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ABSTRACT

Archean metasedimentary rocks of the South Snowy Block of the Beartooth Mountains, in the vicinity of Jardine,
Montana, consist predominantly of schistose rocks (interpreted as metamorphosed turbidities) with rare iron forma-
tion. These rocks are intruded by Precambrian granitic stocks and minor mafic dikes and sills. Evidence for three
phases of folding and late-stage kinking is found within the metasedimentary rocks, whereas rocks of the Crevice
Mountain stock (2700 Ma) are unaffected by any of these events. The first folding event involved the development
of isoclinal, recumbent folds of varying scale. F, fold hinges are rare, most commonly observed underground in
Mineral Hill. An S; schistosity has developed axial planar to these folds. This schistosity, which is subparallel to
bedding, is very well developed and ubiquitous in the metasedimentary rocks of the Jardine region. Large scale F,
folds are inferred from the pattern of occurrence of iron formation within drill cores and because of the ubiquitous
nature of the bedding-subparallel S; schistosity. Two later phases of folding are also recognized. F, folds are nearly
upright with gently to moderately plunging fold hinges. An S, crenulation cleavage exists, axial planar to the F, folds.
F; folds are also nearly upright, with gently to moderately plunging hinges, and an S; crenulation cleavage, though
weakly developed, is recognized, axial planar to F; folds. The F, and F; fold axial surfaces are nearly orthogonal. This
geometry results in widespread development of dome and basin {Ramsay type 1) fold interference patterns involving
F, and F; folds, and developed on S, surfaces. These are observed in outcrop, and are inferred on the larger scale from
mine tunnel exposure and drill core data. Rare, late-stage kink bands affect the S; schistosity. Temperature and
pressure conditions during deformation, as revealed by calculations from microprobe analyses, suggest that the peak
of metamorphism occurred at a temperature of about 560°C and a pressure of 2.9 kb. Thin section observations
indicate that the metamorphic peak accompanied the formation of S, schistosity. Structural, metamorphic, and
geochemical data are consistent with the hypothesis that the metasedimentary rocks of the Jardine region are al-
lochthonous and constitute one of a number of tectonostratigraphic terranes in the western Beartooth Mountains
that were juxtaposed tectonically against the western margin of an Archean continent during a Late Archean colli-
sional event. The ductile deformational events in the Jardine region likely predate the terrane emplacement. Uplift
of the Beartooth Mountains occurred during late Cretaceous time (Laramide). A number of steeply dipping dip-slip
faults and shear zones, probably associated with this uplift, cut the folded metasedimentary rocks.

Introduction

The Beartooth Mountains of southwestern Mon-
tana and northwestern Wyoming, part of the north-
ern Wyoming Province of Archean rocks, can be
separated geologically into four regions based on
lithology and structural style (figure 1). The east-
ern Beartooth Block (sometimes referred to as the
Beartooth Plateau Block) is composed of Late Ar-
chean (2800-2750 Ma) andesitic amphibolites,
granodiorite, and granite with meter- to kilo-
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meter-size inclusions of older Archean (probable
ages 3600—3200 Ma) supracrustal rocks {Casella
1969; Mueller et al. 1985; Wooden et al. 1988). The
geology of the Beartooth Plateau Block is similar
to the Precambrian geology of the Bighorn Moun-
tains to the east (Mogk 1988). The northwestern
Beartooth Block (commonly called the North
Snowy Block} consists of seven distinct units of
metaigneous and metasedimentary rocks, distin-
guished from one another by sharp changes in li-
thology, metamorphic grade, structural style, and
isotopic age (Reid et al. 1975; Mogk et al. 1988). It
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Figure 1.
portion of the Archean Wyoming Province.

is believed that these units were tectonically juxta-
posed at a transpressional margin about 2740-2560
Ma (Mogk 1988; Mogk et al. 1988). The Stillwater
Block, located along the north-central margin of
the Beartooth Mountains, is a sequence of Archean
metasedimentary rocks into which a layered mafic
and ultramafic intrusive body (the Stillwater Com-
plex) was intruded at 2720-2700 Ma (Page 1977;
Mogk and Henry 1988). A contact aureole con-
sisting of finely layered hornfels, metamorphosed
diamictite, blue metaquartzite, and iron formation
surrounds the Stillwater Complex (Page 1977; Page
and Zientek 1985). Page (1977) suggested that the
Stillwater Block was tectonically emplaced against
the Eastern Beartooth Block. The southwestern
Beartooth Block (often referred to.as the South
Snowy Block) is composed primarily of Archean

Subdivisions of the Archean rocks of the Beartooth Mountains, and their location within the northern

metasedimentary rocks (3100-2900 Ma, Mont-
gomery and Lytwyn 1984) into which small gra-
nitic stocks and minor mafic dikes and sills have
been intruded. Thurston (1986) interpreted the
metasedimentary package as a repeating sequence
of greywacke and mudstone representing turbidity
current deposits. Quartz monzonite bodies in-
truded the metasedimentary rocks approximately
2700-2600 Ma (Brookins 1968; Montgomery and
Lytwyn 1984). Mogk {1988) suggested that, prior to
about 2700 Ma, the South Snowy Block was tec-
tonically emplaced against the western margin of
the Beartooth Mountains, because the metamor-
phic grade in this block is unusually low, and be-
cause the whole-rock geochemistry and structural
style are so very different from those of the other
rocks of the Beartooth Mountains. In this paper,
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the detailed deformational history of a portion of
the South Snowy block, in the vicinity of Jardine,
Montana (figure 1) is reported.

Geology of the Jardine Region

The bedrock geology of the Jardine area consists
predominantly of Archean metasedimentary rocks
intruded by granitic stocks and minor mafic dikes
and sills. Greywacke and mudstone sequences
have been metamorphosed to quartz-biotite schist
and biotite schist, respectively. The granitic stocks
le.g., the Crevice Mountain stock) show no evi-
dence of having been involved in the regional de-
formation and metamorphism that affected the
metasedimentary rocks. Their age of emplace-
ment, therefore, sets a youngest limit of 2600—
2700 Ma for the regional tectonometamorphic
events that affected the metasedimentary rocks.
The original thickness of the sedimentary pile is
unknown, and diamond drill holes on Mineral Hill
(figure 2), over 2000 feet deep, failed to intercept
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the Precambrian crystalline basement. The thick-
ness of the sedimentary pile has probably been ex-
aggerated by tectonic thickening during an early
episode of isoclinal, nappe-like folding. The mo-
notonous nature of this thick pile of metasedimen-
tary rocks is interrupted by a silicate facies iron
formation, which acts as the only stratigraphic
marker horizon in the Jardine region.

The Archean metasedimentary rocks of the Jar-
dine region are among the oldest rocks in the Bear-
tooth Mountains. Using Rb-Sr systematics, Brook-
ins (1968) reported an emplacement age for the
Crevice Mountain quartz monzonite stock of 2660
+ 80 Ma, and also reported evidence of a metamor-
phic overprint at 1600 to 1800 Ma. He suggested
that the metasedimentary rocks into which the
Crevice Mountain stock intruded are at least 2660
Ma and may even be as old as 3300-3400 Ma.
Montgomery and Lytwyn (1984} confirmed Brook-
ins data, reporting a Rb-Sr age of 2620 to 2760 Ma
for the emplacement of the Crevice Mountain
stock. They suggested a resetting of biotite model
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Figure 2. Location map of the Jardine region.
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ages by a regional thermal overprinting event at
about 1800 Ma and reported an age of approxi-
mately 3000 Ma for the metasedimentary rocks.
Mogk (1988) reported an age of 3200 Ma, deter-
mined from U-Pb dating of detrital zircons ex-
tracted from the metasedimentary rocks in the Jar-
dine region.

Present in the area are cliff-forming outcrops of
diabase, generally in the form of a dike or sill with
an average width or thickness of 39 ft. Some of
the mafic intrusive rocks show an igneous texture
that has been unaffected by tectonometamorphic
events, whereas others (seen in underground ex-
posures) are folded and intensely sheared in the
metasedimentary package, indicating that they
were included in the regional Precambrian defor-
mational events. Previous investigators also re-
ported Crevice Mountain granite crosscutting
mafic dikes and mafic dikes crosscutting Crevice
Mountain granite (e.g., Seager 1944; Fraser et al.
1969; Casella et al. 1982). The mafic intrusions
have not been dated, but the above observations
indicate that some of the mafic dikes are older than
the Crevice Mountain granite, and that others are
younger. The mafic dikes are younger than the
Crevice Mountain granite are at least Precambrian
in age, as mafic dikes are not seen intruding Paleo-
zoic or Mesozoic rocks (Fraser et al. 1969). The
above observations suggest that a minimum of two
generations of mafic igneous intrusions occurred
in the region. In addition to these intrusive igneous
rocks, all of the hills immediately surrounding Jar-
dine, excluding Mineral Hill, are mantled by a thin
Tertiary or Quaternary volcanic cover.

Low- to medium-grade (upper greenschist to
lower amphibolite] regional metamorphism with
a contemporaneous ductile deformational event
caused the growth and preferential alignment of
both matrix and porphyroblastic phyllosilicates in
all of the metasedimentary rocks in the area. This
strong preferential alignment of micaceous miner-
als has created a schistosity along or nearly parallel
to the original compositionally and texturally de-
fined bedding planes.

The metasedimentary rocks in the Jardine re-
gion may be mapped as quartz-biotite schist,
intermediate-biotite schist, biotite schist, chlorite
schist, and iron formation (grunerite schist). Ca-
sella et al. (1982) and Thurston (1986) also included
quartzite metaconglomerate and felsic metavol-
canic rocks (quartz-muscovite-plagioclase schist)
as minor lithologies in the Jardine region.

Quartz-Biotite Schist. Quartz-biotite schist is
the most abundant rock type in the region. In hand

sample, it has a light grayish to brown color and
distinct 0.5-2.0 mm “brown spots”’ of preferen-
tially aligned biotite porphyroblasts in a matrix of
fine- to medium-grained quartz and feldspar. This
rock type is generally massive, but displays sedi-
mentary structures such as grading or cross-
bedding. The likely protolith of this rock type was
a coarse-grained greywacke. Although the phyllo-
silicates (biotite, = muscovite, *= chlorite) in the
quartz-biotite schist exhibit a strong preferential
alignment, their relatively small modal proportion
(5-10%) in the rock shows, at best, a crude schis-
tosity.

Intermediate-Biotite Schist. Intermediate-biotite
schist is the second most abundant rock type and
differs from quartz-biotite schist by having a
smaller grain size of quartz and feldspar and a
greater percentage of phyllosilicates in the matrix.
This rock type is typically grayish in color, fine-
grained, and has an approximately equal ratio of
biotite to quartz and feldspar. The micaceous min-
erals in the matrix are strongly preferentially
aligned and wrap around biotite porphyroblasts,
thus creating a domainal schistosity as defined by
Marshak and Mitra (1988). The protolith of this
rock type was intermediate between graywacke
and mudstone and was probably a fine-grained,
sandy- or silty-mudstone. At a few outcrop loca-
tions, this rock type displays a preferred mineral
elongation direction within the plane of schis-
tosity.

Biotite Schist. Though not uncommon in the re-
gion, biotite schist best records structural evidence
of Precambrian ductile deformational events. Bio-
tite schist is commonly brown to silver-gray in
color with = 50% mica, mostly biotite. The proto-
lith of the biotite schist was a mudstone. A very
strong preferential alignment of phyllosilicate
minerals and the lack of anything larger than very
fine-grained quartz, enhances a foliation of a form
defined by Marshak and Mitra (1988} as a continu-
ous schistosity Type 1.

Iron Formation. In the Jardine region iron forma-
tion is poorly exposed, but exposures can be found
in prospect pits and adits, as old time prospectors
were aware that lode gold in the region was associ-
ated with iron formation. Detailed subsurface map-
ping of iron formation on Mineral Hill has been
accomplished through the use of both surface and
underground diamond drill holes and face mapping
during underground mining operations. Both sili-
cate and oxide facies iron formation exist in the
area with silicate facies iron formation the more
common of the two types. Silicate facies iron for-
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mation is typically 1-10 m thick, dark green to
black in color, and displays 3—-30 mm long radiat-
ing, bow-tie shaped amphiboles (grunerite and
cummingtonite with retrograde hornblende|. This
facies of iron formation has a weak to moderate
schistose fabric defined by the preferential align-
ment of the amphibole minerals and has been pre-
viously mapped as grunerite schist by mine geolo-
gists. Oxide facies iron formation is not common
in the region. In outcrop, it is typically 1-10 m
thick, black, and is either thinly laminated or
banded (2—5 mm) with alternating magnetite-rich
beds and chert beds.

Chlorite Schist. Where found, chlorite schist is
almost everywhere in contact with iron formation.
It has the same characteristics as biotite schist,
with the exception that chlorite is the dominant
phyllosilicate in the rock. With increasing distance
from the iron formation, a continuous gradation
from chlorite schist to biotite schist may be found.

Descriptive Structural Geology

Three groups of folds and associated structural fea-
tures are present in the Archean metasedimentary
rocks of the Jardine region. Folds designated F, are
isoclinal and have only been observed under-
ground, not in surface exposure. The F, folds seen
underground are typically tabular-shaped, isocli-
nally folded quartz bodies 2—-40 cm thick, or
isoclinally-folded bands of massive sulfide (arseno-
pyrite) in iron-formation (figure 3). Typical ampli-
tudes of the F, folds observed underground are up
to a few meters. Because of the lack of good three-
dimensional exposure underground, data on fold
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orientation are few, with fold axes showing no pre-
ferred orientation, and in fact they occur in almost
any direction and plunge.

A strong axial planar foliation, here designated
S,, is observed in these isoclinal F, folds. With the
exception of F; fold hinges, the foliation is parallel
to bedding in the underground exposures of F;
folds. The S, foliation may be observed in nearly all
surface exposures in the region as well, observable
even when bedding is difficult to see in outcrop.
Where bedding and S; could be observed in the
same outcrop, S; was parallel or nearly parallel to
bedding planes (Sy); S; was never observed crossing
bedding planes at a high, or even moderate angle.
Observations of thin sections reveal the S, folia-
tion to be a continuous schistosity Type 1 (termi-
nology of Marshak and Mitra 1988, p. 243). Other
folding has affected the present orientation of S,
(and hence S,) surfaces in the region (figure 4A). A
few outcrops were found in which the S, foliation
was defined by a metamorphic layering. These
samples display mica-rich domains (0.5-2.0 mm
thick) in which the layer silicates show a strong
preferential alignment, separated by quartz-rich
mircrolithons (0.5-2.0 mm thick).

Folds designated F, are cylindrical and close (in-
terlimb angle equals 30° to 70°), with subhorizontal
to moderately plunging fold axes and nearly up-
right axial surfaces. These folds were observed in
surface and underground exposures. The amplitude
of F, folds observed on the surface ranged from ap-
proximately 5.0 cm up to 10 m. F, folds with large
amplitudes were seen underground in Mineral
Hill. F, fold axial surfaces (and hence S, foliation)
show a fairly consistent orientation in the region

Figure 3. F, fold observed in under-
ground exposure in Mineral Hill
Mine. Portion of inch-ruled scale
shown is 1 m in length.
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Figure4. Stereoplots showing com-
pilation of planar and linear minor
structures. (A) Poles to S,. (B) Poles
to S,. (C) Filled circles are L,, open
circles are L,. (D} F, fold axes.

{figure 4B), striking NE-SW [average strike = 055°)
and dipping steeply (60°—90°) to the northwest or
to the southeast. Measurements of fold axes show
that F, fold hinges plunge gently to the northeast
or to the southwest (figure 4D).

In an axial planar geometry to these folds is a
crenulation cleavage (S,), which is commonly well
developed. Observation of thin sections reveal S,
to be a zonal crenulation cleavage (Marshak and
Mitra, 1988), defined by the axial planar alignment
of microfold hinges (symmetric zonal crenulation
cleavage; figure 5) and/or domains of reoriented
micas (asymmetric zonal crenulation cleavage;
figure 6). The micaceous minerals that define S,
are bent and/or kinked into microfolds with hinge
lines that are in alignment parallel to the F, axial
planes (figures 5 and 6). The limbs of asymmetric
microfolds are composed primarily of micaceous
minerals, while the hinges of asymmetric micro-
folds show an excess of quartz (figure 6).

Prominent in many outcrops in the area is a lin-
eation, defined by the intersection of the S, and S,

foliations. These lineations show a similar orienta-
tion to F, fold axes (figure 4B and 4D).

Folds designated F; are open and upright with
subhorizontal to moderately plunging fold hinges.
F; folds are commonly seen in interference with F,
folds, and data on isolated F, folds are not common,
although it is clear that F, and F; fold axial surfaces
and fold axes are at high angles to each other. A
crenulation cleavage {S;), similar to S,, although
typically weaker, exists axial planar to the F; folds.
It is also a zonal crenulation cleavage (Marshak and
Mitra 1988). Where both sets of axial-planar crenu-
lation cleavages were observed in a coexisting fold
hinge, the amplitudes of the microfolds that define
the S, crenulation cleavage are typically larger than
the amplitude of microfolds in the S; crenulation
cleavage.

The most prominent structural feature from the
deformation related to the F; folds is a lineation

~ (Ly), which results from the intersection of the S,

and S; foliations. This lineation plunges gently to
moderately to either NW or SE (figure 4C) at a high



