From the width of illite (001) peaks on x-ray diffraction patterns,
Mitra and Yonkee (1984) estimated that cleavage formed between 130 and
200°C in rocks from thrusted sheets in the Idaho-Utah-Wyoming thrust
belt. Since cleavage developed in similar Mesozoic and Paleozoic
carbonate and clastic rocks in this study area, this suggests that
temperatures at least as high as those determined in the Idaho-Utah-
Wyoming thrust belt are probably recorded in these rocks of the Montana
thrust belt. A study of illite polymorphs in Paleozoic and Mesozoic
rocks in the eastern plate of this study provided evidence that
temperatures were, in fact, far above the minimum temperature
constraints outlined above for cleavage formation. Babcock (1985)
found that no samples contained lmd illite polymorph and concluded that
because illite's lmd polymorph is no longer stable above 280°C
(McDowell and Elders, 1980, and Jennings and Thompson, 1986), all
samples reached temperatures of at least 280°C. From an increase in 2m
illite polymorph in samples toward the southwest Babcock (1985) also
concluded that, qualitatively, rocks underwent a greater degree of
metamorphism with increasing depth of burial from the overlying western
plate. The data for this portion of the eastern plate suggests a
minimum temperature of 280°C in Phanerozoic rocks beneath the

hangingwall plate.
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To summarize changes of temperature with depth in the eastern
Plate, I plotted these temperatures on a schematic down-plunge
projection (Figure 14). 1In an ideal case, the thermal boundaries of an
overthrusted plate should reflect the structural boundaries (Oxburgh
and Turcotte, 1974). The thermal profile at a particular structural
depth should be laterally continuous everywhere within the overthrusted
zone. For the footwall plate of this study (Figure 14), the thermal
profile is clearly not laterally continuous, because down plunge, to
the southeast, rocks at a given stratigraphic level recorded greater
temperatures than those at the same level in the northwest. At the
deeper level of the eastern plate, temperatures changed from
approximately 450°C in the lower Prichard Formation to 420°C in the
middle Wallace Formation. This represents a 30°C change over 5 km. At
the shallower level, temperatures changed from those in the Wallace

Formation to 350°C in a Precambrian sill in the Mount Shields

Figure 14. Down plunge projection (partly schematic) of the eastern
plate and leading thrusts of the western plate (view 10°
above horizontal in a S45E direction). V=H. Dots
indicate the approximate location of samples indicative of
certain temperatures. The contact aureoles of the late
Cretaceous Garnet and Clinton stocks are based on mineral
assemblages reported by Minnich (1984). Note that I inferred
thrusts in the deepest portion of the eastern plate from
thickened areas in the projection. These thickened areas
may, instead, be regions of ductile shear. Shallow level
thrusts are actual thrusts projected from Figure 12, with
brittle fault behavior marked with open triangles and
ductile fault behavior marked with wavy lines. Mz=Mesozoic
Formations; Pz=Paleozoic Formations; umg=upper Missoula
Group Formations (youngest to oldest; Pilcher, Garnet
Range, McNamara, and Bonner); lmg=lower Missoula Group
Formations (youngest to oldest; Mount Shields, Shepherd,
and Snowslip). All other formations—as in Appendix A.
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Formation. This represents a 70°C change over 3 km, which is a much
steeper thermal gradient (23°C/km compared with 6°C/km). The down
plunge view of the isograds therefore does not represent a thermal
profile with structural depth for any particular portion of the
footwall. Instead, the down plunge view highlights a lateral change in
the thermal profile, with higher temperatures in corresponding levels
in the southeast.

The lateral discontinuity in the footwall's thermal gradient may
have resulted from changes in any of several variables (e.g. greater or
lesser heat flow; higher or lower thermal conductivity), but most
probably from a higher heat flow in the southeast during the period of
thrusting and deformation. England and Thompson (1984) suggested that
changes in heat flow from the hangingwall or changes in the hangingwall
thickness may account for lateral thermal profile changes. The
location of two samples with diagnostic mineral assemblages near a
ma jor thrust fault (Figure 14), might suggest that frictional heating
along this fault, which lies within the eastern plate (not a leading
thrust of the western plate), the Blackfoot thrust (Figure 15), raised
temperatures in the southeast portion of the eastern plate. For two
reasons, I discarded the possibility of frictional heating in this
area. First, in a frictional heating scenario, isograds should
converge from above and below toward the fault zone (England and
Thompson, 1984). In this study, no evidence exists that isograds
converged from below the thrust fault, though no contrary evidence

exists either. A more compelling argument is that the offset on the
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Blackfoot thrust (approximately 5 km (Thomas, 1987)) was insufficient
for significant frictional heating, since most models suggest that
offsets of at least 50 km are required for significant frictional
heating (e.g. Brewer, 1981). Brewer (1981), for example, modeled 15 km
thick thrust plates with a rate of movement of 5 cm/yr and a
coefficient of friction of 0.6. This model required an offset of 75 km
for any significant frictional heating (0.5 heatflow units) along the
thrust. With the lack of evidence for isograd convergence from below
the thrust fault, and the probably insufficient offset (5 km) of the
Blackfoot thrust to cause frictional heating, I believe frictiomal
heating is not a viable explanation for the increased temperatures in
the southeast portion of the eastern plate. A different explanation
for the increased temperatures, supported by the presence of late
Cretaceous intrusives in the southeast (Wallace et al., 1987) and
higher heat flow in the adjacent Flint Creek Range (Stuart, 1966), is
that during the late Cretaceous, the southeastern area had a higher
heat flow than rocks in the northwest. The presence of the late
Cretaceous Garnet and Clinton stocks (Figure 15), the nearby
Phillipsburg batholith, and late Cretaceous sills in the Sapphire
Mountains to the south (Figure 15), suggest that this was a region of
elevated temperatures during late Cretaceous deformation. Moreover, in
the adjacent Flint Creek Range, Stuart (1966) interpreted the late
Cretaceous metamorphism as Abukuma-type, low pressure-high temperature
regional metamorphism. He suggested that the heat necessary for this

type of metamorphism was derived from a higher heat flow in the area.
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Late Cretaceous plutonic rocks in the Flint Creek Range intruded after
the metamorphism (Stuart, 1966). I believe the same situation,
Abukuma-type metamorphism and later plutonic emplacement, existed in
the southeast portion of the eastern plate, accounting for its elevated
temperatures. Similar lateral temperature variations occur in the
western plate, as shown by the decrease in metamorphic grade with

increasing distance from the Idaho batholith.

DEFORMATION STYLE AND TIMING OF LATE CRETACEOUS EVENTS

Western plate

At the northeast margin of the western plate, erosion exposed much
of the hangingwall. Relations among late Cretaceous metamorphism,
deformation, and timing are clear in this region, particularly in the
well-studied Lolo Creek area (Figure 15).

The grade of Ml metamorphism in the western plate decreases with
increasing distance from the Idaho batholith. 1In the Lolo Creek area,
the grade changes from upper amphibolite in Ravalli Group rocks to
biotite grade, chlorite grade, and finally unmetamorphosed rocks in the
Wallace Formation, from southwest to northeast (Hall, 1968). Along the
same transect, the tectonic fabrics also change.

A schematic cross—section (Figure 16) across the margin of the two
plates illustrates the lateral changes in Ml metamorphism and the time
and spatial relations of two fabrics that formed during the Ml and M2

thermal events. Regionally, the Ml metamorphism formed a schistosity
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Figure 15. Location map of key indicators of deformation
in the western and eastern plates.

parallel to compositional layering (Hyndman et al., 1987). This
schistosity gradually fades towards the northeast, in the successively
lower grade rocks (Hall, 1968) (Figure 16). A younger fabric formed
during the M2 metamorphism (Rowe, 1984) and overprinted the
schistosity. The younger fabric, closely associated with thrust
faulting, folded the schistosity near the Idaho batholith (Hyndman et
al., 1987) (Fiugre 16). Towards the northeast the younger fabric
continueé as a northeast-dipping crenulation cleavage (Rowe, 1984).
Rowe (1984) found that this crenulation cleavage, which formed in rocks
on the southwest side of a regional synclinorium, passes into a slaty

cleavage in rocks further northeast, which lack the M1 fabric (Figure

31



16). With continued deformation, the slaty cleavage migrated further
northeast to form the regional southwest-dipping cleavage in the
eastern plate, on the northeast side of the regional synclinorium
(Rowe, 1984) (Figure 16). In both plates the cleavage defines folds
and lineations that plunge at a shallow angle to the southeast (Rowe,
1984). Although the regional fabric in the eastern plate crosscuts
metamorphic isograds (Figure 16), the metamorphic minerals in the
eastern plate formed in alignment with the fabric, during fabric
formation. Thus, the eastern plate regional fabric is contemporaneous
with metamorphism in the eastern plate and younger than the Ml
schistosity and Ml metamorphism of the western plate.

Contact metamorphism in rocks of the Lolo Creek area establishes a
younger age limit for the crenulation cleavage in the western plate and
associated regional cleavage in the eastern plate. Rowe (1984) found
randomly oriented biotite that overgrew the crenulation cleavage in the
Wallace Formation of the Lolo Creek area. The biotites apparently grew
as part of a contact metamorphic assemblage from the nearby Skookum
Butte stock, south of Lolo Creek (Figure 15). The Skookum Butte stock,
related to the main mass of the Idaho batholith, is more mafic (Don
Hyndman, personal communication) than the main mass (dated at 70-75 Ma)
(Criss and Fleck, 1987), and probably is at least as old or older than
the main mass (Don Hyndman, personal communication). Because the
Skookum Butte stock's contact assemblage overprints the crenulation
cleavage, the crenulation cleavage and associated eastern plate

regional fabric are older than 70-75 Ma (Figure 6). The relationships
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between regional cleavage and late Cretaceous formations and intrusions

in the eastern plate also bracket the age of the regional cleavage.
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Figure 16. Schematic section through the Lolo Creek area showing
relationships of Ml metamorphism and Ml and M2 fabrics of
the western plate to the regional fabric and metamorphism

of the eastern plate.

Eastern ﬁlate-Deformation style

The regional fabric varies in intensity throughout the eastern
plate as a function of lithology, proximity to faults, and burial
depth, and exhibits some changes in orientation due to later rotation

by normal faults. Broad open folding and simple shearing (as
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determined from deformed sandstone dikes and pyrite pressure shadows,
described below) deformed the deepest levels of the eastern plate.
Strain within certain units is considerable (e.g. maximum elongation
values ranging from 2.4 to 10.0 in the lower Prichard Formation).
Shallower levels deformed by tight folding and thrust faulting, though
some units reponded in local areas (e.g. adjacent to thrust faults and
in the cores of tight folds) by deforming ductilely. At shallower
levels, Tertiary normal faults rotated the regional fabric away from
its average southwest dip in some structural blocks.

Although several units at the deepest level of the footwall plate
probably underwent ductile deformation, only one unit, the upper
Prichard Formation, contains measurable indicators of strain. In rocks
of the upper Prichard Formation, pyrite pressure shadows and deformed
sandstone dikes (Figures 17, 18, and 19) enabled me to estimate the
strain. The rotated sandstone dikes (Figure 19) and pyrite pressure
shadows (Figures 17 and 18) suggest that this level of the eastern
plate underwent simple shear.

To estimate the strain in the pressure shadows, I used methods
outlined in Ramsay and Huber (1983). Appendix D contains all strain
data from the pressure shadows and deformed sandstone dikes. Because
of the geometry of the pressure shadows and their alignment with the
regional cleavage, I assumed homogeneous, plane strain (Ramsay and
Huber, 1983). The strain was homogeneous, since the shape of the
pyrite pressure shadows was constant throughout all samples studied.

The lack of quartz fiber growth in the y-direction in the pyrite
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Figure 17. Photomicrograph of pyrites with pressure shadows aligned
with the late Cretaceous fabric in the upper Prichard
Formation, sample 34. Field of view is 3.5 mm.

Figure 18. Close-up of Figure 17, with field of view of 1.0 mm,
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Pressure shadows, as determined from thin-section analysis, suggests
the condition of plane strain. I did not assume constant volume,
because I found evidence for volume loss in the geometries of the
sandstone dikes and pyrite pressure shadows (Figures 17, 18, and 19).
The volume loss may have resulted from dehydration reactions during
prograde metamorphism (Hyndman, 1985) in the eastern plate. If so,
significant shortening during deformation by simple shear in the deeper
levels of the eastern plate may be attributed to this volume loss.
Within the confines of these conditions, I determined the maximum
elongation (X) from the pressure shadows by using (1 + principle
elongation), where the principle elongation is defined as fiber
length/pyrite radius. In addition, I measured fiber lengths and pyrite
radii in thin sections cut orthogonal to the fabric (Appendix D),
although I could not use these values to define the strain ellipsoid,
given the probable volume loss. The values of X from pressure shadows
in the upper Prichard Formation ranged from 2.4 to 10.0, with an
average of 5.2. The average value of X in each of the seven samples
ranged from 3.0 to 7.0. Possible errors in the estimation of X include
1) the difficulty of measuring large strains accurately, since mineral
aggregates (quartz, here) lose definition with the onset of banding and
2) the tendency of mineral aggregates with large strain values to thin
towards the higher strain end (Simpson, 1983). In spite of these
possible sources of error, the geometry of the pressure shadows (Figure
18) still requires high strain (Selkman, 1983).

Another indicator of high strain in the upper Prichard Formation
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came from measurements of four deformed sandstone dikes in sample 54

(Figure 19). The average shear strain value for the dikes was 3.5

Figure 19. Photomicrograph of a deformed sandstone dike aligned with
the regional fabric, 24 degrees from bedding (horizontal),
from sample 54, upper Prichard Formation. Field of view

is 3.5 mm.

(Appendix D). I based my assumption that the sandstone dikes were
originally perpendicular to bedding on work done by Shelton (1961) and
Borradaile (1984). With the small sample size (four), the average
shear strain value is not statistically significant (Borradaile, 1984),
but because the sandstone dikes rotated 70 degrees, they show
qualitatively a high shear strain (Borradaile, 1984). Sample 54 also
contained pyrite pressure shadows (Figure 19). A sketch map and
projection to a sketch of the thin section (Figure 20) illustrate field

relations for sample 54. The sense of shear for the deformed sandstone
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Figure 20. Sketch map indicating field relations for sample 54 (upper
Prichard Formation) and a projection to a thin-section.
The northeast sense of shear for the pressure shadows and
deformed sandstone dikes in the thin section matches the

late Cretaceous thrusting direction.
dikes matches that for the pyrite pressure shadows. The sense of
simple shear (top to the northeast) also agrees with the thrusting
direction of the western, hangingwall plate. Shear strain values and
maximum elongation values indicate that this portion of the footwall

plate underwent considerable shortening by penetrative, simple shear.

The maximum elongation values in the footwall plate are larger
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than those reported in many other areas of greenschist metamorphism.
From pyrite pressure shadows in rocks of the Southern Appalachians,
Reks and Gray (1983) determined X values of 1.13 to 2.l4, while Siddans
et al. (1984) reported X values of 1.17 to 3.30 for Permian rocks of
the Alpes Maritimes in France. Values reported by Harper (1968) for
the Taconic slate belt of New York and Vermont are higher; average X =
4.17. Like the Taconic slate belt, the upper Prichard Formation, deep
in the footwall plate, shortened more by ductile deformation than units
at higher, cooler levels in the plate.

At the higher, cooler levels of the eastern plate, units shortened
by thrust faulting and tight folding. However, some units did undergo
ductile deformation, particularly near major thrust faults. Two
samples from the Mount Shields Formation contained strain indicators
(data in Appendix D). Pyrite pressure shadows from sample 119 (Figure
11) gave an average maximum elongation of 2.5, while deformed sandstone
dikes from sample 129 (Figure 11) had an average shear strain value of
0.90. Both values are lower than corresponding values from the deeper
level, upper Prichard Formation. A map of “strain facies" (Figure 21)
prepared from my data and that of Dr. James Sears, illustrates another
difference in deformation style between deeper and shallower levels in
the eastern plate. The strain facies map (adapted from descriptions of
characteristics of increasing strain in Ramsay and Huber, 1983) assigns
higher numbers to areas of higher strain, based on characteristics
visible at the outcrop (for example, all areas with a phyllitic sheen

on the cleavage surface of pelitic layers and spaced cleavage in
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Figure 21.

Zone

Strain facies map shows the cleavage orientation and

relative intensity using the following zone designations.
In general, the more closely-spaced the lines, the greater

the recorded strain in the rocks.

Note that all changes

of strain intensity are gradational, as are the symbols
used. Dots and numbers indicate strain observation points.

Characteristics

spaced cleavage, pencil
cleavage, tension
gashes, slickensides,
small-scale folds and
thrusts

continuous slaty
cleavage in pelitic
layers, no slickensides,
minor tension gashes,
and no small-scale
thrusts

phyllitic cleavage in
pelitic layers, spaced
cleavage in quartzites
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strong stretching
lineation on phyllitic
cleavage, closely spaced
cleavage in quartzites
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quartzite layers require a zone 3 designation). Each strain zone
designation corresponds to a certain map pattern (Figure 21). The map
patterns, oriented with the cleavage trend, are widely-spaced in areas
of low strain facies values (e.g. in zone 1, where pelitic layers
contain spaced cleavage) and closely-spaced in areas of high strain
facies values (e.g. in zone 5, where rocks have mylonitic textures).

In zones 4 and 5, short bars perpendicular to the cleavage trend
represent stretching lineations in highly strained rocks. The areas
of higher strain in deeper levels of the footwall follow the boundaries
of formations, indicating that the strain was not due to a local source
(e.g. a thrust fault), but rather, due to regional conditions (Woodward
et al., 1985). The strain is concentrated in the weaker, pelitic units
(e.g. the upper Prichard Formation) and not in the stronger, quartzite
units (e.g. Revett Formation). Woodward et al. (1985) also found a
concentration of strain in rheologically weaker units in examples from
the Valley and Ridge Province in southwestern Virginia. Strain
concentration based solely on the rheology of the formation did not
occur at shallower levels in the footwall. Instead, the occurrence of
ductile deformation seemed to depend more on the distance from a major
thrust (Figure 21). Zones of decreasing strain facies generally
occurred away from major thrusts.. Overall, the shallower levels
contain a lesser areal extent of higher strain facies than deeper
levels of the footwall (Figure 21), due to increased shortening by
thrusting and folding.

Leading thrusts that placed the western plate over the eastern
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Plate and thrusts within the eastern plate (with much less offset) vary
considerably with respect to their strain facies values. A schematic
down plunge view of these thrusts (Figure 14) illustrates that while
many thrusts behaved brittle in a manner (low strain facies values),
others were associated with ductile deformation (high strain facies
values). The difference in behavior of adjacent thrusts is probably
due to the time each thrust moved during progressive deformation. The
leading thrusts that placed the western plate over the eastern plate
acted brittlely, since (assuming no frictional heating) during and
immediately after thrusting, temperatures in the overthrusted eastern
plate remained low (Oxburgh and Turcotte, 1974). After the western
plate thrusted over the eastern plate, temperatures rose in the eastern
plate, equilibrating with the new conditions (Davy and Gillit, 1986).
Later thrusts, within the eastern plate, which moved after most of the
equilibration of the isograds, were associated with ductile
deformation. For example, the Blackfoot thrust, near Bonner, Montana
(Fiugre 21, 10 km east of Missoula) contained mylonite, and probably
moved later than the leading thrusts of the western plate, south of
Bonner, which moved in a brittle manner, without ductile deformation.
The difference in behavior during movement, of leading thrusts of the
western plate and later thrusts within the eastern plate, becomes less
at shallower levels in the down plunge direction, to the southeast.
The thrusts within the eastern plate, at progressively shallower
levels, cut stratigraphically higher, cooler rocks, similar to rocks

cut earlier by leading thrusts of the western plate (Figure 14).
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In the shallower levels of the eastern plate, a few regions have
lineations oriented away from the normal southeast plunge of the
regional fabric (Sears et al., 1985). Figure 22 includes Pi diagrams
of lineation and cleavage plane orientation measurements from different
areas within the panel of the regional cleavage. In some areas, for
example the Jocko Mountains north of Missoula, Montana (Figure 22), the
fabric underwent a clockwise rotation. This resulted from Tertiary
normal faulting, associated with the Lewis and Clark line, that rotated
some structural blocks (Watson,I.A., 1984, Sears et al., 1985, and Ort,
in progress). Sears and coauthors (1985) determined that normal faults
clearly rotated the blocks after the late Cretaceous thrusting and

cleavage formation.

Eastern plate-Timing of late Cretaceous events

Cross~cutting relations and regional plutonic rocks tightly
bracket the time of thrusting and cleavage formation in the eastern
plate. The cleavage deforms the late Cretaceous Golden Spike
Formation, near Garrison, Montana (Figure 15). Late Cretaceous sills
in the Sappire Mountains to the south (Figure 15) folded during
deformation. The emplacement of the late Cretaceous Garnet stock
(Figure 15) was contemporaneous with the regional cleavage formation,
while the Clinton stock (Figure 15) crosscut a thrust during its
emplacement. Finally, a late Cretaceous stock near the Boulder
Batholith crosscuts the cleavage (James Sears, personal communication).

All indicators agree that the deformation was late Cretaceous.
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Figure 22. Map of Pi diagrams. Each diagram contains poles to
cleavage (solid contours) and, where data was available,
bedding/cleavage lineations (dashed contours or dot
locations). The contours in most areas indicate a
southeast plunge, except those rotated by Tertiary
normal faulting (e.g. north and east of Missoula,
Montana).
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The cleavage crosscuts the late Cretaceous Golden Spike Formation,
described as a syntectonic conglomerate with a western source,
interlayered with volcanic rocks (Gwinn and Mutch, 1965, and Mackie,
1986). The volcanic rocks of the Golden Spike Formation correlate with
the Elkhorn Mountains Volcanics further east (Mackie, 1986). The
Boulder batholith, in turn, intrudes the Elkhorn Mountains Volcanics
(Gwinn and Mutch, 1965). Baadsgaard and coauthors (1961) dated the
Marysville stock (Figure 15), a satellite pluton of the Boulder
batholith. Potassium/argon ratios from biotites yielded ages of 78-82
Ma. In addition, fossils at the base of the Carter Creek Formation,
underlying the Golden Spike Formation, were estimated as 88 Ma old
(Gwinn and Mutch, 1965). The Elkhorn Mountains Volcanics and Golden
Spike Formation are older than the 78-82 Ma Marysville stock, and
younger than the 88 Ma date of the base of the Carter Creek Formation.
The regional cleavage which cuts the Golden Spike Formation is younger
than 82 Ma (Figure 6). Because the 1.219-2,438 meters thick Golden
Spike Formation contains distinctive reddish quartzite pebbles,
probably of the Proterozoic Bonner Formation (Gwinn and Mutch, 1965),
the overthrusted hangingwall plate had eroded down to the level of the
Bonner Formation before the cleavage deformed the Golden Spike
Formation. Relations with regional plutons, also in the southeast
portion of the footwall plate, further constrain the ages of
deformation.

Late Cretaceous plutonic rocks which provide timing constraints

include sills which folded during deformation, a stock that intruded
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during cleavage formation, a stock which crosscut a late Cretaceous
thrust fault, and a stock that overgrew the cleavage. Late Cretaceous
sills in the Sapphire Mountains to the south (Figure 15) loosely
bracket the time of deformation. These sills intruded from
approximately 97-80 Ma and folded during deformation together with the
overlying Cretaceous strata (Wallace et al., 1987). The Garnet stock
(Figure 15) more tightly constrains the time of deformation, since it
intruded during cleavage formation (Minnich, 1984). Minnich (1984)
found that cordierites from the contact aureole of the Garnet stock
overgrew cleavage, grew contemporaneously with cleavage formation, and
later underwent rotation from cleavage formation. An 82 Ma
potassium/argon date from hornblende for the Garnet stock (Ruppel et
al., 1981) suggests cleavage formed at least during emplacement at 82
Ma (Figure 6). Similarities between the Garnet stock and Clinton stock
(Figure 15) suggest that they were part of a single magmatic pulse
(Thomas, 1987). If so, the Clinton stock probably intruded at
approximately 82 Ma, as well. Because the Clinton stock crosscuts the
Blackfoot thrust (Thomas, 1987), the Blackfoot thrust is older than 82
Ma. Moreover, since ductile deformation accompanied the portion of the
Blackfoot thrust near the Clinton stock, it probably moved later than
brittle thrusts, as described above. Consequently, most thrusting,
including the major, brittle thrusts that placed the western plate over
the eastern plate, occurred before 82 Ma (Figure 6). A radiometric age
date from an unnamed stock near the Boulder batholith brackets the

youngest possible age for deformation and cleavage formation. McDowell
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(1971) dated a stock (number 409 from Daniel and Berg, 1981) at 73 Ma
(Figure 6), using potassium/argon ratios from biotite. This stock
crosscuts the regional cleavage (James Sears, personal communication).
Age dates from late Cretaceous sills and stocks agree with estimated
ages of deformation determined from the Golden Spike Formation.
Because timing constraints from both plates concerning the age of
metamorphism and deformation agree well (Figure 6), they enabled me to
describe a sequence of events for the region during the late

Cretaceous.

GEOLOGIC HISTORY

During the middle to late Cretaceous, a combination of heating,
associated with pluton emplacement, and thrusting produced the maximum
thermal profiles recorded in the western and eastern plates (Figure
23). The western plate (Figure 23) contains a Barrovian sequence
(Hietanen, 1984), up to upper amphibolite grade, of Belt Supergroup
rocks heated during the early stages of emplacement of the Idaho
batholith. In the eastern plate distinct thermal profiles formed in
the northwest and southeast regions (Figure 23). Deeper level rocks
exposed in the northwest region underwent considerable shortening from
ductile deformation, but only reached temperatures in the biotite zone.
Conversely, shallower level rocks in the southeast deformed more by
thrusting and folding than by ductile deformation. Yet, temperatures

in that portion were considerable, even in stratigraphically high
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Figure 23. A pressure-temperature diagram of preserved thermal

profiles from the western plate and different portions
of the eastern plate. The profile for the northeast
portion of the eastern plate is approximate.

levels (e.g. approx. 280°C in Cretaceous strata). The greater recorded

temperatures probably reflect a higher regional heat flow, as evidenced

from the intrusion of Cretaceous plutons, such as the Garnet and

Clinton stocks. Northeast of the overthrusted zone (Figure 23,

approximate thermal profile), but still in the eastern plate, rocks as

deep as the Prichard Formation lack well-developed cleavage and did not

reach temperatures in the chlorite zone; these rocks lacked the added

heat caused, in part, by burial beneath the western, hangingwall plate.
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By themselves, the thermal profiles mean very little, but together with
information on structures, fabrics, and crosscutting relations, they
outline the following sequence of middle to late Cretaceous events in

western Montana and eastern Idaho.

105-95 Ma

Transform faulting ceased at the former western continental border
at 105 Ma (Lund and Snee, 1985). Folding and thrusting from
continental accretion deformed the Wallowa-Seven Devils terrane (Lund
and Snee, 1985). Early quartz diorites and tonalites of the Idaho
batholith intruded at 100 Ma, beginning the Ml event later preserved in
the border zone of the Idaho batholith (Toth, 1987). 1In the eastern

plate, sills intruded into Cretaceous rocks beginning at 97 Ma.

95-85 Ma

Deformation at the continental margin shifted from the terrane
to the suture zone with the former western continental border (Lund and
Snee, 1985 and Criss and Fleck, 1987). More quartz diorite and
tonalite of the Idaho batholith (Toth, 1987) intruded and rocks of the
future Idaho batholith border zone continued heating from the Ml event
until 85 Ma (Lund and Snee, 1985), when most tonalite emplacement
ceased. Layer-parallel schistosity developed in rocks coevally with Ml
metamorphism (Hall, 1968). At 87 Ma suture zone plutons began to
intrude and close the suture (Criss and Fleck, 1987), though these were

highly strained from continued deformation in the suture zone. In the
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eastern plate, sediments at the base of the Carter Creek Formation had
been deposited by 88 Ma (Gwinn and Mutch, 1965), while sills continued

to intrude into Cretaceous strata.

85-82 Ma

The western plate, thickened from pluton emplacement and
deformation from continental suturing, failed by thrusting or
gravitational spreading to the northeast, over the eastern plate.
Highly strained plutons that continued to close the suture zone (Criss
and Fleck, 1987), cooled quickly after the unroofing of at least 7 km
of overburden. Further east, rapid cooling accompanied uplift in the
area that would later contain the Idaho batholith (Lund and Snee,
1985). The second thermal event in the western plate, M2, formed lower
pressure and temperature mineral assemblages, due to the decreased
overburden, and formed a new fabric. The new fabric, a crenulation
cleavage, folded and overprinted the layer-parallel schistosity in
rocks near the present—-day Idaho batholith (Rowe, 1984 and Hyndman et
al., 1987).

The thrusted and rapidly-eroding western plate shed sediments
(including pebbles of the Proterozoic Bonner Formation) into the
eastern plate, that interfingered with volcanics of the Elkhorn
Mountains Volcanics to form the 1,219-2,438 meter thick Golden Spike
Formation, a syntectonic conglomerate (Gwinn and Mutch, 1965, and
Mackie, 1986). Thrusting of the western plate over the eastern plate

occurred before emplacement of the Clinton stock, at approximately 82

52



Ma (Thomas, 1987).

82-79 Ma

Plutons in the suture zone continued to close the suture (Criss
and Fleck, 1987). Just east of the suture zone, plutons continued to
cool quickly (Criss and Fleck, 1987), as did rocks in the Idaho
batholith complex (Lund and Snee, 1985). The fabric formed during M2
metamorphism began to deform rocks further to the northeast, defining a
southeast-plunging fold system and becoming the regional fabric of the
eastern plate (Rowe, 1984).

The regional fabric formed in the eastern plate, defining a
southeast-plunging fold system correlative with that in the western
plate. Deeper levels in the footwall plate formed broad folds and
deformed by simple shearing, with strain concentrated in the weaker,
pelitic formations. Temperatures of 450-525°C enabled biotite and
chlorite to grow in the fabric. At shallow levels, rocks thrusted and
formed tighter folds in sedimentary rocks as young as the Golden Spike
Formation and in late Cretaceous sills. Ductile deformation at shallow
levels was confined to areas near thrusts, and was largely independent
of the formation present. Temperatures in the southeast portion of the
footwall plate were higher than those at the same structural levels in
the northwest. Higher heat flow, as evidenced from late Cretaceous
plutons such as the Garnet and Clinton stocks, may have raised the
temperatures. The Garnet stock, dated at 82 Ma, cooled

contemporaneously with the cleavage formationm.
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79-present

In the western plate, near the Lolo Creek area (Figure 15), the
contact metamorphic assemblage of the Skookum Butte stock had overgrown
the crenulation cleavage by 75-70 Ma ago (Criss and Fleck, 1987, and
Don Hyndman, personal communication). A stock near the Boulder
batholith, dated at 73 Ma (McDowell, 1971), crosscut the regional
fabric in the eastern plate. Later, the eastern plate overrode
Paleocene deposits in the Montana disturbed belt, carrying the western
plate with it (Sears, 1985). In shallower areas of the eastern plate,
normal faults rotated the regional fabriec in a clockwise direction
(Sears et al., 1985). Erosion later exposed much of the eastern and

western plates.

SUMMARY

The thrusting and reequilibration of isograds in the thrust plates
of this study correspond well, overall, with values reported from
thermal models. Conditions during thrusting of the western plate mimic
those in models, but after thrust emplacement and reequilibration of
the isograds, the maximum temperatures reached at various stratigraphic
levels in the southeast portion of the eastern plate are significantly
higher than those predicted from thermal modeling.

During thrusting, the western plate moved, at a rate comparable
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to those used in thermal models, over thrusts that behaved brittlely
in the initially cool rocks. Maps along the zone of thrusting (e.g.
Nelson and Dobel, 1962, Hall, 1968, Desormier, 1975, and Wallace, et
al., 1987) show that the Wallace Formation is the oldest unit exposed
in the hangingwall rocks of leading thrusts of the western plate. This
indicates that the decollement which placed the western plate over the
eastern plate rests in the Wallace Formation. The hangingwall plate
thus ranged between 8 km (excluding Mesozoic rocks) and 12 km
(including all Mezosoic rocks except the Golden Spike Formation) thick.
This plate moved approximately 50 km (Sears, 1986) from approximately
85 to 82 Ma (Figure 6) at a minimum speed of 1.7 cm/year. Though
somewhat lower, this rate of movement compares reasonably well with
Oxburgh and Turcotte's (1974) reported value of 3.0 cm/year, which they
based on the plate tectonic rates. As the plate moved, the Bearmouth
thrust (Figure 15) and leading thrusts of the western plate acted
brittlely (Figure 22) in rocks that largely retained their pre-
thrusting thermal gradient. After thrust emplacement, initial
pressures in the footwall increased by 3-4 kb, just as thermal models
predict (e.g. England and Richardson, 1977, England and Thompson, 1984,
and Davy and Gillit, 1986). After isostatic loading of the crust by
the thrust plate, the large pressure increase may have contributed
(Mackie, 1986) to the formation of the basin for the 1,219-2,438 meter
thick Golden Spike Formation (Gwinn and Mutch, 1965).

After thrusting, the western plate eroded, at a rate comparable to

those used in thermal models, to form the Golden Spike Formation. The
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Golden Spike Formation, with deposition bracketed between 88-82 Ma
(Figure 6) is probably not older than 85 Ma, since thrusting did not
begin until about that time (Figure 6). Since the Golden Spike
Formation contains pebbles of the Proterozoic Bonner Formation, the
western plate eroded about 4.5 km (not including Mesozoic rocks) during
the span of deposition of the Golden Spike Formation, between 85 and 82
Ma. This minimum value for the rate of erosion, 1.5 mm/year, falls
within geologically conservative rates (0.l1-1.7 mm/year) used by
England and Thompson (1984) in their modeling. As the western plate
eroded, depositing the Golden Spike Formation, isotherms rose in the
footwall, and thrusts that moved after the reequilibration (e.g. the
Blackfoot thrust, within the eastern plate (Figure 15)) were associated
with ductile deformation (Figure 22). Unlike isotherms in thermal
models for overthrusting, the isotherms in this study did not rise to
the same structural levels in all parts of the overlap zone.

Within rocks of the southeast portion of the overlap zone, higher
temperatures than those at similar structural levels in the northwest
may have resulted from higher late Cretaceous heat flow in the
southeast, since a thermal model predicts lower maximum temperatures
than those actually preserved in the rocks. The actual temperature
preserved in sample 128 from the Wallace Formation, at a depth of 8 km
below the leading thrusts of the western plate (Figure 14), was a
minimum of 420°C. For samples 130 and 131 from a Precambrian sill in
the Mount Shields Formation, at a depth below the western plate of 5

km, the actual temperature preserved was 350°C. For samples 8 and 5 km
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beneath a 15 km thick thrust plate (probably somewhat thicker than the
hangingwall plate in this study), assuming a geothermal gradient of 30°
C/km, Oxburgh and Turcotte's (1974) model predicts maximum
temperatures of 370 and 240°C, respectively. The prediction by a
thermal model (assuming the model is reasonably accurate and applicable
to this study) of temperatures lower than those actually determined in
rocks, provides evidence that overthrusting alone, in the southeast
portion of the eastern plate, is insufficient to account for the higher
recorded temperatures. In such cases, England and Thompson (1984)
suggested that an increase in the supply of heat from the mantle
probably accounts for the higher temperatures. In their study of the
Eastern Alps, Oxburgh and Turcotte (1974) found that it was difficult
to explain the metamorphic conditions in the overthrusted Eastern alps
without an anomalously high heat flow from the mantle. Imn this study,
higher heat flow from the mantle may also be a reasonable conclusion,
because of the low pressure-high temperature metamorphism in the
adjacent Flint Creek Rangé, which preceded the emplacement of plutons
in the area (Stuart, 1966). Presumably, similar conditions (i.e.
Abukuma-type metamorphism, then emplacement of plutons) may have
existed in the southeast portion of the eastern plate during thrusting
in the late Cretaceous. In this area, it might be interesting to try
to take out the effects of the higher regional heat flow to estimate

the true thermal effects of the thrust faulting.
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APPENDIX A

STRATIGRAPHY AND STRUCTURAL BEHAVIOR OF UNITS

SYMZOL THICKNESS FORMATIONS

Kgs 1830 m upper
Cretaceous
Golden Spike
Formation

Ks 3577 m Cretaceous
Carter Creek,
Jens, Coberly,
Blackleaf, and
Kootenai
Forinations

J 146 m Jurassic

Ellis Group

P 128 « Pennsylvanian

Quadrant and

SOURCE LITHOLUGY/STRUCTURAL BEHAVIOR

1

Ansden Formations

Mm 701 m Mississippian
Madison
Formation

b} 330 m Devonian
Jefferson and
Maywood
Formiations
<€h Cambrian
Red Lion and
Hasmark

Formations

436 m

€s 130 m Cambrian
Silver Hill

Formation

64

Conglomerates, shales, and
volcaniclastics contain spaced
cleavage and small-scale folds
and thrusts.

Interlayered sandstones,
shales, limestones, and
conglomerates deformed with
spaced cleavage, pencil
cleavage, tension gashes, and
small-scale folds and thrusts.

Siltstones and sandstones con-
tain spaced cleavayge and
ageformed by folding and
thrusting.

Orthoquartzite and siltstone
shortened with buckle folds.

Limestone with chert formed
small-scale folds.

Dolomitic limestone and
calcareous sandstone shortened
with spaced cleavage.

Limestone and dolamite
contained breccia zones
and spaced cleavaye.

Shale and limestone shortened
with spaced cleavage, pencil
cleavage, breccia zones.



SYMBOL THICKNESS

Bmpi

Emgr

Emmc

Embo

Emms

emsh

Emsn

Emw
Emh

360 m

1170 m

1200 m

400 m

1600 m

460 m

1100 m

2740 m

FORMATIONS

Proterozoic
Pilcher
Formation

Proterozoic
Garnet Range
Formation

Proterozoic
MacNamara
Formation

Proterozoic
Bonner
Formation

Proterozoic
Mount Schields
Formation

Proterozoic
Shepherd
Formation

Proterozoic
Snowslip
Formation

Proterozoic
Wallace-
Helena
Formation

65

SOURCE LITHOLOGY/STRUCTURAL BEHAVIOR

4

Quartzite deformed with
breccia zones and buckle folds
and thrusts.

Mica-rich guartzite contains
spaced cleavage and slatey
cleavage, breccia zones, and
small-scale faults, folds,
and kink folds.

Siltites, argillites, and
quartzites deformed with
spaced cleavage, slaty
cleavage, slickensides,
and tension gashes.

Feldspathic quartzite
shortened by buckle folding
and contains spaced and
slaty cleavage.

Siltites, argillites, and
gquartzites sheared locally
producing a stretching
lineation, phyllitic and
slaty cleavage and also
contains spaced cleavage.

Dolomitic siltite and
argillite commonly sheared,
producing stretching linea-
tions, phyllitic and slaty
cleavage.

Argillites, siltites, and
quartzites contained spaced
and ocassional slaty cleavage.

Limestone, limey argillite,
and limey siltite camonly
sheared, producing stretching
lineations, phyllitic and
slaty cleavage.



SYMBOL THICKNESS

emsr 610 m
Bmr 900 m
emb 1000 m
Bmpu 945 m
Bmpl >6000 m
not
W known
not
Kg known
not
oP known

FORMATIONS

Proterozoic 6
St. Regis
Formation

Proterozoic 7

Revett

Formation

Proterozoic 7

Burke

Formation

Proterozoic 8

upper

Pricnard
Formation

Proterozoic 8

lower

Prichard
Formation

Tertiary
Volcanics

Cretaceous
Intrusions

Proterozoic

Sills

SOURCES

Mutch, 1961
Thamas, 1987
watson, 1984
Desormier, 1975
Campbell, 1960
Mauk, 1983
Cressman, 1985
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SOURCE LITHOLOGY/STRUCTURAL BEHAVIOR

Siltite, argillite, and
quartzite sheared producing
phyllitic and slaty cleavage.

artzite deformed by spaced
cleavage.

Siltite, argillite, and
quartzite sheared producing
phyllitic and slaty cleavage.

Siltite, argillite, and
guartzite comonly sheared,
producing a stretching
lineation, phyllitic and
slaty cleavage.

Quartzites contained spaced
cleavage, while less carmon
argillite layers contained
phyllitic and slaty cleavage.

Undeformed rhyolites and
volcaniclastics.

Granite, deformed locally at
contact zones, contained a
spaced cleavage.

Diabase sills, largely unde-
formed, locally sheared,
producing a mylonitic fabric,
mineral lineations, phyllitic
and slaty cleavage.

. Gwinn and Mutch, 1965



SOURCE
Hietanen, 1984
Nold, 1974 and
Chase, 1973

Chilas, 1982

Carey and Rice, 1985

Carey and Rice, 1985

Lang and Rice, 1985

Chase and Johnson,

1975

Hyndman et al., 1987

APPENDIX B

WESTERN PLATE MINERAL ASSEMBLAGES

Ml ASSEMBLAGE

sillimanite-kyanite-
muscovite-quartz

sillimanite-orthoclase-
luscovite-biotite-quartz

sillimanite-kyanite-
staurolite-biotite-
muscovite-quartz
kyanite-sillimanite

kyanite-sillimanite-
staurolite-garnet-biotite

kyanite-garnet-biotite-
muscovite-quartz-plagioclase

kyanite-staurolite
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M2 ASSEMBLAGE

andalusite
cordierite
sericite on
staurolite

cordierite

muscovite-biotite



APPENDIX C

EASTERN PLATE MINERAL ASSEMBLAGES

Precambrian metamorphism assemblages

SAMPLE

5
6
9
10
11
12
14
15
16

17

18
19
20
21
22
23

24
25

30
31
36
43
45
46
48
49
52
53
56
57
58
59
60
62
63
64
65
66

FORMATION

Lower Prichard
Lower Prichard
Upper Prichard
Upper Prichard
Burke

Upper Prichard
Upper Prichard
Lower Prichard
Lower Prichard
Lower Prichard

Lower Prichard
Lower Prichard
Lower Prichard
Lower Prichard
Lower Prichard
Lower Prichard

Lower Prichard
Wallace

St. Regis
Upper Prichard
Burke

Revett

Burke

Burke
Snowslip

St. Regis
Burke

Upper Prichard
Upper Prichard
Upper Prichard
Upper Prichard
Upper Prichard
Upper Prichard
Upper Prichard
Lower Prichard
Lower Prichard
Lower Prichard
Lower Prichard

ASSEMBLAGE

biotite-muscovite-plagioclase-quartz
biotite-muscovite-plagioclase-guartz
biotite-muscovite-plagioclase-quartz
biotite-muscovite-playioclase-quartz
biotite-muscovite-plagioclase-quartz
biotite-muscovite-plagioclase-quartz
biotite-muscovite-plagioclase-guartz
biotite-muscovite-plagioclase—quartz
biotite-nmuscovite-quartz
biotite-garnet-muscovite-plagioclase-
quartz
biotite-muscovite-plagioclase-quartz
biotite-muscovite-plagioclase-quartz
biotite-muscovite-plagioclase-quartz
biotite-muscovite-plagioclase-quartz
biotite-muscovite-plagioclase—quartz
biotite-garnet-hornblende-plagioclase-
muscovite-quartz
biotite-muscovite-quartz
muscovite-calcite-plagioclase~
dolamite-quartz
muscovite-plagioclase-quartz
muscovite-quartz
biotite-muscovite-quartz
muscovite-plagioclase-guartz
biotite-muscovite-plagioclase-guartz
biotite-ruscovite-quartz
muscovite-guartz
biotite-muscovite-plagioclase-cuartz
piotite-tmscovite-quartz
biotite-muscovite-plagioclase-quartz
biotite-muscovite-quartz
biotite-tuscovite~-quartz
biotite-garnet-muscovite-guartz
muscovite-plagioclase-quartz
piotite-muscovite—quartz
biotite-muscovite-quartz
biotite-muscovite-quartz
biotite-muscovite-quartz
biotite-muscovite-guartz
bioctite-nuscovite-quartz
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SAMPLE

67
70

71
72

75
76
79
80
83
84
88

90
93
95
96
97
98
99
100
101
102
103
105
111
112
113
114
115
116
117
123

124

125
126

FORMATION

Lower Prichard
Lower Prichard

Lower Prichard
Lower Prichard

Lower Prichard
Burke

Snowslip
Snowslip

Burke

Burke

Wallace

MacNamara
Bonner
Garnet Range
Garnet Range
Garnet Range
MacNamara
MacNamara
Bonner
Bonner
MacNamara
MacNamara
Garnet Range
Bonner
MacNamara
MacNamara
MacNamara
MacNamara
Bonner

Mount Shields
Lower Prichard

Lower Prichard

Lower Prichard
Lower Prichard

ASSEMBLAGE

biotite~muscovite—-quartz
biotite-garnet-hornblende-muscovite-
plagioclase-quartz
biotite-garnet-hornblende-muscovite-
plagioclase~quartz
biotite-garnet~hornblende-muscovite~
plagioclase~quartz
biotite-muscovite-quartz
biotite-muscovite-quartz
muscovite-quartz

muscovite-quartz
biotite-muscovite-plagioclase-quartz
biotite-muscovite~plagioclase—quartz
calcite~dolomite-muscovite-
plagioclase—quartz
muscovite-calcite-plagioclase-quartz
muscovite-plagioclase—quartz
muscovite-plagioclase-quartz
muscovite—-plagioclase-quartz
muscovite-plagioclase-quartz
muscovite-plagioclase—quartz
muscovite~plagioclase-quartz
muscovite-plagioclase-quartz
muscovite-plagioclase-quartz
chlorite-muscovite-plagioclase-quartz
muscovite-plagioclase-quartz
muscovite-plagioclase-quartz
muscovite-quartz
chlorite-muscovite-quartz
muscovite-plagioclase—-quartz
muscovite-plagioclase-quartz
muscovite-plagioclase-quartz
muscovite-plagioclase-quartz
chlorite-muscovite-plagioclase—quartz
biotite-muscovite~calcite-
plagioclase-quartz
biotite-garnet-hornblende-
muscovite-quartz
biotite—garnet-muscovite-quartz
biotite-muscovite-quartz
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Cretaceous metamorphism assemblages

SAMPLE
5
6

7
8
9
10
12
13
15

16
17

21
23
25

26
27
28
29

32
33
34
35
36
37
38
39
40
43
44
45

46
47
48
49
51

54

FORMATION
Lower Prichard
Lower Prichard

Lower Prichard
Lower Prichard
Upper Prichard
Upper Prichard
Upper Prichard
Upper Prichard
Lower Prichard

Lower Prichard
Lower Prichard

Lower Prichard
Lower Prichard
Wallace

Snowslip
Snowslip
Snowslip
Wallace

Upper Prichard
Upper Prichard
Upper Prichard
Burke

Burke

Lower Prichard
Prec. sill
Prec. sill
Lower Prichard
Revett

Revett

Burke

Burke

Burke

Snowslip

St. Regis
Upper Prichard

Upper Prichard

ASSEMBLAGE

biotite-chlorite-muscovite-plagioclase-
quartz
biotite-chlorite-muscovite-plagioclase-
quartz

biotite-muscovite-quartz
biotite-muscovite—quartz
chlorite-muscovite-quartz
chlorite-muscovite-pyrite-quartz
chlorite~muscovite-quartz
muscovite-quartz
biotite-chlorite-muscovite-plagioclase-
quartz
biotite-chlorite-muscovite-plagioclase-
quartz
biotite-chlorite-muscovite-plagioclase-
quartz
biotite-chlorite-muscovite—quartz
chlorite-muscovite-quartz
calcite~dolomite-muscovite-
plagioclase—-quartz

chlorite-calcite~dolomite-muscovite-quartz

chlorite-calcite-muscovite-quartz
calcite~muscovite—-quartz
calcite-dolomite-muscovite-plagioclase-
quartz
chlorite-muscovite-pyrite-quartz
muscovite-pyrite—quartz
muscovite-pyrite-quartz
chlorite-muscovite-pyrite-quartz
chlorite-muscovite-quartz
chlorite-muscovite-quartz
chlorite-caclite-quartz
chlorite-calcite-plagioclase—quartz
muscovite-plagioclase—quartz
muscovite-plagioclase-quartz
muscovite-plagioclase-quartz
chlorite~muscovite-pyrite-
plagioclase-quartz
chlorite-muscovite~plagioclase—quartz
chlorite-muscovite-quartz
chlorite-muscovite—quartz
chlorite-muscovite-quartz
chlorite-muscovite-pyrite-
plagioclase-quartz
chlorite-muscovite-pyrite-
plagioclase~quartz
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SAMPLE FORMATION

55
56
58
61
62
63
65
66
68
69
78
79
80
81
82
83
84

85
86
87
88

92
94
100
103
104
106

118
119

120
121
122
127
129
130

131

Upper
Upper
Upper
Upper
Upper
Lower
Lower
Lower
Lower
Lower

Prichard
Prichard
Prichard
Prichard
Prichard
Prichard
Prichard
Prichard
Prichard
Prichard

St. Regis
Snowslip
Snowslip
wallace
wallace

Burke
Burke

Wallace
Wallace
wallace
Wallace

Wallace
Garnet Range
Bonner
MacNamara
Garnet Range
Wallace

Prec.
Mount

Mount
Mount

Mount
Lower
Mount
H‘ec.

Hec.

sill
Shields

Shields
Shields
Shields
Prichara
Shields
sill

sill

ASSEMBLAGE
chlorite-muscovite-pyrite—quartz
chlorite-iuuscovite-quartz
chlorite-rmuscovite-guartz
chlorite-tuscovite-quartz
chlorite-muscovite-quartz
chlorite-iuscovite-quartz
chlorite-muscovite-plagioclase-quartz
chlorite-muscovite-plagioclase-quartz
biotite-nuscovite—quartz
biotite-muscovite-quartz
chlorite-muscovite-quartz
Iuscovite-quartz
muscovite-quartz
chlorite-muscovite-plagioclase-quartz
muscovite-quartz
chlorite-nuscovite-plagioclase-quartz
chlorite-muscovite-plagioclase-
pyrite-quartz
chlorite-muscovite-quartz
muscovite-quartz
muscovite-calcite—quartz
dolomite-calcite-plagioclase-
muscovite—quartz
calcite-ruscovite-quartz
muscovite-plagioclase—quartz
muscovite-plagioclase-quartz
muscovite-plagioclase—uartz
muscovite-plagioclase-quartz
calcite-dolanite-muscovite-
plagioclase-pyrite-quartz
chlorite-plagioclase-muscovite-quartz
chlorite-calcite-dolomite-pyrite-
plagioclase-muscovite—uartz
chlorite-muscovite-plagioclase-quartz
chlorite-dolanite-calcite-
plagioclase-muscovite-guartz
calcite-dolamite-plagioclase-
muscovite-quartz
biotite-muscovite-quartz
muscovite-quartz
chlorite-actinolite-epidote-calcite-
plagioclase-quartz
chlorite-actinolite-epidote-calcite-
plagioclase-quartz
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APPENDIX D
STRAIN MEASUREMENTS

Shear Strain

For deformed sandstone dikes, I measured the angle "psi" for each
sandstone dike, where psi is the angle between the present deformed
sandstone dike and its original state, perpendicular to bedding. Fram
the angle psi, I obtained the shear strain from the following equation:

shear strain = tan (psi)

Sample 54 is from the upper Prichard Formation, while sample 129 is
from the Mount Shields Formation.

SAMPLE PSI (IN DEGREES) SHEAR STRAIN
54 78 4
69 2

65 2

69 2

il
(U8 ]
)
(8]

average

129 38 0.7
48 1.1
34 0.67
46 1.0

averave = 0.90

Pyrite Pressure Shadows

To measure the strain in pyrite pressure shadows, I determined the
maxirmum elongation (X) from the equation:

X = (1 + principle elongation), where

principle elongation = fiber length
pyrite radius

All determinations of principle elongation came from thin-sections of
samples cut perpendicular to cleavage. In this appendix I also
provided measurements from orthogonal cuts. All ineasurewents are in
x/100 mn, Sample 119 cames fram the Mount Shields Formation, while all
others are froin the upper Prichard Formation.
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MAXIMUM ELONGATION

FIBER LENGTH PYRITE RADIUS

SAMPLE

4156

5332

W~

22
15
20

10

average = 3.6

NS T ™M

32

3
3

average

000735025807 7n

559768676494 0
Il

average

nNVNMMPFTPOINANM

20
24
40
20
16
30
20
25
33
19
16
11

33

o
~FOMOMNOSINO®W _+NWOANN©
L ]

¢« s o s o o O " o o

466875_.0.866156767

owvMmLrM MO NI IITON

22
29
17
28
20
32
17
30
15
29
36
18
23
31
26
27

34
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SAMPLE FIBER LENGTH PYRITE RADIUS MAXTMUM ELONGATTON

34 29
19
30
25

cocuvwNn

8.
7.
8.
6.

Ve W

~J
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o

average =

31 30
14
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27
17
20
12
21
15
17
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MO NDO~NIN OOV

(o I IS T N WS ANE e o)

DU WS D WS UE Wb

average =

54 22
26
16
14
26
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14
21
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average = 6.6

55
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average =

119 11

20
21

NN
NWWw NG

average = 3.5

74



Measurements fram orthogonal cuts

SAMPLE
10

32

33

33

FIBER LENGTH

8

14
17
28
10
15
25
23
11
28
27
8

20
9

21
11
19
15
14
15
17
16
29
27
24
13
32
29
12

40
31
20
17
27
16

75

PYRITE RADIUS
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34

51

54

55

119

27

38
28
25
34
35
30
32
44
27
28
33

42

13
12
24
32
27
33
29

12
16

25
17
13
13
12
16

10
13

15
11
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