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Preface

Two field trips held in conjunction with the 8th International Conference on
Basement Tectonics are the raison d’etre for this volume, which would perhaps
otherwise seem an eclectic association. The unifying theme is an investigation of
the nature of plate margins in time and space, consonant with the main theme of the
conference, Characterization and Comparison of Precambrian Through Mesozoic
Continental Margins. Papers presented at the conference will be published in a sep-
arate volume by the International Basement Tectonics Association, Inc.

The first field trip is at least a preliminary attempt at an overview of the Precam-
brian {predominantly Archean) crystalline basement of southwestern Montana. A
number of interesting investigations have been focused on this region in recent
years. Thus, papers in the first part of this volume take the reader from the Stillwater
Complex across the Beartooth Plateau, to the northern borders of Yellowstone Na-
tional Park, on to the southern Madison Range, and finally to some of the western-
most (probable) Archean exposures in the Highland Mountains south of Butte.

Moving considerably forward on the geologic time scale, the other broad topic
dealt with in a second field trip and complementary articles is a relatively recent colli-
sional terrane in central ldaho and eastern Oregon. Examined are portions of the
Idaho batholith and its enigmatic and fascinating marginal rocks, and to the west,
the heart of the suture zone itself in the Wallowa-Seven Devils terrane with its group
of exotic intrusive, metavolcanic, and metasedimentary rocks.

Sharon E. Lewis
Richard B. Berg
Butte
May 2, 1988



GEOLOGY OF THE
STILLWATER COMPLEX, MONTANA:
AN OVERVIEW

. S. McCallum
Department of Geological Sciences
University of Washington
Seattle, Washington 98195

Introduction

The Stillwater Complex, a stratiform layered
mafic/ultramafic intrusion, crops out along the north-
ern margin of the Beartooth Mountains of southern
Montana. The complex, which has a crystallization
age of 2.7 Ga (DePaolo and Wasserburg, 1979}, ex-
tends for 48 kilometers along the Beartooth front and
has a maximum exposed thickness of ~6 kilometers
in the Contact Mountain area {Figure 1). The strike
of the layering is approximately N 70° W with a
steep, but variable, dip towards the northeast. The
original size and shape of the complex are unknown,
although there is geophysical and geological evi-
dence that the exposed portion represents the up-
turned edge of a large saucer-shaped intrusion that
extends to the north beneath the Paleozoic sedi-

Upper Banded series

[j Middie Banded series

{ Lower Banded series
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ments. A Proterozoic (1.8-1.6 Ga) low grade, region-
al metamorphism has resulted in the localized devel-
opment of greenschist facies mineral assemblages in

the complex.
In the western part of the map area, between

the Boulder and the East Boulder rivers, the complex
is intrusive into Archean metasedimentary rocks
along its lower contact, while between the East
Boulder River and the West Fork of the Stillwater
River, the complex is in fault contact with these same
metasediments. Thermal metamorphism by the in-
trusion has converted the metasediments to cordier-
ite-pyroxene hornfels in the inner zone of the contact
aureole and to cordierite-anthophyllite hornfels in the
outer zone. In the section exposed between the West
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Figure 1—Generalized map of the Stillwater Complex showing major subdivisions and the location of mineralized zones (after
Boudreau and McCalium, 1986).



Fork and the Stillwater River, the lower contact is a
low-angle fault (the Bluebird thrust) along which
Archean gneisses and quartz monzonites have been
thrust over the complex during Laramide deforma-
tion. In the Mountain View area, located on the west
side of the Stillwater River canyon, part of the origi-
nal intrusive contact is preserved in a rotated block
between the Bluebird thrust and the Lake fault. Be-
tween the Stillwater River and Fishtail Creek, quartz
monzonite is intrusive into the lower part of the com-
plex. The quartz monzonite has also been dated at
2.7 Ga (Nunes and Tilton, 1971) although it is clearly
younger than the Stillwater Complex. The upper part
of the complex is unconformably overlain by Paleo-
zoic and Mesozoic sedimentary rocks on the west
and is in fault contact with these same sedimentary
rocks in the east.

The Stillwater Complex has attracted the atten-
tion of geologists and prospectors for over a century,
not only because of the superb exposures of mag-
matic structures and textures but also because it is a
major repository of magmatic ore deposits. The com-
plex contains large reserves of chromite (~80% of
the known reserves in the United States) in the Ultra-
mafic series rocks, significant deposits of Cu/Ni sul-
fides in the Basal series rocks and underlying horn-
felses, and a laterally extensive zone of platinum
group element (PGE) mineralization (the J-M/How-
land Reef) in the Lower Banded series. Platinum-bear-
ing rocks are presently being mined from the reef
along the west side of the Stillwater River valley. As
might be anticipated, there is a very large amount of
published information on the geology and mining/
exploration activities in the complex; a comprehen-
sive bibliography has been compiled by Bennett
{1985). Extensive work has been carried out by geol-
ogists of the U.S. Geological Survey, Princeton Uni-
versity, University of Washington, and mining and
exploration companies, particularly Anaconda and
Johns-Manville. In 1985 an excellent guide to the
Stillwater Complex was compiled by Gerald Czaman-
ske and Michael Zientek of the U.S. Geological Sur-
vey and published by the Montana Bureau of Mines
and Geology as Special Publication 92. Anyone inter-
ested in more detailed descriptions and additional
field trips should consult this volume. A field trip
guide (McCallum, this volume) is based in large part
on the material published in Special Publication 92.

In this article, the terminology used to describe
cumulate rocks is basically that recommended by Ir-
vine (1982}. The stratigraphic subdivisions of the
complex used are those proposed by McCallum and
others (1980} and Raedeke and McCallum (1984)
with modifications proposed by Zientek and others
{1985).

Stratigraphic units

The major subdivisions of the Stillwater Com-
plex are the Basal series, the Ultramafic series, and
the Lower, Middle and Upper Banded series (Figure
2). These have been further divided into a number of
zones (Figure 2) and subzones.

Basal series and associated rocks

The Basal series comprises that part of the intru-
sion below the horizon where olivine appears as a
major cumulus mineral. The series, locally more than
100 meters in thickness, is composed of a lower zone
of heterogeneous norite plus a variety of multiphase
“cumulates” containing variable amounts of ortho-
pyroxene, plagioclase, augite and olivine. Individual
members are of limited lateral extent. The upper zone
of the basal series is a relatively uniform bronzitite
cumulate. Ni/Cu sulfides are distributed throughout
the Basal series, but, in general, decrease in abun-
dance from the bottom to the top. Hornfels xenoliths
are locally common.

Closely associated with the Basal series rocks is
a suite of coeval sills and dikes that are particularly
well developed in the eastern part of the intrusion
(Zientek, 1983). The bulk of these fall into two com-
positional groups, diabase and mafic norite. The
mafic norites are believed to be closely related to the
parental magmas that produced the cumulates of the
Ultramafic series. Massive sulfides are commonly as-
sociated with the mafic norite suite.

The country rock adjacent to the complex is
dominantly composed of quartz-bearing and quartz-
free cordierite-pyroxene hornfels, with lesser
amounts of metamorphosed iron formation and
quartzite. Mineral assemblages in the hornfels and
iron-formation indicate temperatures up to 825° C
and pressures of 3-4 kilobars during the peak of con-
tact metamorphism {Labotka, 1985). The latter value
provides the most reliable constraint on the depth of
emplacement of the initial batches of Stillwater
magma. The most extensive exposures of hornfels
occur in the western region where a triangular wedge
extends from the base of the complex to the Mill
Creek-Stillwater fault zone, a maximum width of 10
kilometers.

Ultramafic series

The base of the Ultramafic series (UMS) is
marked by the first appearance of significant
amounts of cumulus olivine. This series is subdivided
into a lower Peridotite zone containing olivine + or-
thopyroxene * chromite cumulates, and an upper
Bronzitite zone. The Peridotite zone is made up of a
variable number of cyclic units, a complete cycle be-
ing olivine cumulate {oC), overlain by olivine-bronzite
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Figure 2—Section through the Stillwater Complex showing
the major zones and the modal abundances of cumulus min-
erals within zones. The Ultramafic series section is from the
Mountain View area (after Raedeke and McCallum, 1984)
and the Banded series section is from the Contact Mountain
area {after McCallum and others, 1980).
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cumulate (obC), in turn overlain by bronzite cumu-
late (bC). Olivine-chromite cumulate (ocC) occurs as
layers within olivine cumulate. Incomplete cyclic
units, in which one or more of the three members is
missing, are fairly common. In a published model
(Raedeke and McCallum, 1984), it was postulated
that each cycle marked the influx of a batch of primi-
tive, olivine-saturated magma into a chamber con-
taining a liquid undergoing fractionation. Injection
was foliowed by accumulation of suspended olivine,
mixing between the new and the resident magma,
and the reinitiation of fractional crystallization. The
multiple injections of primitive magma into the
chamber had the effect of buffering the magma com-
position and preventing extensive fractionation from
occurring, as shown by the lack of compositional
variation in the cumulus minerals.

A detailed stratigraphic section through the
Ultramafic series in the Mountain View area was
measured by Raedeke and McCallum (1984) and is
shown as Figure 3. The left column represents a
standard stratigraphic section superimposed on
which are the compositions (in terms of Mg/ Mg + Fe
ratios) of olivines and orthopyroxenes. The right-
hand column shows the modal variations of the cum-
ulus minerals and sample locations. Not shown are
the modal abundances of postcumulus minerals.
Twenty cyclic units are present. in the olivine cumu-
lates (dunites and harzburgites), postcumulus bronz-
ite occurs as oikocrysts enclosing rounded and em-
bayed olivine, clearly indicating a reaction relation-
ship. Postcumulus plagioclase, occurring as intersti-
tial fillings, is present in small amounts (2-10%) along
with minor amounts of postcumulus augite and
phlogopite, and trace amounts of pargasite and apa-
tite. Chromite is commonly disseminated in the oli-
vine cumulates or may form seams near the base of
oC units. Minor amounts of sulfides are concentrated
in the chromite-rich layers.

The contact between the olivine cumulates and
overlying olivine-bronzite cumulates (granular harz-
burgite) is marked by an abrupt increase in modal
bronzite. However, the textural change across this
contact is not always sharp; the habit of bronzite
changes from poikilitic to granular over a stratigraph-
ic thickness of a few meters. Textures are complex
and varied in the harzburgites. In some rocks both
olivine and bronzite show secondary overgrowths to
form a granular texture, while in others, olivine may
be resorbed or rimmed by a bronzite overgrowth.

Bronzite cumulate (bronzitite), which forms the
uppermost member of the cyclic unit, contains sig-
nificant amounts of postcumulus plagioclase and au-
gite. Bronzite usually shows secondary enlargement
but may also show resorption textures against augite
indicating some type of reaction relationship with



Stratigraphic
section

umulus mode (%)

meters 88 86 C
820 I 8[4 8'2 20 40 60 80 100
| | l |
800 |—
7801
- | l | OP% | | Fe
| .

88 86 84 82
mol % Mg/(Mg+Fe)

20

40 60

Figure 3— Stratigraphic section through the Ultramafic series in the Mountain View area (after Raedeke and McCailum, 1984),
The left-hand column shows the stratigraphic distribution of lithologic units. Heavy shading (olivine cumulates), light shading
{olivine-bronzite cumulates), no shading (bronzite cumulates). Also plotted are the Mg/Mg + Fe ratios of mafic minerals: open
circles—cumuius bronzite; open triangles—postcumulus bronzite; closed circles—cumulus olivine. The right-hand column
shows the modal abundances of cumulus minerals as a function of stratigraphic height. Shaded areas (olivine), unshaded

{bronzite), black (chromite).

augite. Grain size variations with stratigraphic height
are common in otherwise uniform bronzitites. Also,
sharp breaks between competent and friable bronzit-
ite occur along conformable contacts.

The upper Bronzitite zone consists almost en-
tirely of bronzite cumulate {bC) with variable amounts
of postcumulus plagioclase and augite, the latter
forming distinctive emerald-green oikocrysts. As
seen in Figure 3, there is no evidence of any system-
atic variation in the composition of cumulus bronz-
ites in this zone.

Fine-scale layering is not conspicuously devel-
oped in the Ultramafic series, but it is not uncommon
to find abrupt variation in grain size within lithologi-
cally homogeneous units. Pegmatitic rocks, which
occur sporadically throughout the Ultramafic series,
are spectacularly developed in the vicinity of the ma-
jor chromitite seams. A distinctive rock type, called
discordant dunite by Raedeke and McCallum (1984),
occurs sporadically throughout the Ultramafic series.
It is best developed in the Chrome Mountain and fron
Mountain areas. This unit is a true dunite {>90%
olivine) and is associated with pegmatitic bronzitite.

It might represent remobilized olivine cumulate or, in
our preferred model, secondary dunite formed by the
incongruent dissolution of pyroxene in response to
the addition of water at supersolidus temperatures.
There is a wide variation in the thickness of the
Ultramafic series with the thickest exposed section
{~2,100 m) occurring in the Mountain View area.

Banded series

The Banded series is made up of a thick se-
quence (approximately 4,500 meters in the Contact
Mountain-Picket Pin area) of plagioclase-rich cumu-
lates. A detailed stratigraphic section showing modal
variation in the Contact Mountain area is shown in
Figure 2. (For additional details of this area, see
McCallum and others, 1980.) Plagioclase, orthopy-
roxene, augite and olivine are the chief cumulus min-
erals. The same minerals may also occur as postcum-
ulus minerals along with phlogopite (restricted to oli-
vine-bearing rocks), rare pargasite, quartz, apatite,
magnetite, ilmenite, chromite and sulfides. This ser-
ies has been subivided into a Lower Banded series
(LBS), a Middle Banded series {(MBS), and an Upper
Banded series (UBS).



The Lower Banded series is composed domi-
nantly of norite (pbC} and gabbronorite (pbaC) with
minor troctolite (poC), peridotite {oC), anorthosite
(pC), and bronzitite {bC) members. The olivine-bear-
ing rocks, which are restricted to a zone (OB 1) about
400 meters above the base of the series, are the host
of the J-M/Howland Reef, a 1 to 3 meter-thick sub-
zone containing disseminated sulfides rich in PGE.
The reappearance of olivine as a cumulus mineral at
this level in the intrusion is most likely due to the in-
flux of a batch of primitive magma. Spectacular lay-
ering structures are developed in the LBS, particu-
larly in the noritic members.

The Middle Banded series is dominantly com-
posed of anorthosite (pC), troctolite (poC), and oli-
vine gabbro (paoC). The crystallization sequence
(plagioclase and augite before bronzite) in the MBS
differs from that in the rest of the compiex (bronzite
before plagioclase and augite) leading to the specula-
tion that a magma of significantly different composi-
tion might have been involved in the crystallization of
the cumulates in the MBS. A sulfide-bearing interval,

the Picket Pin deposit, occurs in a thick anorthosite
near the top of the MBS. This deposit, known in the
field as the “poor man's deposit,” contains subeco-
nomic amounts of PGE. This zone is of interest be-
cause the sulfide mineralization forms pods and pipes
which are clearly transgressive to the layering leading
Boudreau and McCallum (1986} to postulate that the
sulfides were deposited from supersolidus, internally
generated, hydrothermal solutions.

The Upper Banded series is composed of trocto-
lite overlain by a thick sequence of uniform gabbron-
orite (pbaC) which contains inverted pigeonite in its
upper part. The gabbronorites show a well developed
igneous lamination and the mineral compositions
vary in a manner consistent with fractional crystafli-
zation,
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Rock Creek canyon in the Beartooth Mountains southwest of Red Lodge, Montana. (H. L. James photo.)
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Introduction

One of the critical aspects of interpreting the Ar-
chean rock record in terms of modern tectonic ana-
logs is the resolution of the time frame applicable to
the development of Archean rock associations. In
the case of magmatic rocks, for example, rock units
are often grouped according to their relative degrees
of deformation or metamorphism, or their petrologic
or geochemical affinities. Without age control, how-
ever, groupings of this nature are inadequate for re-
solving tectonic or orogenic processes. Differences

Geological

The Beartooth Mountains of Montana and Wyo-
ming (Figure 1) lie within the Archean Wyoming pro-
vince (Condie 1976; Peterman 1979; Wooden and
others, 1988) and contain exposures of more than
5,000 km? of Archean rocks. The range lies astride a

of tens of millions of years yield much different
modeis than differences of hundreds of millions of
years. Consequently, high-resolution geochronology
is essential to the development of realistic tectenic
and petrogenetic models for Archean rock associa-
tions. The only geochronologic system that appears
capable of consistently providing the necessary reso-
fution is the U-Pb system in zircons (Krogh 1982).
Such studies have demonstrated that age resolution
of a few million years is possible for Archean rocks.

setting

major Late Archean lithologic discontinuity in the
province. To the south and east, Archean exposures
are dorhinantly granitoids in the range of 2500-3000
Ma old (Peterman 1979; Wooden and others, 1988}.
To the north and west, Archean exposures are domi-
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nated by meta-supracrustal rocks that are primarily
sedimentary in origin. Limited geochronologic work
in this northwestern area, summarized by James and
Hedge (1980), suggests mostly Late Archean ages
for this terrane as well. This study represents part of
an ongoing investigation into the nature of this
lithologic discontinuity and its relation to Late Ar-
chean tectonics and crustal evolution (Mogk and
others, 1988; Wooden and Mueller, 1988; Mueller
and others, 1985).

The Beartooth Mountains can be subdivided into
several generally distinct regions which include: 1)
the granitoid-dominated areas in the eastern and
central Beartooth Mountains, 2) the Stillwater Com-
plex with its metasedimentary contact aureole, 3} the
northwestern part of the range containing a gneissic
basement overthrust by younger metasedimentary
rocks, and 4) the southwestern portion of the range

that is underlain primarily by metasedimentary rocks
{Figure 1, Casella and others, 1982: Mueller and
Wooden, 1982). As summarized in Wooden and
others (1982}, Warner and others (1982}, and Mueller
and others {1985), the eastern Beartooth Mountains
contain remnants of an older (>3.4 Ga) granulite
facies terrane (Henry and others, 1982} that served as
the basement upon which a Late Archean sequence
of calc-alkaline to sodic plutonic and volcanic rocks
was developed. The three major Late Archean rock
types recognized in the eastern Beartooth Mountains
are a group of amphibolites of andesitic composition
{AA), a granodioritic series informally known as the
Long Lake granodiorite (LLGd), and a tonalitic to
granitic series called the Long Lake granite (LLG).
Samples of these units for this study were taken
along U.S. Highway 212 between Red Lodge and
Cooke City, Montana (Figure 1, Mueller and Wooden,
this volume).

Analytical procedures

Zircons were separated by standard hydraulic,
heavy liquid and magnetic methods. The separated
zircons were washed in warm 7N HNO; for no longer
than 30 minutes to partially remove pyrite. Samples
were further separated according to size and/or
magnetic susceptibility utilizing a Franz Isodynamic
Magnetic Separator (Table 1 A, B, C). All fractions
were purified by hand sorting. Zircon fractions were
then loaded into teflon dissolution vessels with ultra-
pure HF and HNO; and the bomb assembly was
heated for 5 days at 195°C. Samples were then dried,
treated with HCI, and returned to the oven for con-
version to chlorides. After total dissolution, samples
were aliquotted and spiked with a mixed 2®Pb/%U
spike.

Lead and uranium were separated using a modi-
fication of the method of Krogh (1973). Mass spec-
trometry was done on a VG 354 automated mass
spectrometer. Lead was loaded in phosphoric acid
on a single Re filament with a silica-gel bed. Uranium
was also loaded in phosphoric acid on a single Re fil-
ament, but was loaded with carbon in order to pro-
duce a U+ metal ion beam. Analytical precision is
estimated at better than +£0.1% (20) for 207Pb/2%Pb
and 2°8Pb/2%Pp ratios, + 1to 3% (20) for 206Pb/204Pb

ratios, and +0.5% (20) for U/Pb ratios. Decay con-
stants and isotopic abundances used are those re-
commended by the UGS Subcommission on Geo-
chronology (Steiger and Jager, 1977). Analytical
blanks determined concurrently with samples ana-
lyzed during the period of this study decreased from
3 ng to 0.2 ng total Pb as cleaning and separation
technigques improved. The isotopic composition of
the blank was: 204Pb:2%6Ph:207Ph:208Ph: = 1:18.67:
15.66:38.39. All lead isotopic data were corrected for
0.05% per amu mass discrimination based upon mul-
tiple analyses of SRM 981. The data were reduced
and evaluated for uncertainties using the method of
Ludwig (1980). Concordia intercepts were determined
using the method of Ludwig {1985), which reports all
age errors at 2o0. Model | assumes all error is analy-
tical and weights all points according to analytical er-
ror. Models Il and IV are used for data sets which
scatter outside of analytical error and along with
Model | use a student’s T multiplier which. signifi-
cantly increases the intercept error for small popula-
tions. All procedures were performed in the isotope
geology laboratory at the University of Florida. All
chemical data were produced by standard XRF tech-
niques in the Department of Geology at the Univer-
sity of Glasgow, Scotland.

Petrology and geochemistry

Andesitic amphibolites (AA)

Amphibolites of generally andesitic or dioritic
composition are found throughout the eastern and
central Beartooth Mountains and appear to be the

oldest of three main Late Archean rock types. Field
relations may be complex in certain areas (Fred
Barker, personal communication, 1988), and the vari-
ety of metamorphosed mafic to intermediate rocks
makes it impossible to consistently distinguish geo-



Table 1A—Major-and trace-element data for the andesitic amphibolites.

Weight percent ppm
Sample Type SiO, TiO, AlLO; Fe,0, FeO MnO MgO CaO Na,0 K,0 P,0, H,0 CO, Total Sample Ba Rb Sr 2Zr Ce Pb Th Y Cr Ni Sample
BTR-33 Thol. b55.37 1.27 1495 451 553 0.18 370 6.49 357 174 055 132 0.31 99249 BTR-39 1571 40 824 229 218 21 22 28 74 47 BTR-39
BTR-43 Thol. 56.63 1.35 14.12 448 498 0.15 6.38 3.05 2.62 0.73 1.44 0.11 99.25 BTR-43 2455 58 989 217 267 13 17 34 67 25 BTR-43
BTR-37 Thol. 57.42 147 1423 5.13 5.02 0.16 322 626 307 243 0.78 1.17 0.14 100.50 BTR-37 1782 60 880 259 288 18 26 36 55 20 BTR-37
BTR-52 Thol. 57.80 1.64 1392 351 551 0.20 298 540 347 240 0.78 1.20 0.27 99.08 BTR-52 1435 48 718 217 211 14 12 37 51 17 BTR-B2
BTR-51 Thol. 58.16 1.70 14.66 299 554 0.18 3.056 532 353 230 077 1.77 0.22 100.19 BTR-51 1490 40 728 204 198 17 13 33 47 16 BTR-b1
BTR-27 Trans. 54.87 0.78 15.64 299 495 0.12 521 7.45 3.68 203 0.33 1.36 0.07 99.48 BTR-27 855 60 791 179 118 20 18 16 138 74 BTR-27
BTR-26 Trans. 55.10 0.73 16.18 3.18 4.75 0.11 4568 7.78 325 193 0.29 1.46 0.43 99.77 BTR-26 949 57 766 104 127 16 24 16 84 47 BTR-26
BTR-26 Trans. 55.77 0.88 15.37 261 6.17 0.13 450 7.14 3.48 1.31 030 1564 0.22 99.42 BTR-25 629 50 482 150 95 12 8 23 117 55 BTR-25
BTR-34 Trans. 56.11 0.84 15.07 3.78 5.22 0.16 48 6.77 3.46 155 0.39 0.88 0.10 99.18 BTR-34 491 76 431 156 91 28 11 21 140 40 BTR-34
BTR-38 Trans. 57.25 0.85 15.68 299 5.13 0.1 401 660 442 122 037 1.27 0.16 100.06 BTR-38 1066 32 522 240 133 16 11 29 96 43 BTR-38
BTR-154 CA 54.37 045 17.12 248 4.68 0.14 5,82 820 354 1.01 006 1.43 020 9950 BTR-154 405 18 545 87 30 9 3 13 139 62 BTR-154
BTR-69 CA 5538 0.69 1486 2.64 5.01 0.16 6.85 6.10 3.20 2.30 0.24 2.17 0.28 99.88 BTR-69 575 90 346 127 92 9 2 26 250 78 BTR-69
BTR-91 CA 5553 065 1643 283 549 0.16 5,30 5.20 442 200 0.16 2.19 0.16 100.52 BTR-91 330 83 304 8 45 7 7 12 81 40 BTR-9
HT-6 CA 5558 056 17.60 2.63 471 0.15 48 753 4.18 1.38 0.21 0.96 0.22 100.49 HT-6 619 56 554 129 101 13 5 23 140 58 HT-6
BTR-70 CA ©565.66 0.63 16.18 280 493 0.13 5,00 7.06 343 1.47 0.18 2.13 0.17 89.76 BTR-70 505 51 468 6 55 6 7 10 130 52 BTR-70
BTR-163 CA 56.50 0.17 1825 1.01 3.91 0.10 746 7.58 3.08 1.00 0.03 1.25 0.14 10048 BTR-163 204 38 376 53 31 10 8 6 247 124 BTR-163
BTR-56 CA 5792 1.13 1537 263 533 0.16 4.07 570 360 220 050 1.04 0.17 99.82 BTR-66 1020 59 557 243 151 7 8 29 115 53 BTR-56
BTR-151 CA 57.98 0.61 17.27 241 451 0.1 366 682 407 1.07 0.17 1.06 0.30 99.93 BTR-151 580 22 600 1956 63 6 2 16 45 28 BTR-151
BTR-158 CA 58.79 0.34 1859 3.16 4.12 0.09 274 6.46 453 083 0.09 0.92 0.09 100.81 BTR-158 203 17 378 48 28 11 1 37 17 8 BTR-158
HT-7 CA 5890 050 1755 222 366 0.11 378 6.62 4.06 136 0.177 0.82 0.18 99.93 HT-7 638 54 569 98 77 13 3 13 97 44 HT-7
BTR-68 CA 59.32 084 1538 240 441 0.3 393 520 367 1.8 052 1.28 0.23 99.13 BTR-68 810 62 522 80 180 12 11 41 127 50 BTR-68
HT-12 CA 59.68 0.79 1542 261 479 0.14 397 58 353 154 0.26 1.03 0.21 99.86 HT-12 845 79 541 146 83 11 6 22 126 52 HT-12
BTR-36 CA 56972 042 1462 149 429 0.1 659 596 363 1.8 0.05 159 024 10056 BTR-36 256 79 204 60 39 21 6 16 256 117 BTR-36
BTR-4 CA 6148 033 1539 098 432 0.09 491 580 379 097 0.03 1.17 1.22 100.48 BTR-4 199 24 277 100 29 14 4 18 92 55 BTR-4
Table 1B—Major-and trace-element data for the Long Lake granodiorite.
Weight percent ppm

Sample Si0, TiO, AlO; Fe,0, FeO MnO MgO CaO Na,0 K,0 P,0, H,O CO, Total Ba Rb Sr 2Zr Ce Pb Th Y Sample

BTR-7 67.70 0.56 15.83 1.30 264 0.06 148 3.30 4.00 2.68 0.20 0.72 0.12 100.59 1087 140 228 196 118 23 29 13 BTR-7

BTR-15 66.35 0.54 17.08 0.61 239 0.03 1.42 409 4.07 1.64 0.16 1.51 0.05 99.94 1262 68 305 354 148 26 50 8 BTR-15

BTR-28 7046 053 13.90 203 158 0.03 092 180 357 456 0.13 0.79 0.13 100.43 3699 117 313 367 395 28 50 43 BTR-28

BTR-32 67.71 0.76 1367 263 268 0.06 1.33 3.18 4.06 241 035 058 0.03 99.35 1189 93 361 310 150 25 16 17 BTR-32

BTR-35 69.43 0.80 13.61 267 2.00 0.06 1.07 3.06 344 334 0.31 093 0.26 100.98 2464 101 458 301 203 21 20 69 BTR-35

WRS71/40 67.23 0.62 1564 0893 279 006 288 150 457 1.8 025 1.68 0.05 100.06 900 90 205 320 250 - - - WRS71/40

WRS71/45 69.39 0.61 1452 184 177 006 1.15 244 3.10 3.75 0.22 0.60 0.06 99.51 1620 215 360 290 150 - - - WRS71/45

WRS71/17 63.33 0.90 15.08 294 365 0.11 230 425 342 260 0.46 0.8 0.15 100.07 1530 55 570 260 180 - - - WRS71/17

WRS71/66 65.47 0.83 15.69 1.81 246 0.08 1.58 2.86 3.33 4.17 0.29 1.17 0.16 99.90 2470 95 490 350 200 - - - WRS71/66

WRS70/5 68.46 0.82 15.05 141 232 0.08 135 3.07 3.30 3.59 0.21 0.28 0.00 99.94 1940 197 460 305 215 - - - WRS70/5

WRS70/7 6599 0.82 1551 210 256 0.09 135 3.18 3.40 3.59 0.27 0.63 0.18 99.67 2210 207 415 360 230 - - - WRS70/7

WRS70/11 64.75 1.11 1645 210 3.20 0.09 170 3.60 3.98 1.93 0.34 046 0.00 99.71 570 182 420 295 170 - - - WRS70/1

WRS70/31 64.78 0.93 16.10 247 263 009 1.53 333 3.30 3.66 0.30 043 0.00 99.55 2620 195 510 405 255 - - - WRS70/3

0l



Table 1C—Major-and trace-element data for the Long Lake granite.

Weight percent ppm
Sample 8i0, TiO, Al,0, Fe,0, FeO MnO MgO Ca0 Na,0 K,0 P,0, H,O CO, Total Ba Rb Sr Zr Ce Pb Th Y Sample
High Na Series
UHR-51 67.49 0.28 1828 044 119 003 068 324 6.16 155 0.05 052 0.26 100.17 175 46 343 168 25 26 15 4 UHR-51
UHR-32 68.79 0.30 17.20 0.60 157 0.02 1.02 272 550 206 003 0.75 032 10088 311 94 293 178 32 29 18 5 UHR-32
UHR-31 69.36 0.30 17.04 059 147 003 093 268 529 192 0.03 0.71 0.12 10046 302 90 303 181 24 24 11 6 UHR-31
UHR-30 70.79 0.24 16.25 0.47 1.12 0.02 073 262 533 183 0.03 0.66 0.12 100.21 288 77 295 175 18 26 9 7 UHR-30
BTR-21 70.89 0.32 15.61 096 171 0.04 092 249 563 136 0.03 067 0.16 100.78 126 73 248 156 83 29 34 8 BTR-21
UHR-20 7146 0.19 1624 045 094 0.03 050 264 575 1.17 0.03 105 0.17 100.62 132 55 326 195 48 29 25 10 UHR-20
BTR-46 71.93 0.25 13.84 1.06 1.01 0.00 068 242 457 260 0.06 052 021 99.14 1193 72 315 130 74 27 31 2 BTR-46
BTR-42 72.14 0.23 1554 0.63 1.03 0.02 050 239 550 181 0.03 046 0.26 100564 529 49 291 200 8 32 33 5 BTR-42
HT-3 72563 0.13 1635 1.03 056 001 030 236 461 358 0.02 025 0.22 101.95 1041 92 362 114 21 21 6 4 HT-3
BTR-20 73.27 0.18 1474 057 099 0.02 0.46 186 453 298 0.03 044 0.14 10021 911 84 250 148 51 40 25 b5 BTR-20
BTR-45 73.59 0.21 1473 037 070 0.02 037 201 5.13 3.07 0.06 0.47 0.18 10091 1088 68 278 173 72 37 26 7 BTR-45
HT-11 7366 0.22 1488 1.09 0.88 0.03 023 167 429 381 0.03 053 0.17 10149 949 115 242 131 66 30 16 9 HT-11
BTR-54 7420 0.31 1382 033 083 0.04 036 180 428 378 0.03 0.18 0.08 100.04 1355 98 252 72 42 32 20 2 BTR-54
BTR-17 7464 0.18 13.63 0.80 080 0.03 059 069 446 321 0.03 072 0.13 99.91 918 73 149 141 b3 25 27 7 BTR-17
HR-116 74.97 0.06 1475 0.3 020 0.02 0.00 177 483 331 0.03 040 0.177 10064 1056 65 311 93 7 33 6 3 HR-116
BTR-24 75.46 0.08 1358 035 040 001 037 180 394 392 0.04 056 0.17 100.68 1267 94 237 51 52 36 22 4 BTR-24
Low Na Series
BTR-62 70.29 0.58 13.64 150 172 0.06 079 275 3.62 426 0.17 0.87 0.22 100.47 2760 82 196 252 87 27 11 7 BTR-62
BTR-89 70.59 038 13.77 124 161 004 076 245 366 375 0.11 0.74 0.29 9939 991 111 158 195 58 24 18 3 BTR-89
BTR-88 71.10 0.38 1420 1.28 146 005 098 250 392 351 0.10 0.70 0.23 10041 905 107 155 191 91 30 20 4 BTR-88
BTR-11 71.95 0.27 1453 090 1.06 002 079 279 335 422 0.11 053 0.04 100.56 2174 118 118 149 74 28 14 1 BTR-U1
BTR-86 72.94 0.22 138 059 074 0.04 053 3.05 325 4.14 0.04 034 009 9982 1580 96 398 45 44 25 17 1 BTR-86
BTR-105 73.13 0.34 13.26 077 071 0.04 047 248 3.08 453 0.04 045 0.10 99.40 2765 121 402 87 73 29 13 - BTR-105
BTR-22 73.25 0.05 1447 0.19 021 000 036 132 351 633 0.04 058 023 10054 2115 135 246 O 29 45 10 1 BTR-22
BTR-8 73.25 0.22 1411 0.62 1.07 005 056 204 350 416 0.09 050 0.15 100.32 1490 136 190 156 36 29 13 8 BTR-8
BTR-92 74.19 048 12.00 102 053 004 0.14 080 216 8.76 0.08 0.55 0.20 100.95 1643 212 194 113 29 35 11 12 BTR-92
BTR-90 74.27 0.28 13.07 088 0.81 003 053 162 3.08 504 005 058 0.21 10045 1210 134 131 139 62 38 30 3 BTR-9
BTR-9 75.55 0.16 13.69 0.61 0.68 0.03 1.66 2.89 446 0.04 0.48 0.12 10065 1636 128 183 116 9 30 4 5 BTRI

Ll
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chemical types in the field. Samples for this study
were taken primarily from large rafts of amphibolite
that have been intruded by later granitoids in the
Long Lake and Chain Lakes areas of the eastern
Beartooth Mountains (Figure 1, Mueller and Wooden,
this volume).

These rocks have been recognized by Armbrust-
macher and Simonds (1977} and Warner and others
(1982) and are coarse to fine-grained amphibolites
composed of plagioclase and quartz with both biotite
and amphibole. Although homogeneous and coarse
grained in many instances, some samples exhibit
strong lineation and foliation. All samples are pres-
ently in the amphibolite facies and all major minerals
are metamorphic. Morphology and U-Pb systemat-
ics, however, suggest the zircons have been little
modified by metamorphic processes.

The geochemistry of these rocks has been dis-
cussed previously by Mueller and others (1983), as
well as in a variety of earlier studies (Harris, 1959;
Armbrustmacher and Simonds, 1977; Wooden and
others, 1982). Mueller and others (1983) reported
major and trace element data that clearly showed
two major groups of amphibolites, one tholeiitic and
one calc-alkaline (Table 1A, Figure 2}. In general,
these rocks are distinguished by their high concen-
trations of incompatible elements (Figure 3) and
their overall andesitic chemistry {Table 1A). In addi-
tion, both calc-alkaline and tholeiitic types exhibit the
relative depletion in the high-field strength elements
(HFSE; e.g., Ta, Nb} that characterize modern sub-
duction related andesites (Figure 4). These composi-
tional traits suggest that this suite of rocks may have
also been generated by subduction-like processes.

Long Lake granodiorite (LLGd)

Field relations in the Long Lake area clearly
show members of the andesitic amphibolite group
were intruded by a later granodioritic magma. Wood-
en and others (1982), and Warner and others (1982)
described this unit as a quartz-plagioclase-biotite
rock with variable amounts of microcline which pro-
duces a range of compositions from tonalite to gran-
ite. The majority of samples analyzed, however, are
granodiorite (Table 1B}. In general, this group ex-
hibits igneous textures and mineralogy, but can ex-
hibit strong foliation in some areas. The rock is inter-
preted as being late synkinematic relative to the
metamorphic-deformational event that produced the
andesitic amphibolites.

Geochemically, the rock is characterized by SiQ,
contents between 65 and 70 weight percent and
K,0/Na,0 ratios less than one. In addition, this group
exhibits steep REE patterns {Figure 3} with strong
light rare-earth enrichment and negative europium
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Figure 2—Major-element plots showing calc-alkaline and
tholeiitic aspects of the andesitic amphibolite group. Filled
symbols are calc-alkaline and open symbaols are tholeiitic;
other symbols represent potential subgroups.

anomalies. As in the case of the andesitic amphibo-
lites, the HFSEs are also relatively depleted in these
rocks. Though not as reliable an indicator of subduc-
tion related magmatism in rocks of this silica content,
the HFSE depletion and other trace element values
suggest that these rocks are more likely to be related
to the andesitic rocks than the later granites.

Long Lake granite (LLG)

The group of rocks described by Wooden and
others (1982), and Warner and others (1982) as the
Long Lake granite is the most abundant in the east-
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Figure 3— Chondrite normalized rare-earth element diagrams showing distinctions between main Late Archean rock types.

ern Beartooth Mountains. Field relations clearly
show this group to be younger than the granodioritic
or andesitic rocks in the area around Long Lake. Tex-
turally, the rocks are igneous with very limited folia-
tion developed near inclusions which are very abun-
dant in this series. Rock types range from tonalite to
granite and, therefore, overlap the compositional
range of the granodioritic suite. The granite series,
however, is distinguished by lower modal abun-
dances of biotite, higher degrees of alteration of pla-
gioclase, generally larger microcline crystals, and
lack of sphene as an accessory phase.

Geochemically, this series is characterized by

high silica, generally greater than 70 weight percent,
and containing high soda {Table 1C, Figure 5). Trace-
element abundances can be very high {e.g., Ba), and
the rare-earth elements are generally lower in abun-
dance than for the granodioritic series {Figure 3). In
particular, these rocks are strongly depleted in the
heavy rare-earth elements (Figure 3) and are unlikely
to have a direct petrogenetic relation to either of the
older rock types. In terms of the HFSE, they also
show relative depletion. This suggests that some in-
direct relation between this series and the less silicic
rocks may exist, such as short term recycling of sub-
duction derived materials as might be expected in an
arc or continental margin environment.

Geochronology

Previous geochronologic studies (Gast and
others, 1958; Catanzaro and Kulp, 1964; Wooden
and others, 1982) have established a generally Late
Archean age for a majority of the rocks exposed in
the eastern Beartooth Mountains. For the three main
rock groups discussed here, whole-rock Rb-Sr, Sm-
Nd, and Pb-Pb studies have all shown an inability to
distinguish separate ages or initial ratios for the three
series (Wooden and Mueller, 1988). For example,

whole-rock Rb-Sr data reported by Wooden and
others (1982} showed that the andesitic, granodioritic,
and granitic series yielded an age of 2790 + 35 Ma
with an initial 8Sr/%Sr of 0.7022 + 2. The Long Lake
granite samples alone regressed to vield an age of
2800 + 45 Ma with an initial ratio of 0.7019 + 3.
Similarly, the andesitic and granodioritic suites yielded
essentially identical ages, but with larger errors re-
lated to their more limited range of Rb/Sr ratios. Sm-
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both oxides in the Long Lake granite. The Long Lake grano-
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Nd (Mueller and others, 1985) and Pb-Pb (Wooden
and Mueller, 1988) also produced a series of statisti-
cally indistinguishable ages and initial ratios. From a
petrologic and geochemical perspective, it is clearly

important to ascertain whether the observed similari-
ties in age and isotopic composition of these diverse
rocks were related to overprinting by the volumetri-
cally dominant granitic rocks or were inherent char-
acteristics of the different suites. This can not be
done without refined chronologic data. Conse-
quently, a U-Pb zircon-based geochronologic investi-
gation of the andesitic amphibolite, granodioritic,
and granitic rock series was conducted.

Andesitic amphibolite

Zircons were obtained from four separate sam-
ples of AA. Two (BTR-27,57) are from the calc-alka-
line suite, and two {BTR-43,52) are from the more
enriched tholeiitic suite (Mueller and others, 1983}.
U-Pb isotopic and age data are presented in Tables
2, 3. Despite the variation in chemical types, samples
27, 57 and 52 appear to contain a single population of
zircons {Figure 6A) that are nominally 100-600 mic-
rons long with length/width ratios of 2:1 to 5:1 and



Table 2— Zircon analyses.

SAMPLE CONCP(:NTRS&TIONS1 MEASURED RATTOS ATOMIC RATTOS® AGE(Ma)®
WEIGHT ppm
SAMPLE  FRACTION®  (mg) U pp  200py 20%py,  P0Tpy,206p, 208y, 206, 207y 235, 2065 238 207 206, 207y 206
GRANTTES
BTR-21 snall 1.2 1440 606 194 0.24833 0.6391 £.0961 0.2396 0.18453 2694
medium 1.5 1190 456 582 0.21098 0.3717 7.1695 0.2740 0.18977 2740
large 1.0 1210 438 613 0.21178 0.2322 7.4786 0.2830 0.19169 2757
BTR-33 small 1.2 727 250 163 0.26323 0.3%20 5.8626 0.2268 0.1874% 2720
medium 0.9 518 32y 96 0.31811 0.5247 8.7876 0.3349 0.19033 2745
large 0.6 1020 324 82 0.34%072 0.5885 4, 1571 0.1581 0.19072 2748
BTR-L6 mo° 0.8 867 375 867 0.20261 0.1819 9.2747 0.3571 0.18837 2728
mo° 1.5 737 195 800 0.20582 0.224%0 5.5522 0.2115 0.19042 2746
mé°(light) 2.2 1090 356 567 0.20739 0.8170 4. 6814 0.1830 0.18552 2703
m6° (dark) 1.5 827 178 736 0.20881 0.2253 4. 5374 0.1708 0.1927 2765
BTR-200 nmt° 0.2 669 335 1132 0.20102 0.1232 11.396 0.4347 0.19013 2743
mt° 0.3 628 31y 1010 0.19862 0.1653 10.787 0.419% 0.18636 2710
mo° 0.5 475 208 1420 0.20012 0.1404 9.9218 0.3759 0.19145 2755
large (dark) 4.5 700 218 386 0.2241Y4 0.3209 5.9610 0.2248 0.19239 2762
a.a. 0.6 675 205 697 0.21653 0.2518 6.4153 0.2355 0.19769 2806
(RANDODIORITES
BTR-32 mo° 2.2 270 196 806 0.20930 0.3767 13.978 0.5224 0.19%07 2777
mte 2,0 237 163 487 0.21913 0.4158 12,709 0.%753 0.1939% 2776
mo° 1.0 2 157 339 0.22903 0.4%917 10.874% 0.4093 0.19271 2765
BTR-62 m-1° 1.7 280 177 3620 0.19748 0.3726 12.%29 0.4645 0.19%09 2777
m0° 2.6 375 230 1841 0.20006 0.%0%0 11.760 0.4%410 0.19339 2771
m?° 3.1 380 206 1026 0.20227 0.3937 10.19% 0.3886 0.19027 2745
moe 1.3 526 252 693 0.20680 0.3552 9.0877 0.3488 0.18898 2733
BTR-64 m-1° 1.3 204 134 3282 0.19761 0.3582 13.005 0.4865 0.19387 2775
mo® 3.6 215 135 3922 0.19724 0.3637 12,521 0.4678 0.19411 2777
mt° 3.3 270 161 470 0.21919 0.4165 10.928 0.4106 0.19305 2768
m2° 3.0 264 148 2568 0.19796 0.3750 10.990 0.4126 0.19318 2769
ANDESITIC AMPHIBOLITES
BTR-57 m0® 2.4 221 127 5438 0.19813 0.2125 12.668 0.%4691 0.19588 2792
(ca) m1° 2.5 383 206 2621 0.2004% 0.2082 11.748 0.4352 0.19577 2791
m2° 2.0 279 135 2492 0.20059 0.2361 10.483 0.3885 0.19568 2791
m3° 1.6 440 201 1886 0.20207 0.2575 9.6986 0.3597 0.19557 2790
BTR-27 m0° 3.5 397 250 3814 0.19837 0.1786 14,212 0.5282 0.195%6 2786
(ca) m1° 2.9 433 268 1871 0.20044 0.2226 13.387 0.5008 0.19,88 2775
m2° 2.6 Shy 316 1263 0.20101 0.274%9 11.899 0.4512 0.19126 2753
BTR-52 m-1° 3.4 220 134 2403 0.19854% 0.24%61 12.981 0.4867 0.19343 2772
(1) m0° 4.3 261 153 3343 0.19648 0.2508 12,403 0.4666 0.19280 2766
m1° 2.1 307 174 2549 0.19707 0.2607 11,888 0.4485 0.19224 2761
BTR-43 m-1° 1.0 256 138 11695 0.1877% 0.21G 11.491 0.446Y 0.18669 2713
(T) m0° 2.1 453 233 6060 0.18820 0.2377 10.729 0.4180 0.18616 2709
m1° 0.9 592 266 3493 0.18419 0.2585 8.9746 0.3604% 0.18062 2659
m2° 1.1 591 238 1019 0.1928% 0.3009 7.6707 0.3080 0.18061 2659

1) Corrected for analytical blank and mass fractionation. )
2) Ratios corrected for blank and common Pb. Common Pb corrections for all samnles were made by using feldspar Pb values determined for samples

1
from the Long Lake region by Wooden and Mueller (in press). These values were 206Pb/zol‘Pb = 13.8%, 207Pb/gm{f’b = 14,96, and 208Pb/eol‘}’b = 34.,20.

3) nm = nonmagnetic; m = magnetic at side tilt indicated (1.5A) for Franz Isodynamic Separator; small, medium, and large refer to populations
separated by zircon size; dark = fraction consisting of large dark-brown grains from secondary population; a.a. = air abraded: CA = Calc-alkaline
suite; T = Tholeiitic suite.

141
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Table 3—Summary of U-Pb ages.

Concordia intercepts

Sample N Upper (Ma) Lower (Ma) Model
ANDESITIC AMPHIBOLITES

BTR-57 4 279312 18+4 1
BTR-57 4 2793t2 1814 1
BTR-27 3 2791t2 462+ 30 1
BTR-52 3 2783t5 271+63 2
BTR-43 4 273471 304 + 370 2
GRANODIORITES

BTR-32 3 2779+ 30 110+ 430 2
BTR-62 4  2797+21 304 + 140 2
BTR-64 4 2781+ 11 102+ 130 2
GRANITES

BTR-21 3 2912+240 390+ 390 2
BTR-33 3 27431300 11+ 620 2
BTR-46 4  2725+97 -20+210 2
BTR-200

(minus abraded sample) 4  2727+82 -80+ 470 2
{with abraded sample) 5 2726160 -120+ 230 2

Errors on concordia intercepts are 2a.

are red to orange brown in color. Sample BTR-43,
however, contained two morphologically different
types of zircon. The most abundant type consists of
dark, reddish-brown grains roughly 100-350 microns
long with length/width ratios of about 1.5/1. These
grains contain numerous inclusions and zoning is ob-
vious in many grains. The less abundant group is also
reddish brown in color, but has length/width ratios
of about 4/1. Both groups are subhedral with few, if
any, preserved crystal faces.

Although zircons from BTR-43 are less well
formed than those from the other AA samples (and
yield less precise age information), all AA zircons are
considered to be primarily of igneous origin. An igne-
ous origin appears likely in view of the generally pris-
matic shapes of the zircons and the high Zr contents
of the rocks (Mueller and others, 1983}, which sug-
gest zircon as a probable liquidus phase. In addition,
metamorphic zircon is unlikely to be produced at
middle amphibolite grade and, if produced, would
probably not have the size and shape of zircons
found in the AA.

Zircons from three of the four samples studied
provided weli-defined upper intercept ages on a U-Pb
concordia diagram (Table 3). The two calc-alkaline
samples (27 and 57) agree at the 95% confidence in-
terval with ages of 2791 + 2 Ma and 2793 + 2 Ma
(Figure 7), respectively. Lower intercepts for these
two samples, however, were distinct at the 95% con-
fidence level and indicate substantially different Pb-
loss patterns. Of the tholeiitic group, sample BTR-52
generated a precise discordia intercept age of 2783
+ 5 Ma. The other tholeiitic sample (BTR-43) exhib-
its the least precise age, 2734 + 71 Ma. The reason
for the scatter of the data for this sample is not clear,

although the nature of the zircons themselves {two
populations) suggests a different history than the
other samples. In addition, this sample also exhibited
the highest degree of Pb-loss, up to 44%, but does
not have appreciably higher U contents (Table 2},

Discounting the age of BTR-43 because of its
uncertain upper intercept, the other three samples
yield upper intercepts in the range 2778-2795 at the
two sigma limit with well-defined individual upper in-
tercepts. In particular, the upper intercept ages of
the two calc-alkaline samples agree even at the one
sigma level and strongly suggest this group of rocks
was emplaced 2792 + 3 Ma. The age of the tholeiitic
suite is more difficult to assess. Field relations are not
definitive concerning the relative ages of the tholeiitic
and calc-alkaline suites and it is possible that at least
some of the tholeiitic rocks are younger, although
both types apparently experienced the same meta-
morphic event.

Long Lake granodiorite

Zircon separates were obtained from three dif-
ferent samples of the LLGd, BTR-32, 62 and 64
(Tables 2, 3). All samples contained a single popula-
tion of zircons. This population is composed of
orange-brown to light red-brown-colored grains on
the order of 100-450 microns long with length/width
ratios of approximately 2.5-6/1 {Figure 6B). Most
grains, however, were roughly 200 microns long with
length/width ratios of 2.5-3.5/1. Grains are euhedral
to subhedral with few showing any inclusions,
overgrowths, or zonation.

Individual samples produced both upper and
lower intercept ages that agree with each other at the
95% confidence level (Table 3). Upper intercept
ages for individual samples are 2779 + 30 Ma, 2797
+ 21 Ma, and 2781 + 11 Ma. Considering the agree-
ment among these samples for both upper and lower
intercepts (Table 3), it is not unreasonable to consid-
er that the zircons from these samples may represent
a single population. A combined Model IV regression
(weighting proportional to degree of concordancy,
Ludwig, 1985) on all eleven separates yields an age of
2779 £ 4 Ma with a lower intercept of 240 + 75 Ma
{Figure 8). This composite age probably offers the
best estimate of the time of intrusion of the
granodiorite, although it is also clearly possible that
granodioritic rocks were produced over a wider span
of time as suggested by the individual ages.

Accepting the composite age as correct, 2779
Ma becomes a firm lower limit for the time of the am-
phibolite facies metamorphism that affected the AA.
Considering that both members of the AA are in fact
distinctly metamorphosed rocks while the LLGd is
only slightly foliated with little evidence of metamor-
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c

D

Figure 6— Back-scattered electron images of typical zircons from the main rock series. Tonal variations are primarily related to
differences in Hf contents. See text for discussion of sizes. (A), Andesitic amphibolite {BTR-57); (B), Long Lake granodiorite
(BTR-62); (C) Long Lake granite, primary popuiation {(BTR-200); (D) Long Lake granite, secondary population {BTR-200).

phism, it is clear that an episode of middle amphibo-
lite grade-metamorphism occurred in this area in Late
Archean time, probably between 2779 and 2795 Ma.
Previous studies (Gast and others, 1958; Mueller and
others, 1982; Wooden and others, 1982) had inferred
this general time frame for a metamorphic event, but
had not been able to precisely constrain its timing.

Long Lake granite

In view of the compositional variety and areal
extent of this unit, zircon separates were obtained
from four different samples of the LLG. All samples
contained two populations of zircons. The primary
population {95%) of pale to dark hyacinth-colored
grains were generally euhedral and ranged from

75-200 microns with iength to width ratios of approx-
imately 3-4/1 (Figure 6C). These primary grains are
often zoned and contain numerous inclusions, over-
growths and outgrowths; some of the smallest grains
appear to have cores. Brown to dark red, stubby
grains with pronounced cores composed the second-
ary population (5%). Separates of this population
were made from samples BTR-46 and 200 (Figure
6D} and one fraction of the separate from 200 was
abraded by about 50% prior to analysis {Goldich and
Fisher, 1986). All members of this secondary popuia-
tion were also removed from all samples of the pri-
mary population prior to analysis.

Results of the isotopic analyses of the LLG sepa-
rates (Tables 2, 3} show that their systematics are
considerably different from those in the AA and



18

056 T 1 T T T T T T T
BTR-57 ]
0481 7
2400,
0.40 - 7
i 2000 ]
°<9:>> 032 B
2 1600, E
5
&
] 0.24 - T
| 1200 E
0.16 |- 7
INTERCEPTS AT
0.08 - 27932+19and 19+ 14 Ma 7
(MSWD =.178) g
00 . ! 1 ] 1 L L ] .
0009 4 8 12 18 20

207pp 235y

Figure 7— U-Pb concordia diagram for BTR-57 (AA) utilizing
Model | of Ludwig (1985).
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Figure 8—U-Pb concordia diagram for all samples of the
Long Lake granodiorite (4=BTR-62, [1=BTR-32,
0=BTR-64) utilizing Model IV of Ludwig (1985) which
weights points according to their proximity to the upper in-
tercept with concordia. Cluster of data points along dis-
cordia represent one BTR-32 and two BTR-64 points.

LLGd. Regressions for individual samples show
much more scatter and the entire data set is charact-
erized by higher degrees of discordancy. Although
the least magnetic fractions tend to produce the least
discordant data, these fractions do not always have
the lowest levels of common Pb or U as might be ex-
pected. This can be seen in Figures 9 and 10 which
show relations between common Pb and thorogenic
Pb, and between common Pb and 2°7Pb/2%Pb ages,
respectively. The negative correlation of 2°6Pb/2%4Pb
and 2°¢Pb/2%8Ph mimics that of the abraded and un-
abraded samples from BTR-200 and suggests com-
mon Pb and Th are concentrated in the overgrowth
material and that this component may be present in

all zircons to some degree. The fact that both cores
and overgrowths have lost approximately the same
percentage of Ph, suggests the high contents of
common Pb, thorogenic Pb, and Th are not solely
the result of metamictization in the secondary popu-
lation and probably not in the main population. The
positive correlation between 2°Pb/2%*Pb and 2°’Ph/-
208Ph age seen for most samples, consequently, must
also be interpreted as an indigenous aspect of these
zircons. Common Pb compositions determined from
feldspar separates {(Wooden and Muelier, 1988) were
used to correct the data prior to calculating the ages
used in Figure 10. In this case, the relation between
the abraded/unabraded sample and the general
trend for all zircons is also the same. The core ex-
hibits higher 2°Pb/2°*Pb and an older age relative to
the rim. The fact that the abraded core from BTR-200
is only 45 Ma oider than the mean age of the LLG
supports the argument made earlier that the LLG was
not produced by melting of significantly older crust
(Wooden and Mueller, 1988).

These two diagrams exemplify the difficulty of
interpreting a precise and accurate age for the LLG.
The ages calculated are sensitive both to the amount
of common Pb and its isotopic composition, as well
as the amount of inherited component. The high de-
grees of Pb loss compounds these problems by mak-
ing it difficult to resolve the agel(s) of cores. Conse-
quently, it is impossible to assign an age to the LLG
that is not to some degree arbitrary. In general, sam-
ples with the lowest common Pb contents that have
208Ph /204Ph values higher than those of the core ma-
terial would seem the most likely to yield a useful es-
timate of the age of the LLG. Any logical combina-
tion of samples such as the four highest 26Pb/204Ph
samples (x = 2734 Ma) or the split from each sample
with the highest 2°6Pb/2%4Pb (x = 2740 Mal) vield ap-
proximately the same value as the average of all
207Ph/208Ph ages exclusive of the composite grains
{2732 + 42 Ma, 20 } or a Model Il (Ludwig, 1985) re-
gression for the same data (2738 + 21 Ma, 20, Fig-
ure 11}). Consequently, an age of approximately 2740
Ma seems most reasonable for the time of emplace-
ment of the LLG. The error to be assigned to this
estimate is difficult to determine because it is quite
likely that a large, complex granitoid such as the LLG
was intruded over a span of time. Further studies of
more samples with more concordant zircons would
be required to separate analytical errors from the real
variations in age(s) of intrusion.

Discussion

The ages of magmatic and metamorphic events
that occurred in the eastern Beartooth terrane (EBT)
during the Late Archean are restricted to a period of

approximately 50-100 Ma. Though not definitive, this
relatively restricted interval has important implica-
tions for resolving the tectonic environment which
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generated this terrane. In terms of modern analogs,
this rapidly produced assortment of mantle- and
crustally-derived tholeiitic, calc-alkaline and sodic
rock series (variously affected by an episode of meta-
morphism and compressive deformation), is reminis-
cent of modern convergent margins (Reymer and
Schubert, 1986; Marsh, 1982).

In particular, trace element and isotopic data for
the Late Archean rocks strongly support analogies
with modern convergent magmatic processes. From
a trace element perspective, the depletion in the high
field strength elements (HFSE), relative to other in-
compatible elements, suggests that the magmatic
processes which produced the andesitic protoliths to
the AA group are very similar to those that produce
the same signature in modern convergent margin en-
vironments. The retention of this signature through-
out all of the major Late Archean rock series also
suggests that the more differentiated rocks share at
least a partially consanguineous relation. in this re-
gard, it is also clear from the isotopic data for these
later rocks that they were not produced by partial
melting of any of the exposed older rocks (Wooden
and Mueller, 1988). In addition, Wooden and Mueller
(1988) showed that all of these rocks series share the
same initial Pb (206/204 = 13.86, 207/204 = 14.96,
208/204 = 34.01, Nd (C= -2). The Sr (0.7022) iso-
topic compositions also supports a consanguineous
relation. Similar initial isotopic compositions for a
large volume of crustaily and mantle-derived rocks
suggests large-scale, crust-mantle mixing similar to
that proposed for many modern convergent margins
{Wooden and Mueller, 1988).

Mueller and others {1985), Wooden and Mueller
{1988), and Mogk and others (1988) have utilized
more comprehensive geochemical, isotopic, and
structural arguments respectively to further substan-
tiate this analogy. Chronologic and chemical data re-
ported here are compatible with these previous sug-
gestions and support the contention that the major
lithologic transition seen in southwestern Montana is
the consequence of a Late Archean episode of plate
convergence {Mogk, this volume). These data also
help to substantiate earlier suggestions that Late
Archean granitic plutonism becomes generally older
from southeast to northwest in the Wyoming pro-
vince (Peterman, 1979).

I

I

In addition to these tectonic implications, age
data from the EBT calis attention to some of the gen-
eral problems associated with classifying Archean
terranes without the aid of detailed chronologic data.
Traditionally, Archean terranes have been subdivided
based upon first-order lithologic associations, meta-
morphic grade and structural style (Windley, 1982).
Accumulations of eugeoclinal supracrustal rocks at
low-metamorphic grade that are relatively mildly
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deformed and intruded by extensive granitoids
{mostly tonalitic) were designated granite-green-
stone terranes. These terranes have been variously
interpreted in terms of modern tectonic environ-
ments such as sea-floor or mid-ocean volcanism,
island arcs and ensialic rifts {Condie, 1981). Any of
these alternatives may ultimately prove applicable for
individual terranes. The remainder of Archean ter-
ranes were generally grouped as granite-gneiss or
high-grade terranes. These were characterized by
vast quantities of tonalitic to granitic gneisses at am-
phibolite to granulite grade with inclusions of
miogeoclinal rocks that are also at high metamorphic
grade. The lithologic association found in the EBT is
clearly more similar to the granite-gneiss terranes
than to the granite-greenstone terranes.

The association seen in the EBT is actually com-
posed of large areas of 2740 Ma granitoids with inclu-
sions of high-grade miogeoclinal rocks which are
much older (Henry and others, 1982), and some of
lower grade {middle amphibolite} that are only slightly
older (e.g., AA, 2790 Ma) than the granitoids. Con-
sequently, this high-grade terrane actually contains
remnants of at least two separate tectonic environ-
ments that must be evaluated independently. High
precision U-Pb chronology by Krogh and Turek

{1982) refined the understanding of the stratigraphy
and tectonics of granite-greenstone terranes of the
Canadian Shield. Although this is obviously a more
difficult proposition for granite-gneiss terrains, it
seems reasonable to expect that important distinc-
tions will aiso be revealed by detailed geochronologic
and geochemical investigations of these terranes. In
the case of the EBT, the record of an 3.4-3.6 Ga
mature continent is apparent in early quartzites,
psammites and iron-formations. These rocks were
metamorphosed to granulite facies shortly there-
after, probably as the result of continental collision
(Henry and others, 1982; Mueller and others, 1985).
Roughly 500 Ma, evidence points to an episode of
plate convergence and subduction along a continen-
tal margin (Mueller and others, 1985; Wooden and
Mueller, 1988; Mogk and others, 1988). This is a very
different scenario than could have been developed
without the available chronologic data. Such data
are essential, therefore, in resolving the important
record of crustal development preserved in all Arche-
an terranes. In particular, it points out the feasibility
of recognizing rock associations in granite-gneiss ter-
ranes that are compatible with plate tectonic pro-
cesses as has been proposed for many low-grade Ar-
chean terranes (Condie, 1981).

Conclusions

Zircons separated from Late Archean igneous
and metamorphic rocks of the eastern Beartooth
Mountains record the times of emplacement of three
chemically distinct rock series. Both calc-alkaline and
tholeiitic varieties of the only true metamorphic rock,
the andesitic amphibolite, yield the oldest ages.
These ages {exciuding BTR-43) range from 2783-2793
Ma and suggest an emplacement age of approxi-
mately 2792 Ma for the protoliths of the calc-alkaline
series; the tholeiitic rocks may be the same age, but
also may be slightly younger. The Long Lake grano-
diorite exhibits some chronologic overlap and geo-
chemical similarities with the AA, but its age is prob-
ably best evaluated in terms of a composite regres-
sion on all samples that yielded an age of 2779 + 4
Ma. These age relations are generally compatible
with field observations that show the LLGd as a late
synkinematic rock intruding the thoroughly meta-
morphosed AA. The time of this metamorphic event
is constrained to the interval 2779-2792 Ma. The
youngest unit, the Long Lake granite, yields the
youngest and least precise ages of the Late Archean
suite, despite its lack of metamorphic effects. The

imprecision of the ages is probably related to the
presence of inherited older cores and a poorly con-
strained isotopic composition for common Pb in the
zircons. Eliminating obviously composite grains and
combining data from four different samples vyields a
discordia intercept age of 2738 + 21 Ma, which is
considered the best estimate of the age of this unit.
These ages, together with geochemical data, partic-
ularly HFSE values and isotopic data, suggest that
the eastern Beartooth Mountains may have been the
site of a Late Archean episode of magmatic and tec-
tonic activity similar to that expected for a modern
convergent continental margin.
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Introduction

The two major exposures of Archean rocks in
the United States are the southern extension of the
Superior province into Minnesota, northern Michi-
gan and Wisconsin, and the Wyoming province of
Wyoming, southwestern Montana, and minor parts
Idaho, Utah and western South Dakota. This paper
will concentrate on the Beartooth Mountains in the
northern part of the Wyoming province (Figure 1).
The reader is refered to the work of Peterman {1979)
and Condie {1976) for general reviews of the geology
and geochronology of the Wyoming province. A
more comprehensive review and update of the Wyo-
ming province is described by Wooden and others
(1988).

The exposures of Archean rocks in the Wyo-
ming province differ from those of most other shield
areas in that they consist of discrete blocks uplifted
during the Laramide orogeny. Unlike the Superior
province where there is little relief and continuous ex-
posures, except for masking by glacial deposits, the
Archean rocks of the Wyoming province are charact-
erized by more than one kilometer of topographic
relief and as much as ten kilometers of structural
relief and form less than a third of the exposure. The

wide separation of the exposures poses a major prob-
lem for interpretation of the Archean history. It pre-
vents widespread correlation of structural or litho-
logic trends and makes it impossible to divide the
area into subprovinces similar to those distinguished
in the Superior province. The general lithologic char-
acter of the province is also difficult to assess. As
presently exposed, the province would seem to be
dominated by gneisses and granitoids with only
minor exposures of supracrustal, low-metamorphic
grade rocks. As discussed by Peterman (1979) how-
ever, given the exposure pattern in the Wyoming
province, this lithologic distribution could easily be
compatible with alternating greenstone-granite and
granite-gneiss terranes such as those seen in the
Superior province.

Because of the relatively small and inaccessible
exposures of Archean rocks in the mountainous ter-
rains of the Wyoming province, they have not been
extensively studied. Archean shields in other parts of
the world have received more extensive study for
two major reasons. First, major economic deposits in
Archean rocks are generally concentrated in green-
stone-granite belts. Such terranes are rare in the
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Figure 1—Location of Archean rocks in the northern Wyoming province.

Wyoming province. Secondly, a major interest in the
presence of Early Archean rocks which provide infor-
mation about the earliest geologic history of the
earth have not been widely associated with the Wyo-
ming province. Although there is growing evidence
that rocks 3.4 Ga or older must exist in the Wyoming

province, the oldest unambiguously dated rocks in
the Wyoming province are only 3.2 Ga (e.g., Fisher
and Stacey, 1986; Shuster and others, 1987).
Aleinikoff and others (1987), however, have reported
ion microprobe analyses of zircons from the Wind
River Mountains that suggest ages as old as 3.8 Ga.

Beartooth Mountains

The Beartooth Mountains of Montana and Wyo-
ming (Figure 2} lie immediately north of Yellowstone
National Park and are roughly a W-NW-trending
block underlain by over 5000 km? of Archean rocks.
The Beartooth block can be divided into four areas:
1) Late Archean granitoids of the eastern and central
portions that contain kilometer-size inclusions of
older supracrustal rocks (Mueller and others, 1982a,
b, 1985; Wooden and others, 1982; Mueller and
Wooden, 1982), 2) metasedimentary rocks of the
north-central area into which the Stillwater Complex
and younger granitoids were intruded {Page, 1977},
3} metasedimentary rocks plus minor granitoids of
the southwestern area (Casella and others, 1882},
and 4) metamorphosed supracrustal and igneous
rocks of the northwestern area that have been tec-
tonically interleaved by faulting (Reid and others,
1975; Mogk, 1982, 1984; Mogk and others, 1988).
Because the geclogy of each area is significantly dif-

ferent, individual areas will be discussed separately.
It is not clear at this time what the relationships of in-
dividual areas are to each other, and it is possible that
fundamentally different areas were tectonicaily juxta-
posed in the Late Archean.

Eastern and central Beartooth
Mountains

The eastern and central Beartooth Mountains
were studied in detail by Eckelman and Poldervaart
(1957): Harris (1959); Larsen and others (1966); and
Casella (1969). The dominant granitic rocks of the
area, along with associated metasedimentary rocks,
were attributed to incomplete granitization of a se-
quence of folded sedimentary rocks. Later models
from this group recognized the probable role of igne-
ous processes, multiple deformation and metamor-
phism. Work by Mueller and others (1985) has led to
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a model involving the intrusion of a group of Late Ar-
chean rocks into a Middle to Early Archean supra-
crustal sequence; parts of which had experienced a
granulite-facies metamorphic event (Henry and
others, 1982).

Geochemistry of Late Archean rocks

There are at least three distinctive compositional
members of the Late Archean complex (Figure 3;
also Mueller and others, this volume for composi-
tional data). These three main series have been given
the following informal names — andesitic amphibolite,
Long Lake granodiorite, and Long Lake granite. Field
relationships indicate that the andesitic amphibolite
is the oldest member of this group and that these
rocks experienced an amphibolite-grade metamor-
phism before the other members of the complex
were emplaced. The present mineralogy of these am-
phibolites is biotite, hornblende, plagioclase and
quartz. The andesitic amphibolite is found as meter-
to kilometer-size inclusions in the younger granitoids.
The Long Lake granodiorite is intermediate in age be-
ing found in some places as weakly foliated inclu-
sions in the Long Lake granite. The Long Lake grano-
diorite is compositionally distinct, but very difficult to

LOW Na LLG
% K0

% Si02 HIGH Na LLG
1 1 1 1
55 65 75

Figure 3—Weight percent K,0 vs weight percent Si0, for
Late Archean rocks of the eastern and central Beartooth
Mountains. Three major suites are distinguished: Andesitic
amphibolites, Long Lake granodiorite, and Long Lake gran-
ite, which is subdivided into high Na and low Na groups.

distinguish in the figld from the Long Lake granite.
Both of these rocks are leucocratic, medium to
coarse grained, two feldspar plus quartz rocks, with
biotite as the only mafic mineral (Wooden and
others, 1982; Warner and others, 1982). It is difficult,
therefore, to estimate the relative abundance of the
granodiorite vs the granite in the field. Geochemical
sampling indicates, however, that the granite is
much more abundant,



26

Andesitic amphibolites (AA)

The major-element composition of the andesitic
amphibolites is restricted to the andesitic or dioritic
field (Figure 3). There is, however, a large variation
in major-element abundances in this group, and sev-
eral subgroups can be distinguished that exhibit reg-
ular elemental changes that may be related to frac-
tionation processes. According to the classification
developed by Gill (1981) for modern orogenic ande-
sites, the andesitic amphibolites have major-element
compositions that fall into both the calc-alkaline and
tholeiitic fields. The calc-alkaline types dominate and
are found over a wide geographic area in the eastern
and central Beartooth Mountains; the tholeiitic types
appear to be restricted to the eastern portion of the
mountains. Because these rocks have been recrys-
tallized in the middle amphibolite facies, it is not
reasonable to classify them according to their alkali
contents. Nonetheless, major-element compositions
of these rocks, including alkalis, are not unusual with
respect to modern or Archean andesites (Gill 1981;
Condie, 1976, 1982).

The trace-element concentrations in the ande-
sitic amphibolites deserve special mention. Although
the range and abundance of the compatible trace ele-
ments in these rocks is within the normal range
found in andesitic rocks, those of the incompatible
trace elements are not. Sr concentrations range from
200-1000 ppm, Zr from 40-300 ppm, Ce from 20-300
ppm, and Ba 200-1500 ppm. In addition, the abun-
dances of these incompatible elements are well cor-
related with each other (Figure 4). This is particularly
unusual for Sr which typically shows little variation
within an andesitic suite, even when fractionation has
produced obvious variations in other elements. The
best explanation for these chemical characteristics is
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Figure 4—Ppm Ce vs ppm Sr for andesitic amphibolites of
the eastern and central Beartooth Mountains.

a model that involves the interaction of an incompati-
ble element-rich fluid with a partial melting process
{Mueller and others, 1983). Variable degrees of par-
tial melting can explain the range of major-element
compositions and some of the trace-element varia-
tion. An incompatible element-rich fluid is needed to
produce the unusually high concentrations of these
elements in many of the rocks. Because Sr acts as an
incompatible element, these processes must be oc-
curring in a plagioclase-free environment, possibly
the mantle.

Long Lake granodiorite (LLGd)

The Long Lake granodiorite has the major-ele-
ment composition {Figure 3) of a typical calc-alkaline
granodiorite {63-70% Si0,). Although it overlaps the
Long Lake granite in Si0, content, it maintains a
lower Na,O concentration. in keeping with its lower
Si0, contents, the granodiorite is generally a more
mafic rock than the granite with higher FeO, MgQO
and Ca0 concentrations. It is the incompatible trace-
element contents of the granodiorite, however, that
really distinguish it from the granite. The granodiorite
has higher Sr, Ba and REE concentrations than the
granite. The REE pattern of the granodiorite is partic-
ularly distinctive because it is higher in both the LREE
and HREE and has a noticeable negative Eu anomally
{Figure 5). The high contents of incompatible trace
elements in the granodiorite suggest that it also
could have had a trace-element-enriched fluid in-
volved in its genesis. The negative Eu anomally,
however, indicates that plagioclase was important as
either a source or fractionating mineral; consequently,
at least part of its genesis occurred at crustal P and
T.

Long Lake granite (LLG)

The Long Lake granite is the volumetrically
dominant rock type in the eastern Beartooth Moun-
tains. It is divisible into at least two subgroups on the
basis of Na,O vs Si0, relationships (Figure 6). The
high Na group is volumetrically more important and
compositionally more coherent than the low Na
group. Although the silica content of the Long Lake
granite is restricted, the variation in Na,O and K,O
concentrations {and modal plagiociase and K feldspar)
indicate that the rock types vary from high-silica ton-
alite to average granite (IUGS). The negative correla-
tion between Na and Si in both subgroups is unusual
in modern calc-alkaline rocks, but is typical of Arche-
an tonalitic and trondhjemitic suites. The genesis of
tonalitic and trondhjemitic suites is best explained as
the result of partial melting and/or fractionation of a
basaltic parent. The lack of sodic suite rocks with in-
termediate compositions strongly favors an origin by
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Figure 5— Comparison of rare-earth element patterns for the
Long Lake granite and Long Lake granodiorite.

partial melting of a mafic source (basaltic and/or
mafic andesite) that contained garnet, amphibole, or
clinopyroxene to hold the HREE concentrations at 4X
chondrites or lower. The strong LREE vs HREE frac-
tionation seen in these rocks, along with the relative-
ly low Sr and Rb contents, the low Rb/Sr ratios, and
the high average K/Rb ratio (350) relative to other
granitic rocks, are compatible with derivation from a
mafic source.

Geochronology and isotopic systemat-
ics of Late Archean rocks

A range of isotopic data is now available for Late
Archean rocks of the eastern and central Beartooth
Mountains. Recently obtained U-Pb zircon data
{Mueller and others, this volume) provide chrono-
logic information for this group. These data are in
agreement with previously discussed field relation-
ships and give the following ages: Andesitic amphib-
olite, 2793 + 2 Ma, 2791 + 2 Ma, and 2783 *+ 5 Ma;
Long Lake granodiorite, 2779 + 4 Ma; Long Lake
granite, 2738 + 21 Ma. The imprecise age of the
Long Lake granite results from the zircons being at
least 60% discordant. Within confidence limits, this
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Figure 6—Weight percent Si0, vs weight percent Na,O for
the Long Lake granite and granodiorite. Diagram shows the
distinction between high Na and low Na groups within the
granite suite.

group of rocks covers a time period of 35 to 80 Ma.
Previously available Rb-Sr whole-rock data (Wooden
and others, 1982) gave a composite isochron for all
three major groups of 2790 + 35 Ma (Figure 7). The
initial Sr ratio of this isochron is 0.7022 + 2. The
common Pb isotopic data {Figure 8) for whole rocks
and feldspars from the same three groups give an
age of 2775 + 50 Ma (Wooden and Mueller, 1988).
The feldspar separates provide a good estimate of
the initial Pb isotopic ratio in the rocks at the time of
their formation. These ratios are 13.86 for 2°6Pb/2%*Ph,
14.97 for 2°7Pb/2°*Pb, and 34.00 for 2°2Pb/2%4Pb (aver-
age of 7). Sm-Nd chondritic model ages vary from
2.88-3.02 Ga, and initial epsilon Nd values calculated
for an age of 2.78 Ga range from -1.5 to -3.1 for five
samples {Wooden and Mueller, 1988).

The chronologic and isotopic data for the Late
Archean rocks clearly show that they are restricted to
a relatively small time interval and are remarkably
homogeneous in their initial Sr, Nd and Pb isotopic
ratios. A time interval of 10-50 Ma for andesitic vol-
canism, deformation and metamorphism, and addi-
tional major plutonism is not remarkable for the Ar-
chean or the Phanerozoic. It is unusual, however,
that such a compositionally diverse group of rocks
would have the same initial isotopic ratios. These
ratios are not what wouid be expected for new crust
that was forming from primitive or depleted manile.
Initial Sr, Nd and Pb ratios in this case would be ap-
proximately 0.7010, epsilon Nd of 0 - + 2, and 2°Pb/
204Pph = 13.40, 2°7Pb/%Pb = 14.58, 2%6Ph/2%*Pb =
33.16, respectively {Zartman and Doe, 1981). The dif-
ference between these values and those observed in
the Late Archean complex suggest either an enriched
mantle source or contamination of the rocks by older
Archean crust. The very high Pb ratios strongly favor
the involvement of older Archean crust in whatever
process was responsible because it is only in crustal
environments that the necessary high U/Pb could be
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produced to allow the 2°°Pb/2%4Ph and 2°7Pb/%*Pb to
grow as high as needed. If crustal contamination oc-
curred during emplacement of these rocks into an
older, isotopically heterogeneous crust, it is difficult
to understand how the necessary homogeneity was
acheived. It seems most probable that a portion of
the mantle itself was contaminated, possibly by in-
troduction of crustal material through subduction,
dewatering of the slab, and penetration of the overly-
ing mantle wedge by fluids carrying Pb, Sr and Nd
with a crustal signature (Wooden and Mueller, 1988).
The crust could have been made from this contami-
nated mantle by first extracting basaltic material and
then remelting it to produce more silicic rocks. The
crust would have the necessary isotopic values and
be isotopically homogeneous across a whole spec-
trum of compositional types, particularly if the crust-
forming cycle was confined to a short time period
that limited further radiogenic growth.

Geochemistry of the older Archean
rocks

Enclosed in the Late Archean rocks of the east-
ern Beartooth Mountains are meter to several kilo-
meter-sized inclusions of metamorphosed supracrus-
tal rocks. At least some of these rocks have experi-
enced both a granulite-grade metamorphic event
(Henry and others, 1982) and the Late Archean am-
phibolite grade event discussed above. This granulite
event was characterized by temperatures of about
800°C and pressures of about 6 kb, which suggest a
geothermal gradient similar to those of modern
orogenic zones {about 40-45°C/km). These rocks are
strongly deformed and isoclinally folded; many litho-
logic layers exist only as boudins of various lengths.
Metamorphic rocks with compositions equivalent to
those of ironstones, basalts, andesites, ultramafic
rocks, pelites, wackes, quartzites and felsic voicanic
rocks can all be found in the supracrustal assem-
blages. To date no older plutonic rocks have been
unequivocally identified, but the high and low K
granitic rocks in the Quad Creek sections are poten-
tial examples {Musler and others, 1982).

In spite of the deformation and metamorphism
that has affected these rocks, they appear to have
largely retained their original bulk chemistries
(Tables 1-4). The variation diagrams {Figure 9, 10)
have no unusual features. If the samples with obvi-
ous and strongly fractionated sedimentary composi-
tions are not considered (high Si quartzites, low Na
pelites, high Fe ironstones), the remaining samples
show the expected compositional variations of an ig-
neous calc-alkaline sequence. Most of this sequence
has moderate K;0 contents (2% or less} and K,0/-
Na,O {less than 1). Only samples with SiQ, in the
mid-70s have K,0/Na,0 of 1 or greater.



Specific compositional features of some of the
rock types in the older Archean sequence are worth
emphasizing. The basaltic amphibolites are close to
average basalt in compaosition and show little to mod-
erate Fe enrichment. Rare-earth patterns are gener-
ally unfractionated and less than 20X chondrites. Sr
contents are about 100 ppm, and Cr and Ni contents
are about 250 and 100 ppm, respectively. The
samples with SIO, contents between 65-73 weight %
are comparable to moderate -K dacites. These
samples have strongly fractionated REE patterns and
no Eu anomalies. There is a group of rocks of rhyolit-
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Figure 9— Compositional diagram for older Archean, supra-
crustal rocks of the eastern Beartooth Mountains.
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29

ic composition with K,0/Na,0 ~ 1 that have frac-
tionated REE patterns and strong negative Eu anom-
alies. The quartzites range in SiO, from 80-97%, are
locally fuchsitic with up to 100 ppm Cr, and contain
obvious detrital zircons. Iron-rich rocks vary in SiQ,
from 47-61% and in total Fe as FeO from 30-40%.
Their compositional characteristics favor a continen-
tal shelf rather than a eugeoclinal depositional en-
vironment. Pelitic rocks in the section have SiO, con-
tents in the low 60s, with very low Ca0O and NaO,
contents. The combination of quartzites, iron-rich
rocks and pelitic rocks strongly indicate that at least
part of the history of this sequence involved a contin-
ental shelf environment.

Although there are general similarities among
the various older Archean supracrustal packages,
compositional differences do exist from location to
location. In particular, there are differences between
the Hellroaring Plateau {Table 3) and Quad Creek
{Tables 1, 2) locations. The Hellroaring sequence
contains more mafic and intermediate compositions.
Among samples that fall into the andesitic field, the
Hellroaring examples have much lower Sr concentra-
tions. The average Sr concentration of all sampies of
Hellroaring is lower than that of Quad Creek. Na, K
and Ca contents in the Hellroaring samples are more
variable and less likely to conform to an unaltered ig-
neous model. The samples with strong negative Eu
anomalies mentioned above are common only in the
Hellroaring suites. It is difficult to interpret the signifi-
cance of these differences. They may represent pro-
toliths of greatly different age, of a limited range in
age, or of no significant range in age. They may sug-
gest a change in tectonic environment, or juxtaposi-
tion of rocks from different environments. It is clear,
however, that these rocks jointly underwent a final
strong deformational event and were then intruded
by the Late Archean granitoids.

Geochronology of the older Archean
rocks

The age of the older Archean sequence is prob-
lematical and will remain so until new U-Pb zircon
studies are completed. The zircon data that are avail-
able now {Mueller and others, 1982) indicate a mini-
mum age {2°7Pb/2°Pb age) of 3295 Ma for a quartzite
and 3220 Ma for a granitic migmatite from the Hell-
roaring Plateau. These data are produced by acid
leaching of zircons that fell on a discordia line that in-
tersected concordia at about 3100 Ma. The 3100 Ma
age may have no geological meaning because it may
be a point along an episodic cord between the true
age of the zircons and the time of new zircon growth
and/or Pb loss. The lower end of this episodic cord is
represented by clear, acicular zircons with an age of



Table 1—-Major- and trace-element data for older Archean rocks from upper Quad Creek.

Weight percent ) ppmn
Sample Type Si02 Ti(2 Al2(8 Fe203 FeO0 M0 MgO (Ca0 Na20 K20 P205 H20+ O2 Total Sample Ba Ce Co Cr Gu Ga La Mi Po B Sr Th U Y Zn Zr Saple
Q-84 MM 41.85 0.25 5.98 5.48 5.87 0.13 28,90 4.88 0.20 0,16 0.01 4.17 0.51 98.39 QG-84 48 01253200 1 5 5 80 O 4 6 1.0 9 72 24 QGB8A
QG-83 MM 51.55 0.22 4.81 2.40 8.40 0.2027.03 3.29 0.01 0.20 0.01 0.54 0.66 99.32 QC-83 45 0 981940 12 4 5 742 O 7 8 01 8 50 24 Q83
QG-63 MIS 42.17 0.14 3.81 23.70 22.00 0.88 3.46 2.53 0.00 0.13 0.02 0.11 0,11 99.06 QC-63 155197 42 227 20 6 31 48 O 0 15 3 3 7 &4 43 Q63
QG52 MIS 53.19 0.61 14.34 10.14 11.53 1.29 5.12 0.19 0.15 1.65 0.02 1.23 0.16 99.62 QG52 467 67 35 422 8 20 16 131 3 100 15 11 2204 80 109 QG52
QG-85 M3 48.09 0.74 14.82 1.98 10.72 0.21 9.01 12,53 1.11 0.30 0.05 0.72 0.33 100.61 QG-85 8t 0 57 528 7 11 1 134 1 11 101 0 1 20 71 35 QGC8
QG-60 M8 49.82 0.52 14.01 3.44 7.26 0,21 8,23 11.16 2.88 0.80 0.03 1.36 0.44 100.16 QG-60 63 24 50 249 28 14 1 133 10 6 79 4 1 16 8 37 Q60
Q-89 MB 50.21 0.65 14.43 1.82 7.82 0.23 6,72 11,51 3.17 0.67 0.03 1.30 0.53 99.09 QC-89 70 0 55 553100 11 11 144 6 9 111 0 1 17 93 41 QC-89
Q87 MA 51.53 1.00 16.35 3.21 5.29 0.14 499 7.10 3.56 1.98 0.52 1.61 0.65 97.93 QC-87 1681 180 51 85 34 21 95 42 15 106 625 22 2 40 96 261 (QG-&
QG-81 MA 57.38 0.55 16.74 1.24 5.80 0.11 4.23 8.05 2.45 0,75 0.09 1.08 0.12 98.59 QC-81 855 40 62 101 22 19 16 49 12 23 635 3 4 12 65 101 (QGC-81
QG-55 MP 60.23 0.73 17.38 0.84 5.39 0.08 4.53 5.10 0.84 2,97 0.11 1.61 0.21 100.02 QG-55 449 37 30 66 44 22 18 52 9 160 207 7 2 12 68 109 QG55
QG-62 M 61.87 0.75 16.03 1.96 6.44 0.16 3.35 5.92 1.17 1,55 0.11 1.16 0.19 100.66 QC-62 712 49 39 47 43 21 28 50 8 65 250 9 2 17 78 128 2
QC-57 M> 60.70 0.61 17.30 0.91 4,17 0.93 2.95 6.09 3.89 1.51 0.10 1.05 0.31 100.52 QC-57 578 48 27 42 18 21 26 26 14 64 417 6 1 14 66 121 QG-57
Q91 M 62.64 0.67 15.00 2.12 2.99 0.09 2.72 4.44 3.71 1,82 0.19 1.17 0.44 98,00 QG991 708 153 32 81 51 18 & 39 14 116 368 24 1 22 79 328 QG91
L-504 M 66.43 0.39 17.09 0.67 2.87 0.05 1.64 3.94 3,91 1.65 0,03 1.07 0,37 100.11 QG-50A 357 51 15 15 17 22 30 15 24 82 294 16 2 12 37 67 QGC-50A
QG-58 M 70.9 0.42 14.68 0.71 2.33 0.04 1.23 3.34 3.59 1,50 0.08 0.74 0.18 99.80 QC-58 263 58 14 11 10 19 28 10 16 79 286 14 1 7 4 190 QG58
Q-8 My 80.05 0.10 10.08 0.03 0.32 0.02 1.34 1.35 2.20 2.69 0.00 0.63 0.32 99.13 QC-8 333 27 38 77 0 10 20 3 15 79 4 4 2 4 8 167 QC8
QC-56 My 89.10 0.32 4.38 0.29 1.49 0.02 1.40 0.66 0.87 1,07 0.00 0.72 0,21 100,53 QG556 235 5 15 106 0 8 2 14 7 62 4 2 1 3 30 206 QG56
Rock types based entirely on compositional characteristics.
MM = meta—ultramafic MA = meta-andesitic MD = metadacitic
MIS = meta-ironstone MP = metapelitic M) = metaquartzite
MB = metabasaltic
Table 2— Major- and trace-element data for older Archean rocks from lower Quad Creek.
Weight percent ppm

Sauple Type Si02 TiQ2 Al2Q3 Fe2B Fe0 M0 MgO Ca0 Na20 K20 P205 20+ C2 Total Sample Ba Ce Co Cr OQu Ga La M P B St T U Y Zn Zr Saple
QC-124  MB 49.79 0.61 13,95 2.78 8.07 0.29 7.29 12.56 2.36 0.75 0.03 1.19 0.55100.22 QC-124 35 bd 48 422 8 13 5 8 1 12 9 bd 1 15 75 40 QG124
QG116 MB 51.09 1.03 13.44 5.73 8.42 0.27 5. 08 9.27 2.15 0.89 0.10 1.22 0.27 98.96 QG116 121 14 44 9 32 18 6 53 7 9 139 bd 1 29 105 101 QG-116
QG-110 MA 55.06 0.99 15.30 3.25 5.24 0.15 4.33 6.61 3.03 1.94 0.45 1.64 0,27 98,26 QG-110 1313 139 27 156 48 18 71 66 13 73 614 9 1 27 8 251 QG110
QC-112 MD 64.66 0.82 15.28 1.83 3.00 0.11 1. 84 3.94 4,13 1.70 0.43 0.9¢ 0.40 99.10 QG112 719 91 17 3 54 16 45 5 8 92 410 13 3 26 64 202 QC-i12
QC-133 M 69.12 0.35 15.80 0.80 2.36 0.04 1,77 3.9 3.34 1.44 0.06 0.75 0.37 100.16 QC-133 326 61 33 23 17 18 32 10 8 55 492 11 2 8 34 9% QG133
QC-118 M 69.89 0.29 16.03 0.58 1.50 0.03 1.12 3.64 4.58 1,18 0.07 0.35 0.19 99.45 QG-118 443 13 7 9 4 17 14 0 12 49 38 0 1 5 23 & QG118
QG114 M 73.58 0.15 14.44 0.42 0.59 0.02 0.54 2.10 4,15 2.82 0.03 0.12 0.15 99.11 QG-114 477 40 18 2 0 14 18 bd 23 64 162 11 1 8 13 117 QG114
QC-125 MR 71.18 0.27 14.72 0.41 1.10 0,02 0.74 2,10 2.96 4.30 0.04 0.60 0.19 98.63 QC-125 1412 62 40 13 8 18 38 bd 19 97 55 10 1 S5 15 18 QG125
QG117 MR 74.34 0.15 13,99 0.53 0.62 0.03 0,58 1.82 3.50 3.81 0.02 0.04 0.14 99.57 QC-117 696 32 14 2 113 27 bd 20 91 172 12 0 9 12 101 QG117
QC-130 My 79.36 0.19 10.51 0.31 0.68 0.02 0.88 0.89 1.80 3.72 0.02 1.00 0.28 99.66 QC-130 974 36 28 136 bd 10 20 4 18 57 255 9 2 5 4 312 G130

Rock types based entirely on compositional characteristics.
MB = metabasaltic MR = metarhyolitic

MA = meta-andesitic M) = metaquartzite

M = metadacitic

oc



Table 3— Major- and trace-element data for older Archean rocks from lower Hellroaring Plateau.

Weight percent ppm

Sample Type Si02 TiOZ Al2(B Fe23 Fe0 M0 MgO Ca0 Na20 K20 P205 H20+ C2 Total Sample Ba Ce Co Cr Qu Ga La M P B St Th U Y Zn Zr Sawle
HR-156 MB 48.71 0.74 13,26 2.86 9.41 0.27 9.07 10.62 2.56 0.82 0.04 1.20 0.36 99.92 HR-156 397 5 64 549 18 9 6 240 3 15 138 2 0 14 8 53 HR-156
HR-159 MB 50.03 0.85 13.05 2.61 9.41 0.29 6.94 10.62 2.69 0.76 0.05 1.06 0.60 98,96 HR-159 127 15 52 198 76 12 8 149 0O 14 130 bd 2 14 8 66 HR-159
HR~165 AM 54.88 1.58 15.33 4.13 7.46 0.12 3.54 4.42 0.58 3.88 0.35 2.70 1,20 100.17 HR-165 475 38 40 28 16 20 20 73 7 18 130 6 2 18 24 157 HR-165
HR-152 MA 57.32 0.71 12.92 2.02 9.70 0.28 5.60 4.33 1.98 1.34 0.11 2.33 0.28 98,92 HR-152 2547 41 43 22 46 17 20 49 7 57 98 8 1 18 108 128 HR-152
HR-145 MA 57.83 0.91 16.50 1.18 7.52 0.08 5.36 3.19 2.90 1l.44 0.07 1.39 0.54 98.91 HR-145 110 13 33 330 7 17 11 127 20 44 129 6 3 18 100 90 HR-145
HR-155 M) 64.16 0.56 17.23 0.75 2,95 0.07 1.96 4.19 4.55 1.14 0.12 1.65 0.14 99,47 HR-155 826 45 16 21 11 20 29 13 4 49 379 3 2 5 51 154 HR-155
HR-142 M 69.71 0.21 16.26 0.44 1.42 0.03 1.75 1.42 6.95 0.47 0.05 1.07 0.04 99.82 HR-142 8 12 12 28 9 16 3 9 2 10 157 bd 2 3 11 & HR142
HR-153 MR 70.84 0.18 15.50 0.21 0.83 0.02 0.68 2.32 4.23 3.44 0.05 0.11 0.00 98,41 HR-153 1345 36 6 2 1 17 14 bd 17 8 408 2 1 5 12 102 HR-153
HR-158 M@ 75.97 0.41 8.60 0.99 2.01 0.26 2.09 4.08 1.33 1.94 0.04 1.18 0.30 99.20 HR-158 1180 bd 36 1341 54 7 5 117 O 71 31 bd 1 9 22 37 HRI158
HR-167 My 83.37 0.08 7.44 0.26 0.59 0.06 1.98 1.98 1.16 1.22 0.02 1.10 0.17 99.43 HR-167 200 24 16 47 bd 7 20 3 O 63 38 4 1 10 6 94 HR-167
Rock types based entirely on compositonal charcateristics.
MB = metabasaltic M = metadacitic MM = metaquartzwacke
AM = altered mafic MR = metarhyolitic M} = metaquartzite
MA = meta-andesitic

Table 4— Major- and trace-element data for older Archean rocks from the Christmas Lake and Wyoming Creek areas.
Weight percent ppmn

Sample  Type Si02 Ti(2 Al203 Fe23 FeO MO MO Ca0 Na20 K20 P205 H20+ C2 Total Sample Ba Ce Co Cr Cu Ga La Mi P B S Th U Y Zn Zr Saple
10 MB 49,21 0.88 14.00 3.55 7.78 0.22 6.87 10.57 2.40 0.81 0.07 1.46 0.42 98.24 CL~10 115 bd 46 263 30 14 2 95 6 11 9 1 1 23 77 66 C-10
ar2 MB 50.54 0.78 13.58 4.19 8.83 0.21 6.99 10.44 3,04 0.92 0.05 1.35 0.04 100.96 -2 31 35 57 204 92 18 9 8 3 7 8 4 2 19 9% 51 G2
-7 MB 52.8 0.34 14.83 2,75 6.11 0.18 6.56 9.38 3.22 0.78 0.05 1.26 0.39 98.71 Q-7 152 2 57 286 3 14 15 100 8 14 137 06 0 16 58 58 Q-7
a6 MA 55.27 0.34 14.88 2.46 6.37 0.15 6.76 9.07 3.47 0.74 0.05 1.37 0.06 100.99 CG~6 93 30 45 267 25 15 4 104 15 5 117 5 3 17 76 59 -6
4 MA 56.27 0.32 15.43 2.39 5.18 0.16 5.74 7.99 3.82 1.09 0.05 1.60 0.04 100.08 {4 36 28 44 128 29 16 4 79 13 37 178 5 3 18 77 74 A4
a9 MA 61.16 0.52 15.90 2.38 3.04 0.10 3.35 5.12 3.78 1.59 0.10 1.24 0.46 98.74 Q9 483 39 38 117 34 17 15 47 7 72 404 4 2 11 56 134 @9
Cl-8 M 64.05 0.42 14.41 1.84 4,04 0.13 3.38 4,00 3.12 2.08 0.12 1.39 0.12 99.10 (-8 334 71 29 167 bd 16 35 5 9 129 215 13 1 18 60 118 Q-8
ar3 M 66.84 0.59 15.64 1.64 3.12 0.10 1.78 3.20 4.41 1.8 0.15 0.82 0.03 100.18 @-3 178 55 16 11 33 21 9 19 21 132 208 16 2 17 89 162 -3
C1~13 M 68.08 0.28 16.97 0.77 1.60 0.06 1.16 3,43 5.28 1.28 0.06 0.85 0.30 100.11 ~13 128 51 19 6 8 19 29 11 19 74 249 5 4 9 30 142 (13
a-12 M 68.38 0.30 16.82 1.00 1.51 0.04 1.03 3.56 5.04 1.30 0.08 0.50 0.10 99.66 Q~12 155 30 17 16 2 17 32 6 14 72 265 3 3 6 23 127 Qr12
11 MM 69.57 0.62 14,36 1.70 1.55 0.04 1.14 2.16 2,98 4,21 0.16 0.61 0.09 99.19 C~11 1811 95 44 33 24 16 49 16 28 122 209 58 2 17 38 399 ak11
a~1 M 70,29 0.37 14.83 1.78 1.72 0.05 0.78 3.22 4,74 1.07 0,11 0.52 0,00 99.48 Q-1 102 43 10 O 23 16 13 6 21 60 218 13 4 10 57 229 (-1
-5 KS 76.40 0.06 13.30 0.15 0.20 0.02 0.15 1.43 3.14 4.40 0.01 0.45 0.00 99.71 Q-5 1097 8 15 14 14 15 & 6 30 104 200 S 2 2 10 42 45
W3 MB 48,79 1.06 14,37 3.08 9.38 0.20 7.26 10.89 2.65 0.90 0.08 1.36 0.06 100.08 WC-3 109 5 56 242 2 16 3 124 7 16 104 O 2 26116 72 W3
WC-6 MB 48.95 0.97 14.17 3.36 8.91 0.16 6.57 10.72 2.49 0.8 0.06 1.50 0.14 98.86 WC-6 92 0 49 195 10 15 8 119 5 10 93 0 2 28107 66 WGH
W1 MB 50.30 0.8 15.27 3.00 8.28 0.19 7.66 11.18 2.50 0.74 0.07 1.41 0.06 101.52 WGC-1 8 4 46 207 0 17 5 123 4 10 94 1 0 24 9% 71 W1
WC-5 MA 57.79 0.56 16.94 1.76 4.25 0.09 4.73 7.39 3.87 1.24 0.14 1.22 0.30 100.28 WC-5 598 40 81 163 42 19 23 60 10 48 435 4 1 19 70 126 WG-S5
Wo-2 MD 65.51 0.62 14,19 3.13 4,32 0.12 1.74 3.35 2.81 1.73 0.12 0.80 0.07 98.51 WGC-2 854 62 36 95 36 23 29 45 15 99 227 14 5 49 110 365 W2
WG4 M 65.73 0.47 15.20 1.08 3.66 0.09 2.80 2.83 3.48 2.38 0.17 0.77 0.04 98.70 WO-4 1348 64 48 190 44 19 32 8 12 106 373 11 3 14 59 163 W4
W7 M¥ 69.29 0.39 14.25 0.82 3.34 0.03 2.42 2.34 2.66 3.35 0.11 0.98 0.04 100.02 WC-7 1134 70 56 195 6 18 42 78 19 157 312 15 2 14 50 148 WG~/
Rock types based entirely on campositional characteristics.
MB = metabasalt MW = metaquartzwacke
MA = meta-ardesite KS = highK silicic

M) = metadacite

g
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about 2.8 Ga. The 2.8 Ga age is consistent with the
amphibolite facies metamorphic event thatis recorded
in the andesitic amphibolites, although it could also
be related to an event that preceded the crystalliza-
tion of the protoliths at 2790 Ma.

Rb-Sr, Sm-Nd and common Pb data also pro-
vide information concerning the age of the older Ar-
chean rocks. A Rb-Sr isochron for the granitic mig-
matite discussed above gives an age of 2830 + 130
Ma and an initial ratio of 0.738 + 7. The high initial
ratio of the isochron clearly shows that it represents
the time at which a much older rock had its Rb-Sr
system reset. A model age based on the average Rb
and Sr contents and Sr isotopic values of this rock is
approximately 3500 Ma, if an initial Sr ratio of 0.700 is
used. The Rb-Sr data for other rocks in the older
complex also indicate an Early Archean age. Henry
and others {1982) reported data for many of the
lithologic types discussed above, and they fall along
a 3350 Ma reference isochron with an initial ratio of
0.700 (Figure 11). These data do not define an
isochron because samples scatter both above and
below the reference line. This scatter may be caused
by many factors related to the complicated geologic
history of these rocks. Possibilities include Rb or #Sr
loss during high-grade metamorphism, Rb addition
during metamorphism or later piutonism, mixing of
different age rocks during plutonism or deformation,
or improper identification of younger rocks included
in the older complex. Although the samples with
lower Rb-Sr ratios could represent mixing between
Late and Early Archean materials, the sampies with
high Rb-Sr ratios on the reference line provide clear
evidence that some Early Archean material must be
present.

The implication for ages of 3.3 Ga from the Rb-
Sr system is supported by Sm-Nd and Pb-Pb isotopic
data. Four samples have Sm-Nd chondritic model
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Figure 11—Rb-Sr isochron diagram for older Archean rocks
of the eastern Beartooth Mountains. Most samples lie close
to the 3.35 Ga reference isochron. Some samples have been
reset or rehomogenized at about 2.8 Ga.

ages between 3.3-3.5 Ga. Three other samples have
model ages between 3.1-3.2 Ga. Common Pb studies
(Wooden and Mueller, 1987) show that the same
samples that have high Rb-Sr and Sm-Nd model
ages have very radiogenic Pb compositions that are
consistent with a minimum age of 3.4 Ga and very
high U/Pb ratios. Most of the samples from the Hell-
roaring Plateau define a Pb-Pb WR isochron of 3390
+ 80 Ma (Figure 12}. Samples from the Quad Creek
area scatter around either 2.8 or 3.1 Ga Pb-Pb refer-
ence isochrons. Ali of these Pb-Pb isochrons lie
above the Stacey and Kramers {1975) modal curve
for average crust, requiring that the sources for these
rocks were already very radiogenic at 2.8-3.4 Ga.
Closer analysis of the Hellroaring Plateau data on an
outcrop basis shows that samples from individual
outcrops define ages from 3.06-3.2 Ga. If some very
radiogenic samples from the Hellroaring area are
considered, even younger model ages from 2.9-2.7
Ga are defined. This pattern of Pb isotopic systemat-
ics indicates that rocks significantly older than 3.2 Ga
had their Pb isotopic systematics partially to com-
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Figure 12— Pb-Pb isochron diagrams for older Archean rocks
from (A), Hellroaring Plateau; (B}, Quad Creek. Dashed line
on Quad Creek plot is a 3.1 Ga reference isochron.



pletely homogenized at the outcrop scale during the
Middle to Late Archean. A few samples must also
have experienced significant U addition during this
time. It is difficult to interpret the actual age of these
resetting events, but two distinct events at about 3.1
and 2.8 Ga are strongly implied. The 2.8 Ga event
may be the amphibolite-grade metamorphism and
deformation associated with the andesitic amphibo-
lites. The 3.1 Ga event may be the granulite event
recorded in the Quad Creek area (Henry and others,
1982). Aithough the timing is uncertain, the Pb iso-
topic data require a high-grade metamorphic event
later than the 3.3-3.4 Ga age originally suggested for
the event at Quad Creek {Henry and others, 1982). in
order to obtain the very radiogenic initial Pb isotopic
compositions required by the reset isochrons, rocks
3.5 Ga and older with moderate to high U/Pb ratios
must be involved. The high initial Pb ratios of the
Late Archean complex {see above) also require the
presence of older Archean material. Therefore,
strong inferential, coupled with some direct
evidence, suggests that rocks at least 3.3-3.5 Ga ex-
ist in the eastern and central Beartooth Mountains.
Further studies are needed to provide details of their
complex history.

North-central Beartooth Mountains

The area surrounding the Stillwater Compiex
has been of special interest to geologists studying
the origin of this famous layered mafic igneous body.
Unfortunately, the field relationships in this area are
complicated by major faults that separate the Still-
water Complex and the metasedimentary rocks that
it intrudes from the main exposures of Archean rocks
in the remainder of the Beartooth Mountains. Butler
(1966) was one of the first studies to consider the
transition from the Stillwater Complex and its con-
tact metamorphosed border rocks into the domi-
nately crystailine Archean rocks that lie to the south.
Page (1977), Wooden and others (1982), and
Czemanske and Zientek {1985) contain more recently
published information on the area.

The Stillwater Complex intruded a sequence of
metasedimentary rocks (Page, 1977, Page and
Zientek, 1985) about 2700 Ma (DePaolo and Wasser-
burg, 1979; Mueller and Wooden, 1976). These
metasedimentary rocks are variable in composition
with SiO, ranging between 45-80 percent. Low Na
and Ca contents across this range indicate that all of
these rocks experienced a strong weathering cycle.
High Fe, Mg, Cr and Ni contents throughout this
range also indicate that the provenance lithologies
for these rocks contained both quartz- and Mg-rich
components. Nunes and Tilton (1971) reported U-Pb
zircon ages for rocks from the aureole of 3060 and
3090 Ma (Figure 13). DePaoclo and Wasserburg
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Figure 13— U-Pb concordia diagrams for granitoids at base
of the Stillwater Complex, schists south of the complex,
and hornfels produced by the complex. Data from Nunes
and Tilton {1971}.

{1979) reported a single Sm-Nd chondritic model age
of 3130 Ma for a hornfels. It is clear, therefore, that
these rocks contain materials that are at least 3.1 Ga.
The only rocks compositionally similar to these are
those found in the southwestern Beartooth Moun-
tains, particularly in the Jardine mining district
{Thruston, 1986).



The metasedimentary rocks of the aureole are
separated from the crystalline rocks of the Beartooth
Mountains by faults. Geissman and Mogk {1986} and
Mogk (this volume) present evidence for the juxtapo-
sition of the Stillwater block against these crystalline
rocks along the Mill Creek— Stillwater fault zone.
Briefly, the evidence involves a strong discontinuity
in metamorphic grade {800°C and 2-3 kb for the Still-
water block vs 600°C and 7-8 kb for the crystalline
rocks), structural style (preserved sedimentary struc-
tures in the aureole vs strongly developed schistose
and gneissic textures in inclusions in the granitoids),
and composition of supracrustal rocks (high Cr-Ni
sediments vs andesitic amphibolites). This crystalline
complex, however, is similar in many ways to the
Late Archean complex of the eastern Beartooth
Mountains. The granitoid rocks are dominated by
high Si0Q,, high Na members that have variable
Na,0/K,0 ratios (Figure 14). Some low Na grani-
toids are also present and rare crosscutting relation-
ships suggest that at least some of these rocks are
younger than the high Na suite. The granitoids also
contain numerous inclusions of amphibolitic and
schistose rocks that have dioritic/ andesitic composi-
tions or of metaplutonic rocks that have granodioritic
compositions {Tables 5, 6). The style of intrusion for
the granitic rocks seems to be one of numerous thin
sheets that produce a fit-par-lit appearance. Pegma-
tite and aplite veins are the latest intrusions and ac-
count for about 20% of the rock volume (Richmond,
1987). A composite Rb-Sr isochron for the granitoid
rocks in the Stillwater River valley gives an age of
2700 + 100 Ma with an initial Sr ratio of 0.7023 (Fig-
ure 15). Common Pb isotopic data for the granitoids
from the Stillwater River valley fall along the Pb-Pb
isochron for the eastern Beartooth Late Archean
complex. A U-Pb zircon age for the Hawley Peak bio-
tite granite is 2752 £ 14 Ma (Lafrenz and others,
1986). Thus, the presently available data suggest that
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Figure 14—Weight percent Si0, vs weight percent Na,O for
Late Archean granitoids from the Stillwater River valley
{squares) and Lake Plateau (triangles).

these rocks are generally equivalent to those of the
eastern Beartooth Mountains in both age and com-
position.

A small body of coarse-grained granite occurs at
the contact between the Stillwater Complex and the
metasedimentary rocks. This granite may be a mem-
ber of a larger suite of medium-grained granitoids
(Page and others,1972). Nunes and Tilton (1971) ob-
tained a zircon age of 2700 Ma on the coarse-grained
granite (Figure 13). This is the youngest reliable Ar-
chean age for a granitoid in the Beartooth Mountains
and another distinction between the Stiliwater block
and the adjoining crystalline terrane.

Compositional data for granitoids from the East
Rosebud Creek area are presented in Table 7. This
area is geographically situated between the eastern
Beartooth Mountains and the Stillwater River valley.
The porphyritic texture of many of the granitoids in
the East Rosebud Creek area is distinctive relative to
the granitoids in the other two areas. However, the
compositional data for the East Rosebud Creek grani-
toids shows that most of these rocks also have the
characteristics of the typical granitoids of the eastern
and central Beartooth Mountains. In particular, the
low Na suite of the Stillwater River valley is similar to
the porphyritic samples from East Rosebud Creek.

Southwestern Beartooth Mountains

The Archean geology of the southwestern Bear-
tooth Mountains is known from the work of Casella
and others (1982). In addition, Thurston (1986) has
examined the Gardiner area, where metasedimentary
units are the dominant rock type. The metasedimen-
tary units were intruded synkinematically by a variety
of granitoids. The synkinematic intrusions con-
tributed to the development of migmatite zones
along contacts. The metasedimentary rocks occur as
thinly bedded units of schist, quartzite, meta-conglo-
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Figure 15—Rb-Sr isochron diagram for granitoids from the
Stillwater River valley (circles) and East Rosebud Creek {tri-
angles).



Table 5— Major- and trace-element data for granitoids along the Stillwater River.

Weight percent ppm
Sample Type Si02 Ti2 Al203 Fe2@B3 FeO0 MO MO Ca0 Na20 K20 P205 H20 C Total Sample Ba R Sr Zr Ce LaPb Th Y Cr N Sample
Sw-11  ING  68.88 0.30 15.23 1.11 1.78 0.03 0.9 2.8 4.21 2.52 0.12 0.8 0.05 98.91 Sw11 703108358 & 22 825 7 5 3 4 Swll
SH-6 ING  68.95 0.36 15.62 1.34 2.15 0,06 1.25 3.28 4.59 1.8 0.10 0.76 0.12 100.44 SWw-6 29 95317 49 85 4923 15 6 8 7 Wb
SW-8 ILNG 71.00 0.30 15.01 1.35 1.69 0.05 0.8 2.9% 4.45 1,77 0.08 0.55 0.00 100,07 Sw-8 428 78335 99 24 1423 8 4 bd 5 Sw8
SW#-10  LNG 72,18 0.17 15.54 0.00 1.76 0,03 0.40 2.80 4.29 2,58 0.06 0.53 0.07 100.41 S#10 820 78375163 10 627 11 4 12 1 SW10
SW4 NG 71.37 0.27 14.23 1.14 1.60 0.06 0.76 2,34 3.8 3.36 0.11 0.36 0.19 99.65 S¥4 1060 132268 154 31 2127 13 8 7 5 Sw4
Sw-1 ING  71.49 0.29 14,07 1.51 1,14 0.05 0.61 2.29 4.25 3.14 0.09 0.40 0.22 99.55 Sw-1 1649 141328136 42 2434 14 6 24 5 Swl
SW-3 ING  71.55 0.27 14.41 0.50 1.96 0.05 0.68 2.40 3.81 3.14 0.09 0.60 0.07 99.53 SW&3 912 111 281 150 50 2626 12 8 4 3 Sw3
Sa-2 LNG  71.83 0.28 14.39 1.12 1.48 0.06 0.63 2.31 3.93 3.14 0.09 0.41 0.17 99.84 W2 916 115273 143 39 2627 13 7 2 4 Sa2
Sk4 ING  72.32 0.15 15.24 1.20 0.62 0.03 ©0.39 2.23 4.06 3,32 0.03 0.57 0.12 100.28 SR-4 1459 84436115 18 428 2 4 8 O SR4
SW-7 LG 78.81 0.05 11.94 0.26 0.19 0.01 0.00 1.15 2.59 4.75 0,06 0.29 0.11 100,21 SWw-7 1740120263 76 3 331 8 4 11 bd SW7
SW-9 1G 74,19 0.16 14.41 0.65 0.55 0.02 0.16 1.84 3.18 4.66 0.04 0.29 0.14 100.29 SW9 1739 118341151 10 834 11 4 bd 1 SW9
SR-6 WG 69.32 0.25 16.31 1.09 1.18 0.05 0.51" 2.71 5.46 1.54 0.08 0.76 0.10 99.36 SR6 389 36537 18 42 2119 10 8 6 0 SR6
SR-2 HG  70.90 0.25 16.49 1.16 1.10 0.3 0.19 2.66 5.78 1.49 0.07 0.67 0.07 100.86 SR-2 378 35547 190 42 2617 9 7 6 1 SR2
SR-5 NG 71.63 0.24 15.78 0.82 1.50 0.04 0.47 2.45 4.95 1,95 0.03 0.85 0.20 100.91 SR-5 290 8 264 103 42 1628 16 7 19 0O SRS
SW-23 HNG  71.67 0.16 15.26 0.53 0.95 0.03 0.47 2.25 5.03 2.18 0.11 0.97 0.10 99.71 SWw-23 847 109 408 140 27 1929 1613 4 bd S+23
SWw-21 G  73.00 0.18 14.87 0.70 0.97 0.03 0.39 1.8 4.81 2,36 0.07 0.58 0.20 100,01 Sw-21 706 79378126 28 1430 13 7 4 2 Sw21
SW-22 HNG  73.08 0.15 14.85 0,70 0.71 0.03 0.33 2.24 5.38 1.00 0.06 0.61 0.16 99.30 Sw-22 163 53375131 25 1824 16 7 26 bd Sw22
S#20  HNG 74.34 0.16 14,91 0.54 0.82 0.04 0.28 1.81 5.07 2,31 0.04 0.44 0,06 100.82 SWw-20 801 71399 112 20 1430 12 5 O bd SW20
SW-18  HNG  74.57 0.14 13.63 1.2 1.03 0.8 0.45 2.9% 4.35 0.81 0.07 1.42 0.12 100.60 Sw-18 129 40303135 14 620 6 7 7 6 Swi8
SR-1 NG 75.48 0.10 14,58 1.00 0.33 0.03 0.15 1.73 4.26 3,22 0.01 0.37 0.02 101,28 SR-1 1108 83312 8 32 1822 12 4 2 0 SR1
SW-16 AA 56,18 0.45 16.28 1.92 4.77 0.11 5.25 6.65 2.97 1.89 0.10 1.47 0.33 98.38 Sw-16 459 90 455100 50 2313 913171 & swl16
Sw-17 AL 56.82 0.47 16.94 2.00 4.66 0.12 5.47 7.74 3.28 1.32 0.10 1.47 0.15 100.54 Sw-17 523 43567 108 51 18 9 613171 79 S#+17
SW-5 AA 59,06 0.52 15.82 2.25 4.14 0.15 4.77 6.07 4.48 1.41 0.13 1.27 0.17 100.24 SW-5 123 79304 119 63 28 14 12 14 155 68 SWS
SW-19 A 59,16 0.57 16.72 2.32 4.57 0.10 4.15 6.47 3.46 1.53 0.10 1.41 0.28 100.84 SW-19 558 53 509 110 46 19 14 1011 85 44 Sw19
SW-12 AA 59.31 0,55 16.33 2.05 4.28 0.09 3.77 6.20 4.03 1.41 0.11 0.75 0.11 98.99 Sw-12 530 75491123 39 1214 912 76 44 SW12
SW-13 AA 60.42 0.59 17.52 2.08 3.97 0.08 2,61 6.26 3.93 1.33 0.11 0.95 0.09 99.94 S4-13 575 60447 124 40 1413 615 7 8 SW13
SW-14 AA 60.80 0.54 15.52 2.09 4,63 0.10 4.54 4.95 3.16 2.28 0.10 1.42 0.14 100.27 SWw-14 547 126 406 108 28 1513 813 211 89 Swl4
SR-3 AA? 62.61 0.42 16.40 2.44 3.57 0.12 2,53 5.22 3.97 1.39 0.08 1.03 0.18 99.96 SR-3 305 5938 76 28 4 6 022 26 7 SR3
SR-7 GR»  65.49 0.43 16.93 1,38 2,91 0.06 1.46 5.18 3.8 1.30 0.20 0.80 0.26 100.23 SR~/ 342 76 150200 42 2010 828 18 14 SR
SW-15 GRD  64.55 0.47 16,62 1.84 2.91 0.08 2.49 5.01 3.92 1.61 0.11 0.96 0.13 100.70 Sw-15 326 81370 111 48 2416 816 42 17 swi5
HNG = high Na granitoid GRD = granodioritic granitoid
LNG = low Na granitoid AA = andesitic amphibolite

LG = leucocratic granitoid
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Table 6— Major- and trace-element data for samples from Lake Plateau.

Weight percent ppm
Sample  Type  Si(R TiO2 AL203 Fe2®BT M0 MO Ca0 Na20 K20 P205 1Ol ‘Total Saple Ba Sr 2r B Y S V Cr M Smple

LR-50 WG 72.94 0.12 15.97 0.84 0.01 0.21 2,43 5.70 1.36 0.01 0.8 100.42 1P-50 870406 77 22 5 3 14 13 16 LIRS0
1p-23 HNG 73.35 0.21 14.95 1.80 0.03 0.35 1.84 4.74 2.8 0.01 0.37 100.48 1P-23 965268 105 18 8 4 16 12 12 1»23
p-7 NG 74.03 0.24 14,92 1,92 0.03 0.42 1.8 5.51 1.35 0.09 -  100.38 LP-7 502 340115 ~ 10 6 23 13 15 L&Y
1P-35 WG 74.07 0,15 1S.12 1.37 0.01 0.36 1.81 4.43 2.71 0.09 - 100,12 135 812317 8 - 14 4 16 12 15 LR35
LB-25 WG 74.50 0.18 14.47 1,46 0.02 0.27 1.43 4,90 2.61 0.09 =~ 99.93 LP-25 941319 9% - 12 7 33 26 33 1P-25
P42 HNG 74.83 0.19 14.51 1.29 0.02 0.32 2.10 4.74 2,06 0.07 - 100,13 LP-42 1420339 72 20 4 3 14 13 14 1p&2
LP-1 HG  74.9 0.14 13.97 1.28 0,02 0.17 1,26 4.21 3.47 0.09 - 99,57 1R-1 1250221 76 35 4 17 13 17 1kt
LP-56 WG 75.38 0.12 14,09 0,77 0,02 0.10 0.99 4.28 4,33 0.01 -~ 100.09 LP-56 1280225 56 - 4 2 3 3 3 156
LP-8  HNLSG 75.64 0.08 13.79 0.81 0.03 0.03 0.81 4.11 4.20 0.01 0.31 99.82 1I1p-8 80127 53 17 8 4 11 11 13 1IR3
LP-54 HNLSG 75.05 0.11 13,92 0.79 0.02 0.05 0.71 4.46 4.46 0.04 - 99.61 LP-54 580 99 47 11 9 S5 3 5 4 1P-54
LR-26 HNLSG 75.28 0.08 13.97 0.51 0.01 0.01 0.7t 3.94 5.13 0.16 - 99.80 LP-26 195 90 49 13 8 5 16 16 21 1P-26
1P-33  ING  74.57 0.17 14.22 1.25 0.02 0.36 0.91 3.39 5.32 0.05 - 100.26 1P33 1560170149 6 13 3 9 3 1 1Ip33
Lh-18 ING  74.99 0.18 13.13 1.69 0.02 0.23 0.80 3.9 5.10 0.07 - 99.30 LP-18 1090 154 134 -~ 15 4 15 8 11 Lr18
LR-17 GRD  61.78 0.94 15.50 7.65 0.14 3.12 4.41 2,92 2.62 0.40 -~ 99.48 Lp-17 1220 316 185 18 20 17 131 99 56 Lp-17
1r-14  GRD  62.36 0.93 14,94 7.40 0.10 2.43 4.89 3.22 3.06 0.53 -~ 99.86 LP-14 3330 641 204 18 22 15 143 31 28 LP-14
LR-13  GRD  63.03 0.89 15.40 7.19 0.10 2.33 4.53 3.19 3.50 0.49 -  100.65 LP-13 3180 594 204 17 18 14133 27 27 1LB-13
LP-11  GRD  63.42 0.85 14.99 6.59 0.10 2.48 4.62 3.05 3.13 0.30 - 99.53 LP-~11 1870 419 140 15 27 14 115 65 39 Lk-i1
112 GRb  63.91 0.88 15.13 6.80 0.10 2.17 4.49 3.09 3,61 0.45 -~  100.63 Lp-12 3530 594 238 17 22 14126 26 25 1LP-12
LP-16 GRD  64.15 0.85 15.29 7.14 0,09 2.64 2.92 3.41 2,68 0.36 0.76 100.29 LR-16 733 237 160 22 24 15105 70 62 1LP-1o
15 GR  65.26 0.76 14.91 6.32 0.08 2.17 3.82 2.8 3.31 0.28 - $9.76 1P-15 2250 428 144 12 28 14 99 56 32 1»-15
LP-55 AA 53.46 0.36 18.62 6.97 0.10 6.53 8.94 3.01 0.62 0.08 -~ 98.70 LP-55 291 600 44 10 7 18 103 171 105 1LP-55
LP-45 A4 54.32 0.48 18.01 8.38 0.12 5.91 7.18 2.99 1.56 0.21 1,44 100.60 LP-45 473 552 36 - 7 12135115 65 Lb45
LP-24A AA 56,90 0.80 16.07 9.26 0.14 4.78 7.22 3.58 1.41 0.22 -~  100.38 LB-24A 677 S14 70 16 13 22 187 109 77 LP-24A
LP-24B AA 56.91 0.79 16.11 9.28 0.15 4.71 7.13 3.58 1.50 0.22 ~ 100.38 1LR-24B 902 491 81 13 14 22 188 100 77 LP-24B
Lp-21 A 57,77 0.58 17.01 8.02 0.14 4.24 7.14 4.01 1.19 0.16 -~ 100.26 LR21 536535 67 14 13 20145 8 5 1p-21
1r-19 AA 58,22 0.41 17.10 6.50 0.09 5.40 7.46 3.56 1.10 0.14 - 99.98 LP-19 400 473 63 13 8 16103 120 79 L1219
LR-52 AA 59.68 0.57 17.18 6.77 0.10 3.35 6.67 3.68 1.29 0.23 ~ 99.52 LP-52 528 425 98 - 14 18 140 73 68 LP-52
P41 AL 59.91 0.58 16.64 6.26 0.09 4.29 7.04 3.49 1.29 0.21 ~ 99.80 LP-41 845526 71 23 15 17 122 19 50 LR-41
LP-51 MM 61.72 0.49 17.04 6.21 0.10 2.84 6.32 3.80 1.28 0.15 -~ 99.95 LR-51 456 423 69 20 12 16 122 44 46 LP-51
1p-57 MM 61.95 0.67 15.95 6.69 0.09 2.46 5.26 3.55 1.82 0.32 1.37 100.13 LR-57 389 430 156 - 23 17 142 30 39 1Lp»-57
LNG = low Na granitoid GRD = metagranodiorite
HNG = high Na granitoid AA = andesitic amphibolite

HNLSG = high Na low Sr granitoid
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merate and rare iron-formation. Sedimentary struc-
tures, including graded bedding, cross bedding and
channel cut and fill, have been preserved in spite of
the multiple periods of deformation and metamor-
phism that these rocks suffered. Thurston (1986)
suggested that these sedimentary structures were
most compatible with deposition by turbidity cur-
rents along an active continental margin. The major
period of deformation produced isoclinal folds and
was accompanied by amphibolite-grade metamor-
phism. A second period of amphibolite-grade meta-
morphism is associated with only minor deformation
and the intrusion of two mica granites. These gran-
ites have a minimum Rb-Sr age of 2740 Ma and a
high initial Sr ratio indicating that they are probably
partial melts of upper crustal rocks (Wooden, 1979).
Bulk compositional data for the metasedimentary
rocks suggest that they were originally graywackes
with a minor shale component. Thurston (1986} con-
cluded that the petrographic and geochemical data
required two sources for these rocks— mafic-ultra-
mafic and tonalitic-trondhjemitic. These two sources
are necessary to account for some samples with high
transition element concentrations at high Si0O, con-
tents. In this respect, these rocks are very similar to
those of the Stillwater block. The age of the meta-
sedimentary sequence is uncertain, but seems to be
in the range of 2.9-3.1 Ga based on model Rb-Sr data
and a single model Sm-Nd age {Montgomery and
Lytwyn, 1984). U-Pb ages of about 3.2 Ga for zircons
in samples from the Gardiner area have been deter-
mined.

The metasedimentary sequence is intruded
along the eastern edge of its exposure by granitoids.
The earliest of these granitoids is a quartz-horn-
blende diorite that appears to be similar to the andes-
itic amphibolites of the eastern and central Beartooth
Mountains. Intrusive into these rocks is a composite
batholith with phases varying from tonalite to gran-
ite, but with granodiorite dominating. The bulk com-
positions of some of these rocks are similar to the
granitoids of the eastern and central Beartooth
Mountains. However, the majority of these rocks
have higher K,0/Na,0 ratios at the same Si0, level,
and a greater number of the samples have weight%
Si0, contents in the 60s, in keeping with their grano-
dioritic modal classification. The Rb-Sr and U-Pb zir-
con data (Montgomery, 1982; Montgomery and
Lytwyn, 1984; Wooden, 1979) are consistent with
these rocks being the same age as the granitoids of
the eastern and central Beartooth Mountains, but a
significant reheating of this area in the Proterozoic
has complicated the Rb-Sr systematics of these
rocks.

Northwestern Beartooth Mountains
The northwestern part of the Beartooth Moun-
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tains is commonly referred to as the North Snowy
block. This area was first described in detail by Reid
and others {1975}. Subsequent work by Mogk (1982,
1984) has added to the structural and geochemical
knowledge of the area and allowed for new interpre-
tations. Mogk and others (1988) show that this area
is composed of a series of lithologically and meta-
morphically distinct packages that have been juxta-
posed by tectonic processes. There are seven major
units which can be defined from east to west.

(1) The Mount Cowen augen gneiss {Figure 16}
contains augen-textured granitoids that occur mar-
ginal to the paragneiss unit (see below). The augen
texture disappears to the east suggesting that these
rocks may be only a textural variant of the massive
granitoids to the east. Rock types range from grano-
diorite to granite (Table 8). Unlike the granitoids of
the eastern and central Beartooth Mountains, this
unit has Na,0/K,O ratios consistently less than one,
and higher Rb/Sr ratios. Although these rocks are
similar in some respects to the low Na suites to the
east, there are too many significant compositional
differences to assign them directly to those low Na
groups. A Rb-Sr isochron for sampies from this unit
gives an age of 2740 + 50 Ma and an initial ratio of
0.7023, both of which are within error of the data for
the eastern and central granitoids. In addition, com-
mon Pb isotopic data for these samples either lie
along (or slightly above) the 2780 Ma isochron for
Late Archean rocks of the eastern and central Bear-
tooth Mountains (Wooden and Mueller, 1988),

{2} The paragneiss unit contains a heterogene-
ous assemblage of supracrustal rocks, including
quarizofeldspathic gneisses, pelitic schists, amphib-
olites and banded-iron formation.

(3} The augen gneiss sill that is texturally and
compositionally similar to some members of the
Mount Cowan augen gneiss. This unit has intrusive
contacts with the paragneiss and the Davis Creek
schist (see below), and has a U-Pb zircon age of 2564
+ 13 Ma (Mogk and others, 1988). Itis interpreted as
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Figure 16— Weight percent Si0, vs weight percent NaQ, and
K.O for the Mount Cowen granitic gneiss of the northwest-
ern Beartooth Mountains.



Table 7— Major- and trace-element data for granitoids along East Rosebud Creek.

Weight percent ppm
Sanple Type SiC2 Ti2 A28 Fe2@@ FeO MO M0 Ca0 Na20 K20 P205 M0 C2 Total Ba R Sr Zr Ce Labb Th Y Cr Ni Sample
R-11 OO 62,8 0.68 16.88 2.21 2.76 0.08 2.26 4.73 4,70 1.63 0.20 0.8 0.44 100.24 745 62565 95 28 14 4 0 3 66 26 ER-1l
R-15 IGR  67.57 0.36 16.76 0.81 1.57 0.00 1.15 3.33 5.59 1.62 0.05 0.24 0.22 99.27 279 39283 230 43 2516 18 6 12 8 ERIS
ER-6 DPRG  68.21 0.42 15.68 1.55 1.96 0.06 1.35 3.74 4.07 1.84 0.12 0.4 0.18 99.64 1621 35435172 40 22 8 3 7 32 12 ERS
ER-2 PRG 68,27 0.50 15.70 1.95 1.8 0.05 1.50 3.27 4.89 1.99 0.15 0.62 0,11 100.86 799 56 429 162 67 42 9 3 8 25 9 ER2Z
ER-5 DPRG  68.29 0.43 15.73 1.75 1.73 0.06 1.28 3.54 3.70 2.30 0.10 0.55 0.16 99.62 2012 44 410171 39 2410 1 9 25 14 ERS
FR-13  GREL 68,99 0.27 16.31 0.67 0.93 0.02 0.80 3.16 6.67 1.46 0.09 0.66 0.31 100.34 1393 241 225 241 343 19371 10933 O 7 ER13
ER-3 PRG  69.28 0.38 15.80 0.8 1.50 0.04 0.86 2.93 4.22 2.43 0.10 0.63 0.30 99.33 946 58308169 37 2015 5 8 13 3 ER3
ER-8 B 69.59 0.39 15.88 1.48 1.70 0.06 1.20 3.63 4.84 1.37 0.11 0.40 0.14 100.79 423 66 284 131 52 3011 916 32 4 ERS
ER-12  GREL 69.72 0.34 15.25 0.51 1.09 0,04 1,12 3.64 4,46 1,33 0.08 3,50 0.32 101.40 392 44373194 22 2012 2 4 20 7 ER12
ER-4 DPRG 70.04 0.31 14.8 1.12 1,29 0.05 0.61 1.63 3.8 4.8 0.09 0.52 0.14 99.41 855 169 145 140 114 6620 15 8 9 6 ER4
ER-1 PRG  70.97 0.29 15.14 1.25 1,17 0.04 0.76 2.63 4.15 2.84 0.09 0.65 0.05 100,03 1117 102 372 129 53 3514 4 6 12 2 ER1
ER-18  GRRL 73.97 0.13 13.91 0.07 0.64 0.04 0.52 1.47 3,77 4.01 0.02 0.42 0.23 99.20 1095 80237 119 27 2123 10 4 ¢ 1 ER18
ER-7 LUGR  74.40 0.12 13.82 0.94 0.44 0.00 0.00 1.38 3.55 4.47 0.01 0.22 0.11 99.46 8% & 166 76 28 1921 12 3 1 O ERT
ER-14 B  77.06 0.28 11.8 0.13 0.93 0.04 1.47 1.82 3.61 2.35 0.03 0.77 0.18 100.53 1668 73 104 168 41 27 12 9 6 52 15 ER-14
PRG = porphyritic granitoid LUGR = leucocratic granitoid GREL = granitoid at Flk Lake
DPRG = deformed porphyritic granitoid BQN = banded gneiss GRRL = granitoid at Rimrock Leke
06 = coarse-grained mafic granitoid LGR = laverder colored granitoid
Table 8— Major- and trace-element data for the Mount Cowan augen gneiss along West Boulder River.
Weight percent ppm
Sample Si02 Ti02 Al2(3 Fe2B FeO MO MO Ca0 Na20 K20 P205 M0 OR Total Sample Ba B Sr Zr Ce Lafhb Th Y Cr M Sample
MG-5  65.29 0.72 15.00 2.30 3.28 0.07 2.20 4,31 3.11 2,47 0.23 1.22 0.15 100.35 MG-5 979 100 379 217 109 63 15 1518 40 18 MGS
M-8 69.22 0.51 14,15 1.76 2.41 0.05 1.49 3.45 3.11 2,71 0.16 0.84 0.12 99.98 M-8 83 95290183 141 8115 2419 25 14 MO8
MC-7 70.56 0.45 14,36 1.60 1.84 0.05 1.04 2.45 3.13 3.9% 0.15 1.02 0.09 100.70 MG-7 854 150 222 186 116 6125 3018 18 6 MG7
M-3 72,25 0.38 13.48 1.21 1.95 0.07 0.91 2.16 3.39 3.48 0.12 0.9 0.15 100.51 M3 793 72189200 40 2218 713 16 7 M3
MG4 73,58 0.22 13.96 0.47 1.34 0.04 0.38 1.22 3.19 5.17 0.05 0.47 0.07 100.16 MO-4 676 173 101 201 131 7051 5416 5 4 MG4
M6 74.18 0.20 13.84 0.00 1.84 0.03 0.37 0.89 3.19 4.98 0.08 0.87 0.12 100.59 Mo-6 712228 110 137 8& 47 45 2816 O 0 M-6
MC-9  74.45 0.25 13.46 0.26 1.45 0.02 0.65 1.55 2.63 4.56 0.07 0.76 0.14 100.25 MG-9 1180 109 209 106 72 46 22 1810 11 7 MG9
M2 76,32 0.10 13.45 0.29 0.33 0.03 0.09 0.95 2.25 6.34 0.04 0.60 0.15 100.94 M>-2 1276 141 160 61 24 1660 13 7 0 0 M2
MC-1 76.72 0,18 13.14 0.32 0.74 0.02 0.15 1.66 3.34 3.67 0.03 0.41 0.20 100.58 MG-1 904 93 159 91 41 244 21 8 8 1 M-l
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a synkinematic intrusion, and as such, would
establish a minimum age for the juxtaposition of the
units in this terrane.

(4) The Davis Creek schist is a phyllitic metapel-
ite with minor layers of quartzite.

(5) The trondhjemite-amphibolite complex con-
sists of trondhjemitic gneisses interlayered with a va-
riety of amphibolites that range in composition from
basalt to anorthositic gabbro. The trondhjemitic
gneisses are similar to those found in other Archean
terranes, with high SiQ, (68-76%) and Na,O (8-4%),
low in K,0 {<2.5%), total Fe {<2%), and MgO
{ < 1%). Unfortunately, these rocks are in a ductile
shear zone metamorphosed in the epidote-obligo-
clase facies, which probably explains why the Rb-Sr
whole-rock data are scattered (Figure 17). The ma-
jority of data lie close to a 3.4 Ga reference line, but a
significant number of samples lie to the left of the line
indicating unrealistically old ages. An Early Archean
age for this unit is supported by two Sm-Nd chon-
dritic model ages of 3.26 and 3.59 Ga. U-Pb zircon
data have not yielded simple patterns. The oldest Pb-
Pb ages from these zircons range from 2885-3050 Ma
in spite of being strongly discordant and are there-
fore supportive of a minimum Middle Archean age.

(6) The Pine Creek nappe complex is cored by
the Barney Creek amphibolite that is enclosed by
symmetrically disposed beds of Jewel Lake quartzite
and George Lake marble. The amphibolite ranges in
composition from basaltic to andesitic. A single
chondritic Sm-Nd model age of 3.2 Ga suggests a
Middle Archean protolith for at least part of this unit.
A U-Pb sphene age of 2568 Ma from the amphibolite
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Figure 17— Rb-8r isochron diagram for trondhjemitic
gneisses of the North Snowy block.

is very similar to the zircon age of the augen gneiss
sill. The sphene age establishes that this unit has not
been above 400-500°C since that time.

{7) The supracrustal—migmatite complex con-
sists of a supracrustal package with quartzites, am-
phibolites and minor schists that contains gneisses of
granitic to tonalitic composition that appear to have
been injected into the supracrustal rocks. The Rb-Sr
whole-rock data for the gneisses indicate that these
rocks are approximately 3.4 Ga. The data lie along
the reference isochron for the trondhjemitic gneiss
discussed above and there are compositonal similari-
ties between some members of the heterogeneous
gneiss and the trondhjemitic gneiss.

Summary

The Archean rocks of the Beartooth Mountains
can be divided into four distinct terranes. Approxi-
mately two-thirds of the range is composed of Late
Archean granitoids that intruded slightly older (2.74
Ga vs 2.79 Ga)} amphibiolites of andesitic composi-
tion and foliated granitoids of granodioritc composi-
tion. The andesitic amphibolites are at middle am-
phibolite grade and are usually well foliated, indicat-
ing a period of metamorphism and deformation that
occurred after 2.79 Ga, but before the main mass of
the later granitoids was emplaced. The andesitic
rocks have a range of major- and trace-element com-
positions indicating that they are composed of a
complex suite of rocks. The major-element composi-
tions are completely compatible with modern andes-
itic suites; however, incompatible trace elements
show a wide range from typical to extremely enriched,
implying variable involvement of a trace-element-en-
riched fluid in the genesis of these rocks. Many of the

granodioritic rocks have this same trace-element-en-
riched character. The intruding granitoids are domi-
nantly siliceous and Na rich and have variable K con-
tents. These granitoids were emplaced mainly as
sheets with individual plutons being difficult to re-
cognize. The isotopic data indicate that all of the
Late Archean rocks represent a single, major, crust-
forming cycle that sampled a mantle source with an
enriched isotopic character. All characteristics of this
crust-forming cycle are compatible with a tectonic
environment similar to that found in a modern zone
of plate convergence.

Older Archean rocks are found in all four areas
of the range although they seem limited to the edge
of the exposed area dominated by the Late Archean
granitoids and amphibolites. In the eastern and cen-
tral Beartooth Mountains several packages of lay-
ered, gneissic rocks occur with extremely variable
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compositions. These compaositions vary from ultra-
mafic to dacitic and rhyolitic and from ironstone to
guartzite, but no carbonates are present. Most of the
rocks have experienced at least one period of granu-
lite grade metamorphism and all have been isoclinally
folded; rocks with meta-igneous compositions domi-
nate. The compositional characteristics among pack-
ages do vary, which suggests that differences in age
and/or origin may exist. The isotopic data do not
establish well-defined ages, but do indicate probabie
ages of 3.2 10 3.6 Ga.

The older Archean rocks in the Stillwater block
and the southwestern Beartooth Mountains are dom-
inantly metasedimentary. These metasedimentary
rocks share several common features, including pres-
ervation of sedimentary structures; low to moderate
pressure metamorphism; high Ni and Cr contents
{even high Si samples), and very low Ca and Na con-
tents. The U-Pb geochronology indicates zircons from
samples from both areas have ages of about 3.1-3.2
Ga. A tentative correlation between the metasedi-
mentary rocks in these two areas is suggested, al-
though the later Archean history of the two areas is
different.

Finally, the North Snowy block is a very differ-
ent terrane. Seven varied lithologic packages are jux-
taposed there, perhaps as the result of collisional tec-
tonics similar to those seen in modern plate tecton-

ics. Many of the rocks in the various packages may
be Middle to Early Archean in age. Several lithologic
types, including a trondhjemitic and a carbonate
unit, are not found elsewhere in the Beartooth
Mountains. The present interpretation is that much
of this area is allochthonous, having been moved
from the west in the Late Archean (Mogk and others,
1988).
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ARCHEAN ALLOCHTHONOUS UNITS IN THE
NORTHERN AND WESTERN BEARTOOTH
MOUNTAINS, MONTANA

David W. Mogk
Department of Earth Sciences
Montana State University
Bozeman, Montana 59717

Iintroduction

The western margin of the Beartooth Mountains
lies along a fundamental discontinuity between two
distinct terranes in the Archean basement of the
northern Wyoming province (Figure 1}. The central
and eastern Beartooth Mountains and the Bighorn
Mountains are comprised dominantly of Late Archean
granitoids with inclusions of older supracrustal rocks
(Peterman, 1981; Henry and others, 1982; Mueller
and others, 1985). The granitoids in the Beartooth
Mountains have been interpreted as the product of
subduction along a continental margin (Mueller and
others, 1985). The Archean basement exposed west
of the Beartooth Mountains consists dominantly of

medium- to high-grade metasupracrustal rocks as ex-
posed in the Gallatin Range (Spencer and Kozak,
1975), Madison Range (Erslev, 1983), Tabacco Root
Mountains (Vitaliano and others, 1979), and the
Ruby Range (Garihan, 1979).

The boundary between these two terranes oc-
curs along the western margin of the Beartooth
Mountains (Figure 2) where there is direct evidence
of tectonic intercalations of metaigneous and meta-
sedimentary units. These relations are best seen in
the North Snowy block {Mogk and Henry, 1988;
Mogk and others, 1988). Other allochthonous units

Tobacco Root Mtns. Madison Range

Ruby Range

0 100
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Teton Range
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Figure 1—Sketch map of Archean exposures in the northern Wyoming province.
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eastern Beartooth Mountains.

are recognized in the South Snowy block where low-
grade metasedimentary rocks are tectonically juxta-
posed against upper amphibolite facies rocks in the
Jardine area (Thurston, 1986). In addition, the Stili-
water Complex and its associated hornfels aureole
were emplaced against mid-crustal granitoids of the
main Beartooth Mountains (Geissman and Mogk,

1985). In each of these cases the tectonic emplace-
ment of these units occurred in the Late Archean.
Tectonic thickening of accreted allochthonous units
is an important process in the evolution of this Ar-
chean continental crust. Evidence for accretion of al-
lochthonous units in these three areas is presented in
the following sections.

North Snowy block

The North Snowy block (NSB) is comprised of
seven major lithologic units of Archean age: 1) the
Mount Cowen granitic augen gneiss, 2) a paragneiss
unit, 3) an augen-textured granitic sill, 4) the phyllitic
Davis Creek schist, b) a trondhjemitic gneiss-amphib-
olite complex, 6) the Pine Creek Nappe complex
{Figure 3) which is a large-scale isoclinal structure
with amphibolite core and symmetrically disposed
marble and quartzite, and 7) a metasupracrustal-mig-
matite complex which consists of a guartzite-am-
phibolite unit with /it-par-/it injections of granitic
rocks {Mogk and others, 1988). The contacts be-
tween these units are commonly mylonitic and each
unit is distinguished by abrupt discontinuities in lith-

ology, metamorphic grade and structural style. The
tectonic juxtaposition of these units occurred after
they had attained their peak metamorphism (i.e., the
NSB is a small-scale collage of metamorphic ter-
ranes). The regional strike is northeast with a steep
to moderate northwest dip. A brief description, as
condensed from Mogk and others (1988), of each of
these units in an east-west cross section follows:

1) The Mount Cowen granitic augen gneiss
ranges in composition from granite to granodiorite.
This unit contains subequal amounts of perthitic
microcline, sodic oligoclase, quartz, with subordin-
ate biotite, sphene, allanite, zircon and apatite, and
retrograde chlorite, epidote, sericite and calcite. The
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augen texture is characterized by anastomosing folia-
tion defined by biotite and chlorite around K-spar
porphyroclasts. The unit has a Rb-Sr whole-rock age
of 2737 + 52 Ma, and is a textural variant of the more
massive granitoids exposed to the east on the West
Boulder Plateau and Lake Plateau areas.

2) The paragneiss unit consists of a variety of
quartzofeldspathic gneisses, psammitic schists, am-
phibolites and banded iron-formation. Individual
compositional layers are discontinuous along strike;
contacts between layers are strongly sheared and are
typically retrograded suggesting a high degree of in-
ternal tectonic mixing. Anastomosing shear zones
surround meter- to tens-of meter scale phacoidal
pods of the various lithologies. The entire unit was
metamorphosed in the upper (epidote free) amphibo-
lite facies. Garnet-biotite temperatures are in the
range of 650-700°C (Ferry and Spear, 1978). Retro-
grade temperatures calculated from garnet rims yield
temperatures in the range of 550-650°C; the internal
tectonic mixing of this unit most likely occurred
under epidote-amphibolite to greenschist facies con-
ditions. Rocks of similar composition, metamorphic
grade and structural style occur to the south in the
Yankee Jim Canyon area of the South Snowy block
{Burnham, 1982).

3) The augen gneiss sill is compositionally and
texturally identical to the Mount Cowen augen
gneiss. However, recent geochronologic studies
have determined a U-Pb zircon upper concordia in-
tercept age of 2564 + 13 Ma. This unit is in intrusive
contact with the paragneiss unit and Davis Creek

schist, and thus marks a minimum age for the juxta-
position of these units.

4) The Davis Creek schist is a phyllitic metapelite
that contains the greenschist facies assemblage
chlorite-muscovite-albite-quartz. Intrafolial isoclinal
folds are locally preserved, and a late-stage dishar-
monic kinking folds the foliation. This unit is in tec-
tonic contact with the overlying trondhjemitic gneiss-
amphibolite complex as evidenced by mylonitic con-
tacts, reduction of grain size, quartz ribbons, “rag-
ged” chlorite, and anastomosing feliation around
fractured albite porphyroclasts.

5) The trondhjemitic gneiss-amphibolite com-
plex consists of trondhjemitic gneisses interlayered
with discontinuous, tabular amphibolite bodies. Rb-
Sr whole-rock data are scattered about a 3.4 Ga iso-
chron and Sm-Nd whole-rock chondritic model ages
of 3.55 and 3.26 Ga have been determined for the
trondhjemitic gneiss. The entire unit is interpreted as
a ductile shear zone. The amphibolite bodies are
rotated as rigid bodies and flattened in the foliation in
the relatively ductile trondhjemitic matrix. The
gneisses are typically gray, and contain the major
phases sodic oligoclase (45-50%), quartz (40-45%)
and biotite ( <10%). Accessory minerals include
microcline, epidote, allanite, zircon, sphene, apatite,
muscovite, chlorite and ilmenite. The texture is best
described as blastomylonitic. Discrete shear zones
are pervasive in the trondhjemitic gneisses and form
an anastomosing foliation around plagioclase por-
phyroclasts. There is a marked reduction of grain size
in the shear zones; quartz ribbons are well devel-
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oped, and plagioclase grains have developed sub-do-
mains, and bent or broken deformation twins. Neo-
blasts of both albite and oligoclase have formed
around larger porphyroclasts of oligoclase indicating
that dynamic recrystallization occurred at conditions
below the crest of the peristerite solvus, approxi-
mately 500°C.

The amphibolites include coarse-grained varie-
ties that are poorly foliated and finer-grained varieties
with nematoblastic texture. The amphibolites have
recrystallized in both the epidote-free and epidote-
bearing amphibolite facies. The dominant mineral
assemblage is hornblende-plagioclase-quartz + epi-
dote t biotite + sphene £ ilmenite. The amphibolites
are locally crosscut by the trondhjemites; the folia-
tion is truncated and a higher metamorphic grade is
preserved in the amphibolites suggesting that they
recrystallized in an earlier metamorphic cycle.

6) The Pine Creek nappe complex is an isoclin-
ally folded thrust nappe, which structurally overlies
the trondhjemitic gneiss-amphibolite complex. The
core of the nappe consists of amphibolite; marble
and quartzite are symmetrically disposed on the up-
per and lower limbs. The lower limb of the nappe is
strongly attenuated, and quartzites at the contact
with the trondhjemitic gneiss-amphibolite complex
have developed a scaly mylonitic texture suggesting
that the nappe was emplaced as a detached antifor-
mal structure.

Metamorphism of all units in the Pine Creek
nappe is in the upper (epidote free) amphibolite fac-
ies. The metamorphic mineral assemblage in the am-
phibolite is hornblende (Z= olive brown), oligociase,
quartz with subordinate biotite, garnet, apatite,
sphene, ilmenite, zircon and pyrite. The marbles con-
tain calcite-dolomite-quartz-diopside-phlogopite and
retrograde tremolite. Garnet-biotite temperatures in
the range of 600-650°C have been determined in rare
schistose layers in the quartzites. The fabric in all of
these units is a strong crystallization schistosity that
is axial planar to intrafolial isoclinal folds. The ductile
shearing observed in the underlying trondhjemitic
gneiss-amphibolite complex is not present in the Pine
Creek nappe. The age of the nappe rocks is difficult
to determine. A single Sm-Nd chondritic model age
of 3.2 Ga has been determined for the amphibolite,
and a U-Pb sphene age of 2568 Ma was obtained
from the same unit, indicating that the nappe has not
been heated above 400°C since this time.

7) The supracrustal-migmatite complex consists
of an upper quartzite-amphibolite unit {(with minor
schistose layers) and a lower heterogeneous gneiss
unit in which granitic to tonalitic migmatites have in-
jected the supracrustal rocks in /it-par-/it fashion. Evi-
dence for injection includes crosscutting of foliation
by pods of granitoids on a meter- to tens-of-meters

scale, dilation of foliation planes, broken and rotated
xenoliths of country rock, and partial assimilation of
the country rock. The injected material consists of
plagioclase, microcline and quartz in varying modal
proportions, with subordinate biotite, hornblende,
allanite, sphene, zircon, apatite, Fe-Ti-oxide and
retrograde chlorite, epidote and sericite. The age of
the migmatitic granitoids is poorly known, but six
Rb-Sr whole-rock data points cluster around a 3.4 Ga
reference isochron. (There is no implied genetic rela-
tionship with the trondhjemitic gneiss-amphibolite
complex.) Metamorphism of the lower part of this
complex is in the upper amphibolite facies. The
metamorphic assemblage in pelitic layers is biotite-
garnet-oligoclase-quartz with rare kyanite and late-
stage fibrolitic sillimanite; garnet-biotite tempera-
tures of these rocks is in the range of 650-700°C. The
underlying Pine Creek nappe is in tectonic contact
with the supracrustal-migmatite complex as evidenced
by disharmonic folding, mechanical disruption of
compositional layers, microcataclasis and retrogres-
sion under greenschist facies conditions of upper
amphibolite facies mineral assemblages.

The North Snowy block consists of an aggre-
gate of diverse metasedimentary and metaigneous
units that have each experienced a unique metamor-
phic and deformational history prior to amalgamation
in their present setting. The abrupt breaks in
metamorphic grade between each unit can best be
interpreted as the result of tectonic juxtaposition.
There is a step-wise and discontinuous increase in
metamorphic grade up section from the Davis Creek
schist through the trondhjemitic gneiss-amphibolite
complex, the Pine Creek nappe complex, and the
supracrustal-migmatite complex. In addition, struc-
tural elements observed in one unit are not present in
adjacent units (e.g., ductile shearing in the trondh-
jemitic gneiss is not present in the overlying Pine
Creek nappe), and in the case of the supracrustal-
migmatite complex the injection of the granitic mate-
rial must have occurred in a different geologic setting
because the underlying Pine Creek nappe shows no
evidence of having been intruded by granitic
material. Therefore, it is not appropriate to view the
geologic history of this area in terms of a single
chronology based on the cumulative evidence of all
units as originally proposed by Reid and others
(1975). Evidence presented above, and in more detail
by Mogk and others (1988}, leads to the interpreta-
tion that the North Snowy block formed by the tec-
tonic interleaving of numerous diverse lithologic
suites that were amalgamated in the Late Archean.

Field observations

Pine Creek Lake Trail: Access to the critical field
relations in the North Snowy block can be gained via



the Pine Creek Lake Trail which heads approximately
15 miles south of Livingston, Montana (Mt. Cowen
15’ quadrangle). The trail is five miles long (to Pine
Creek Lake, elev. 9,032') and is relatively steep, but it
does provide the opportunity to view the units des-
cribed above, as well as spectacular Alpine scenery.
The first mile of the trail is in the Pine Creek valley;
the outcrops to the north consist of the quartzite-am-
phibolite unit and injected granitic material of the
migmatite complex. From the waterfall to the next
creek crossing (2% mi) the trail switchbacks across
the Pine Creek nappe complex providing good ex-
posures of amphibolite, marble and quartzite. The
cliffs to the south of the trail at the 2%-mile creek
crossing are the trondhjemite-amphibolite complex.
From the creek crossing to Pine Creek Lake, the
route is located primarily in the nappe complex.
There are spectacular folded sequences in the marble
and monomineralic tremolite bands (Please do not
abuse outcrops on the traill) The banded cliffs on the
skyline are the supracrustal migmatite complex;
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blocks of these rocks can be seen in the talus. The
cliff to the south of Jewel Lake {4 mi) shows an ex-
cellent overprinted, open, upright antiform.

The Pine Creek Lake cirque basin lies in the keel
of the syncline of the overprinted open-fold system.
At the east end of the lake one can walk across the
sequence of quartzite-marble-amphibolite-marble-
quartzite. There is a sheared schistose unit along the
axial surface of the nappe. Excellent exposures occur
on the divide between the Pine Creek Lake cirque
and Lake McKnight where the scaly, mylonitic
quartzite and attenuated lower limb of the nappe
complex are exposed. The entire eastern ridge of the
cirque basin is the trondhjemitic gneiss-amphibolite
compiex. For the intrepid hiker, a trip over Black
Mountain (amphibolite in the nappe on the south
side of the cirque) will cross the trondhjemitic gneiss-
amphibolite complex, Davis Creek schist, granitic
augen gneiss sill, and the paragneiss unit on a tra-
verse along the ridge towards Martin Peak.

Jardine area of the South Snowy block

A thick sequence of metasedimentary rocks in
the Jardine area is anomolous in the Archean base-
ment of the Beartooth Mountains with respect to
their metamorphic grade and composition. The pe-
trology and geochemistry of these rocks were des-
cribed by Thurston (1986), and Hallager {1980) des-
cribed the gold mineralization of these rocks.

The rock types in the Yellowstone River canyon
include quartz-biotite schists, biotite schists, meta-
conglomerate, banded iron-formation and felsic
metavolcanic rocks. There is an overall fining of
these rocks to the west, and their protoliths are inter-
preted as metagraywackes (quartz-bictite schist) and
mudstones (biotite schists). Lithic fragments are
locally preserved and these include tonalitic clasts
and polycrystalline aggregates of quartz. Sedimen-
tary structures are commonly preserved and these in-
clude compositional layering, graded bedding, low
angle cross stratification, ripple cross stratification,
wavy bedding, rip-up clasts and channel scour de-
posits; partial Bouma sequences have been recog-
nized suggesting that these rocks were deposited by
turbidity currents. The banded iron-formations in-
clude both oxide and silicate facies rocks. Metavol-
canic rocks of dacitic composition are interbedded
with the metasedimentary rocks. These rocks are in-
terpreted as having been deposited along an active
continental margin in a mid-to-distal fan geologic set-
ting.

Metamorphism of this sequence is of anomol-
ously low grade with respect to the surrounding

schists and gneisses of the Beartooth Mountains.
Andalusite is the stable aluminosilicate mineral;
biotite, garnet, staurolite, quartz and plagioclase are
the other major phases in these rocks. This paragen-
esis places maximum conditions of metamorphism at
3.8 kb and 550°C. The structural history of these
rocks includes 1) development of S, foliation paraliel
to compositional layering, 2) development of small-
scale intrafolial isoclinal folds (F;}, 3) open folds (F,},
and 4) disharmonic kink folds.

The composition of the schists is also unusual in
that they contain unusually high Cr (up to 450 ppm)
and Ni (up to 210 ppm) values, high MgO and FeO
content and low total alkalies. This chemical signa-
ture indicates that there must have been a significant
contribution of mafic or ultramafic detritus into this
sedimentary sequence. A single U-Pb concordia in-
tercept age of ca. 3.2 Ga has been determined for
detrital zircons in these rocks (Paul Mueller, personal
communication, 1988).

There are few rocks of appropriate age or com-
position currently exposed in the Beartooth Moun-
tains that could have contributed to the deposition of
this sedimentary sequence; there are smail pods of
ultramafic rocks in the Quad Creek, Hellroaring Pla-
teau, and Highline Trail Lakes areas (Henry and
others, 1982), but these are volumetrically insignifi-
cant in the voluminous younger granitoids of the
Beartooth Mountains. The metasedimentary rocks of
the Jardine area are anomolous in the Beartooth
Mountains because they have lithologic and compo-
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sitional similarities to sediments found in greenstone
belts. The nearest exposures of similar rocks are
found in central Wyoming in the Wind River and Rat-
tlesnake Hills areas. In addition, the Jardine rocks
have a metamorphic history and structural style not
recognized in the surrounding Beartooth Mountains.
Therefore, due to the unusual whole-rock chemistry,
anomolously iow metamorphic grade, and distinct
structural history, it is most probable that this se-
quence was tectonically emplaced into its current
setting after it developed its main metamorphic and

structural fabric. Emplacement of the Jardine rocks
occurred prior to 2.6 Ga, the age of the crosscutting
Crevice quartz monzonite.

Access to low-grade metasedimentary rocks can
be gained by vehicle on U.S. Forest Service roads
east of Gardiner, Montana, and by hiking upstream
from Gardiner along the Yellowstone River to the
Bear Creek area, or by hiking in Yellowstone National
Park along Blacktail Creek Trail down to the Yellow-
stone River canyon.

Stillwater Complex and its associated hornfels aureole

The Stillwater Complex has important tectonic
implications both in its environment of formation and
with respect to its current setting adjacent to the
Beartooth Mountains. However, the tectonic setting
of the origin of the Stillwater Complex, and its subse-
quent tectonic evolution has been largely over-
looked; studies that have dealt with this aspect of the
Stillwater Complex include Page (1977}, and Page
and Zientek (1985 a, b). Because of the layered na-
ture of this intrusive body it should serve as a chrono-
logic structural marker for Archean tectonics in the
northern Wyoming province. However recent field,
petrologic and paleomagnetic studies suggest that
the Stillwater Complex was tectonically emplaced
against the Beartooth Mountains during the Late
Archean (Geissman and Mogk, 1986).

The Stillwater Complex and its associated horn-
felses and the Archean schists and granitoids of the
adjacent Beartooth Mountains represent two funda-
mentally different terranes. Evidence for the tectonic
emplacement of the Stillwater Complex into its pres-
ent structural setting lies in the abrupt discontinuities
of metamorphic grade, structural style and geochem-
ical signature of sedimentary rocks across the Mill
Creek-Stillwater fault zone (Figure 2). A full discus-
sion of these differences is presented in Geissman
and Mogk (1986); the following is a summary of the
main lines of evidence:

1) The hornfeises of the Stillwater contact au-
reole experienced a static metamorphism, producing
mineral assemblages of orthopyroxene-cordierite and
anthophyllite-cordierite in pelitic rocks at tempera-
tures of approximately 800°C and pressures of 2-3 Kb
{Vaniman and others, 1980; Labotka, 1985). Meta-
morphism in the schists of the Beartooth Mountains
is in the middie to upper amphibolite facies. The
characteristic mineral assemblage is biotite-garnet-
oligoclase-quartz, with local development of cordier-
ite and late-stage fibrolitic sillimanite. Garnet-biotite
temperatures (Ferry and Spear, 1978) are in the
range 580-620°C, and pressures based on the garnet-

cordierite barometer (Lonker, 1981) are 7-8 kb. In ad-
dition, the adjacent granitoids contain magmatic
epidote, suggesting pressure of crystallization on the
order of 8 kb (Zen and Hammarstrom, 1985). Butler
(1969) originally suggested that the hornfelsic
aureole merely overprinted the regional metamor-
phism recorded in the high-grade schists. However,
Page (1977), and more recently Page and Zientek
{1985b) recognized that these two sequences had ex-
perienced distinct geologic histories.

2) Primary sedimentary structures including
graded bedding, cross bedding and cut-and-fill chan-
nels are locally preserved in the metasediments of the
Stillwater aureole; rare isoclinal folds may be the re-
sult of soft sediment deformation (Page, 1977}. The
fabric of these rocks is granoblastic with no evidence
of development of penetrative deformation. In con-
trast, the schists have developed a strong transposi-
tion foliation which is axial planar to mesoscopic iso-
clinal folds.

3} The metasediments of the Stillwater aureole
are distinguished by their unusual composition. They
characteristically have high MgO and FeO and low
Na,0 and K,0 contents. In addition, their Cr
(900-1400 ppm) and Ni (500-1000 ppm) content is ex-
tremely high. These compositions suggest a promi-
nent component of ultramafic or mafic rocks in the
source area (Page, 1977). The regionally metamor-
phosed schists have compositions more typical of
pelitic rocks, and some of these rocks are andesitic in
composition.

In addition, paleomagnetic data from the Banded
series of the Stillwater Complex indicate a strong dis-
cordance with respect to nearly age equivalent rocks
from the Superior province (Geissman and Mogk,
1986).

The timing of the tectonic juxtaposition of the
Stillwater Complex against the granitoids and schists
of the Beartooth Mountains is constrained by the fol-
lowing age relations: The age of the Archean Bear-



tooth granitoids is 2735-2750 Ma (Mueller and others,
1985; Lafrenz and others, 1986), the age of the Still-
water Complex is 2700-2720 Ma (age dates summar-
ized in Lambert and others, 1985}, and the age of the
Mouat quartz monzonite which is ca. 2700 to 2640
Ma (Nunes and Tilton, 1971; age recalculated using
revised decay constants). The Mouat quartz monzo-
nite crosscuts both the hornfels aureocle and the
Archean basement, thus placing a minimum age on
the juxtaposition of these two sequences. This re-
guires that the Stillwater Complex was intruded and
crystallized at shallow levels, and was faulted along
with part of its contact aureole in rapid succession.
Paleomagnetic data on the Mouat quartz monzonite
and Middle Proterozoic dikes are concordant with
age-equivalent rocks in the Superior province, sup-
porting the interpretation of large-scale tectonic dis-
placement of the Stillwater Complex in the latest
Archean (Geissman and Mogk, 1986).

The sense of displacement on the Mill Creek-
Stillwater fault zone is problematic due to limited ex-
posures. Geissman and Mogk (1986} have proposed
that displacement occurred along an intracontinental
wrench fault along the ancestral Nye-Bowler linea-
ment. This interpretation is based on the significant
gravity and magnetic anomolies located southwest
of Billings, Montana known as the “Fromdorf high,”
which may indicate the location of the remainder of
the Stillwater Complex. However, gravity modeling
by Kleinkopf (1985), and the recognition of xenoliths
of the Stillwater Complex in Late Cretaceous intru-
sive rocks in the Enos Mountain area just north of the
Stillwater Complex {Brozdowski, 1985b), indicate that
at least some of the Stillwater Complex is buried by
Phanerozoic cover northeast of present exposures.

The tectonic setting for the original emplace-
ment of a layered mafic-ultramafic body such as the
Stillwater Complex requires thick continental crust
within a tensional, yet generally stable tectonic envi-
ronment (Weiblen and Morley, 1980). Evidence for
thick continental crust in the Beartooth Mountains is
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presented in Mueller and others {1985) and Mogk and
Henry (1988). The tensional tectonic environment
may have been established during wrench faulting
within this thick continental crust. Formation of rift
grabens is commonly associated with displacements
along wrench faults (Molnar and Tapponier, 1975).
The Stillwater Complex may have been intruded into
a “pull-apart” basin along the recurrently active Nye-
Bowler lineament, thus accounting for the original
tensional environment, as well as the subsequent dis-
memberment and displacement of the complex.

The relationships discussed above demonstrate
that the Stillwater Complex cannot be used as a
structural chronologic marker due to its allochthon-
ous nature. At this time it is not possible to docu-
ment the transport distance of the Stillwater Com-
plex. Whether it has experienced tens of kilometers
of transcurrent displacement along the Nye-Bowler
lineament as suggested by Geissman and Mogk
(1986), or relatively local dismemberment and dis-
placement, it is clear that there is on the order of 5 kb
{15 km) vertical offset of the Stillwater Complex and
the adjacent crystalline rocks of the Beartooth massif
across the Mill Creek-Stillwater fault zone. The juxta-
position of these two rock sequences must have oc-
curred prior to 2.7 Ga, the age of the crosscutting
Mouat quartz monzonite.

There are similarities in lithology and whole-rock
chemistry between the Stiliwater Complex hornfels
aureole and the metasediments of the Jardine area
although they are on opposite sides of the Beartooth
Mountains. It is not clear if there is a genetic relation-
ship between these two sequences. However, these
relationships do provide an interesting insight into
the complexity of Late Archean tectonics in the
northern Wyoming province. Access to the Still-
water Complex and the associated hornfels aureole is
described in Czemanske and Zientek (1985); excel-
lent exposures of the aureole can be found in the
Bobcat Creek area south of Chrome Mountain.

Summary

The northern and western margins of the Bear-
tooth Mountains contain lithologic sequences that
are demonstrably allochthonous. It is difficult to re-
construct the original geometries of these units, or to
determine the sense of displacement or distance of
transport lacking the techniques of terrane analysis
used in modern tectonic environments such as paleo-
magnetism, paleontology and stratigraphy. Nonethe-
less, discontinuities in metamorphic grade, structural
style, unusual whole-rock chemistries and geochron-
ologic constraints suggest that the northern and

western part of the Beartooth Mountains are a col-
lage of exotic units. Tectonic emplacement of these
units must have occurred in the Late Archean, and is
roughly contemporaneous with the development of a
magmatic arc in the central and eastern Beartooth
Mountains (Mueller and others, 1985; Mueller and
Wooden, this volume). The western margin of the
Beartooth Mountains (best seen in the North Snowy
block) marks a fundamental boundary in the Archean
basement between dominantly igneous rocks to the
east and metasedimentary rocks to the west in the
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northern Wyoming province. A mechanical or accre-
tionary boundary between these two terranes is com-
patible with previous studies (Mueller and others,
1985; Mogk and Henry, 1988) which suggests that
plutonic rocks were produced by subduction-related
magmatism. The contemporaneous development of
a magmatic arc and accretion of allochthonous ter-
ranes suggests that the Beartooth Mountains experi-
enced a collisional orogeny in the Late Archean, simi-
lar in many respects to modern convergent continen-
tal margins.

Acknowledgments

The ideas presented in this paper are the result
of collaborative research with Paul Mueller, Joseph
Wooden and Darrel Henry. Funding for field and an-
alytical studies was provided by the Geological Soci-
ety of America, Sigma Xi, Chevron Graduate Fellow-
ship, NASA Early Crustal Genesis Program, and NSF
(EAR-8618-327).

References

Brodzdowski, R. A., 1985, Cumulate xenoliths in
the Lodgepole, Enos Mountain and Susie Peak in-
trusions: A guide, /n The Stillwater Complex,
Montana: Geology and guide, G. K. Czamanski
and M. L. Zientek, (eds.): Montana Bureau of
Mines and Geology Special Publication 92, p.
368-373.

Burnham, R. L., 1982, Myionitic basement rocks in
the Yankee Jim Canyon and Six Mile Creek areas,
Park County, Montana: Geological Society of
America Abstracts with Programs, v. 14, no. 6, p.
305.

Butier, J. R., 1966, Geologic evolution of the Bear-
tooth Mountains, Montana and Wyoming, part 6,
Cathedral Peak area, Montana: Geological Soci-
ety of America Bulletin, v. 77, p. 45-64.

Czamanske, G. K., and Zientek, M. L. feds.),
1985, The Stillwater Complex, Montana: Geology
and guide, Montana Bureau of Mines and Geol-
ogy Special Publication 92, 211 p.

Erslev, E. A., 1983, Pre-Beltian Geology of the
southern Madison Range, southwestern Mon-
tana: Montana Bureau of Mines and Geology
Memoir 55, 26 p.

Ferry, J. M., and Spear, F. S., 1978, Experimental
calibration of the partitioning of Fe and Mg be-
tween biotite and garnet: Contributions to Miner-
alogy and Petrology, v. 66, p. 113-117.

Garihan, J. M., 1979, Geology and structure of the
central Ruby Range, Madison County, Montana:
Geological Society of America Bulletin, v. 90, part
i1, p. 695-788.

Geissman, J. G., and Mogk, D. W., 1986, Late
Archean tectonic emplacement of the Stillwater
Complex along reactivated basement structures,
northern Beartooth Mountains, southern Mon-
tana, /in Proceedings of the 6th International Con-
ference on Basement Tectonics, p. 25-44.

Hallager, W. 8., 1980, Geology of Archean gold-
bearing metasediments near Jardine, Montana
[Ph.D. dissertation]: University of California, Ber-
keley, 136 p.

Henry, D. J., Mueller, P. A., Wooden, J. L.,
Warner, J. L., and Lee-Berman, R., 1982,
Granulite grade supracrustal assemblages of the
Quad Creek area, eastern Beartooth Mountains,
Montana: Montana Bureau of Mines and Geology
Special Publication 84, p. 147-159.

Kleinkopf, M. D., 1985, Regional gravity and mag-
netic anomalies of the Stillwater Complex area, in
The Stillwater Complex, Montana: Geology and
guide: G. K. Czamanske and M. L. Zientek, (eds. ):
Montana Bureau of Mines and Geology Special
Publication 92, p. 9-20.

Labotka, T. C., 1985, Petrogenesis of metamorphic
rocks beneath the Stillwater Complex: Assem-
blages and conditions of metamorphism, in The
Stillwater Complex, Montana: Geology and guide,
G. K. Czamanske and M. L. Zientek, (eds.): Mon-
tana Bureau of Mines and Geology Special Publi-
cation 92, p. 70-76.

LaFrenz, W. B., Shuster, R. D., and Mueller, P.
A., 1986, Archean and Proterozoic granitoids of
the Hawley Mountain area, Beartooth Mountains,
Montana, /in Montana Geological Society-Yellow-
stone Bighorn Research Association Field Confer-
ence Guidebook, p. 79-89.

Lambert, D. D., Unruh, D. M., and Simmons, E.
C., 1985, Isotopic investigations of the Stillwater
Complex: A review, in The Stillwater Complex,
Montana: Geology and guide, G. K. Czamanske
and M. L. Zientek, (eds.): Montana Bureau of
Mines and Geology Special Publication 92, p. 46-
54,

Lonker, S. W., 1981, The P-T-X relations of the cor-
dierite-garnet-sillimanite-quartz equilibrium: Ameri-



can Journal of Science, v. 281, p. 1056-1090.

Mogk, D. W., and Henry, D. J., 1988, Metamor-
phic petrology of the northern Archean Wyoming
province, southwest Montana: Evidence for Ar-
chean collisional tectonics, /7 Metamorphism and
Crustal Evolution in the Western United States
{Rubey Volume VII), W. G. Ermnst, (ed.): Prentice-
Hall, New York, p. 362-382.

Mogk, D. W., Mueller, P. A., and Wooden, J. L.,
1988, Archean tectonics of the North Snowy
block, Beartooth Mountains, Montana: Journal of
Geology (in press).

Molnar, P., and Tapponnier, P., 1975, Cenozoic
tectonics of Asia: Effects of a continental colli-
sion: Science, v. 189, p. 419-426.

Mueller, P. A., Wooden, J. L., Henry, D. J., and
Bowes, D. R., 1985, Archean crustal evolution of
the eastern Beartooth Mountains, Montana and
Wyoming, in The Stillwater Complex, Montana:
Geology and guide, G. K. Czamanske and M. L.
Zientek, (eds. J: Montana Bureau of Mines and Ge-
ology Special Publication 92, p. 9-20.

Nunes, P. D., and Tilton, G. R., 1971, Uranium-
lead ages of minerals from the Stillwater Igneous
Complex and associated rocks, Montana: Geolog-
ical Society of America Bulletinv. 82, p. 2231-2250.

Page, N. J., 1977, Stillwater Complex, Montana:
Rock succession, metamorphism, and structure
of the complex and adjacent rocks: U.S. Geologi-
cal Survey Professional Paper 999, 79 p.

Page, N. J., and Zientek, M. L., 1985a, Geologic
and structural setting of the Stillwater Complex, /n
The Stillwater Complex, Montana: Geclogy and
guide, G. K. Czamanske and M. L. Zientek, (eds. ):
Montana Bureau of Mines and Geology Special
Publication 92, p. 1-8.

1986b, Petrogenesis of metamorphic rocks
beneath the Stillwater Complex: Lithologies and

51

structures, /n The Stillwater Complex, Montana:
Geology and guide, G. K. Czamanske and M. L.
Zientek, (eds. ): Montana Bureau of Mines and Ge-
ology Special Publication 92, p. 55-69.

Peterman, £. E., 1981, Dating of Archean basement
in northeastern Wyoming and southern Montana:
Geological Society of America Bulletin, part I, v.
92, p. 139-146.

Reid, R. R., McMannis, W. J., and Palmgquist, J.
C., 1975, Precambrian geology of the North
Snowy block, Beartooth Mountains, Montana:
Geological Society of America Special Paper 157,
p. 1-135.

Spencer, E. W., and Kozak, 8. V., 1975, Precam-
brian evolution of the Spanish Peaks, Montana:
Geological Society of America Bulletin, v. 86, p.
785-792.

Thurston, P. B., 1986, Geochemistry and pro-
venance of Archean metasedimentary rocks in the
southwestern Beartooth Mountains [M.S. thesis]:
Montana State University, Bozeman, p. 74.

Vaniman, D. J., Papike, J. J., and Labotka, T.,
1980, Contact metamorphic effects of the Still-
water Complex, Montana: The concordant iron-
formation: American Mineralogist, v. 65, p. 1087-
1102.

Vitaliano, C. J., Cordua, W. S., Hess, D. F.,
Burger, H. R., Hanley, T. B., and Root, F. K.,
1979, Explanatory text to accompany geologic
map of southern Tobacco Root Mountains, Madi-
son County, Montana: Geological Society of
America Map and Chart Series MC-31.

Weiblan, P. W., and Morley, G. B., 1980, A sum-
mary of the stratigraphy, petrology and structure
of the Duluth Complex: American Journal of Sci-
ence, v. 280A, p. 88-113.

Zen, E-An, and Hammarstrom, J. M., 1984, Mag-
matic epidote and its petrologic significance: Ge-
ology, v. 12, p. 515-518.



8 )‘/(‘&fﬁéwl?ﬁr’/ﬁﬂ i’ / ,' 4 AN 1/ o i ’/7}/” %{ N ﬂ'l ) \ \‘,
ey 8 W(MWWWMW%M .
W

)
A1 (A i

; r‘z P o ladps
N Vi

el gy f/\y/\a/ o,
/ //\ f . St s ;o N ; ¥ y '
7 7 i v Oy ?7%‘/ / . \fN
q 7 ‘ ‘ /h o , Al ///% [/)?M v A m
i» 4 Nl # / %4/ i ‘ \"‘ W&/{( dm W‘ i
! Y 1/ /

o v .
7 Wi Akl Vil \
l‘::sr‘(” R /}) A oM

A 44t A

i e rr‘/(

R ATy

0 \lé( N\\?\‘ Ty

3 fgf,}/’(\?‘ﬂ; ’/L:'“"" !
' ﬁ/%‘,\f"f;fl”# 1
~; /i

AL iy,
il

e

i {1
e
£

/
4

3 g 1 A
ANE NMUGEWT (1Q88




53

PETROLOGY AND GEOCHEMISTRY OF ARCHEAN
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LAMAR CANYON AREAS, MONTANA AND WYOMING
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Introduction

The Beartooth uplift, located in southwestern
Montana is composed of Precambrian gneisses,
schists and crystalline rocks, which are mantled by
Paleozoic sediments and Tertiary volcanics {Figure
1}). The southwest portion of the Beartooth uplift,
termed the South Snowy block, is bounded on the
south by the Gardiner fault and on the north by the
Mill Creek fault (Foose and others, 1961). The South
Snowy block is primarily composed of Tertiary vol-
canics, with Archean gneisses and schists exposed
along the western and southern edge of the block.
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Paleozoic sediments occur along the northern and
southeastern edge of the block (Montgomery and
Lytwyn, 1984). The southern part of the South
Snowy block extends into the northern portion of
Yellowstone National Park. To the south, lie the ex-
tensive basalts and rhyolites of the Yellowstone vol-
canic province. Extensive mapping along the north-
eastern margin of the Park has been done by Casella
and others (1984}, Montgomery (1984), Wooden and
others (1984), and thesis studies by Huffman (1977);
Lahti (1975); and Lytwyn (1982). Thurston (1986)
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Figure 1— The Beartooth Mountains region, showing distribution of Archean rocks and the location of Yankee Jim Canyon and
Lamar Canyon.
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mapped in the northwestern region of the Park. In
the Gardiner-Jardine areas investigations include
Fraser and others (1969); Seager (1944); Hallager
{1980}, Thurston (1986) and a thesis study of the
Yankee Jim Canyon area by Burham (1982).

This study was undertaken to investigate if the
exposed basement lithologies could be modelled as

source materials or contaminants for the rhyolites of
nearby Yellowstone National Park. The extensive
quartzofeldspathic gneisses exposed would appear
as possible source rocks for the high-silica rhyolites,
(Guy, /n progress}. Doe and others (1982) have sug-
gested that the source region for the rhyolites is a
deep-seated crustal keel that may not be related to
the Archean rocks currently exposed at the surface.

Field relations

Exposure of crystalline basement rocks in the
Gardiner area (Figure 1) result from uplift along
N-NE trending normal faults (Holberg, 1940} along
the eastern edge of Paradise Valley. A large mylonite
zone in Yankee Jim Canyon and two mylonite zones
in Sixmile Creek to the north have been described by
Burnham (1982). Five kilometers south of Yankee
Jim Canyon, the reverse high-angle Gardiner fault
uplifts units to the north some 3,000 meters (Fraser
and others, 1969). This fault represents the southern-
most limit of the Beartooth uplift in the vicinity of
Gardiner and Yankee Jim Canyon.

Samples for chemical, isotopic and petrological
studies were collected in four areas along the north-
ern edge of the Park {(Figure 1}). Two regions, Yan-
kee Jim Canyon (20 miles northwest of Gardiner) and
Lamar Canyon {20 miles southeast of Gardiner), were
sampled in detail for petrologic studies and radiomet-
ric dating by Pb, U-Pb, and Rb-Sr methods. Two
other regions, Jardine (5 miles northeast of Gardiner)
and Grayling Creek (10 miles north of West Yellow-
stone), were sampled to cover the range of basement
compositions present in the region.

Yankee Jim Canyon offers excellent exposures
in a 3-mile section along U.S. Highway 89 (Figure 2).
The lithologies include hornblende amphibolites, gar-
net-biotite-plagiogneisses, pegmatites, and quartzo-
feldspathic gneisses. The area shows a wide varia-
tion in lithologies and was sampled in detail to repre-
sent the total range of basement compositions.

The Lamar Canyon outcrops in the northeastern
part of Yellowstone National Park are composed of
guartzofeldspathic gneises of varying composition.
This is the only basement locality sampled by Doe
and others (1982) in a study on the isotopic composi-
tions of the Yellowstone lavas. The lithologies are
very similar in hand sample to the quartzofeldspathic
gneisses of Yankee Jim Canyon. lron-rich schists
and gneisses are dominant lithologies in the Jardine
area.
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Figure 2— A traverse along Yankee Jim Canyon showing the
localities of chemically analyzed samples.
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Petrography

The lithologies in Yankee Jim Canyon are domi-
nated by the quartzofeldspathic gneisses at the cen-
tral and southern parts of the canyon, but also in-
clude garnet-biotite-cordierite gneisses, biotite
gneisses and schists, amphibolites and pegmatites.
The lithologies vary in thickness from a few centime-
ters (mafic layers) to hundred of meters (quartzofeld-
spathic gneisses). The contacts between lithologies
are gradational, with extensive interfingering of
schists, gneisses and mafic rocks. Because of the
outcrop complexity, and the wide range in litholo-
gies, only the four major rock types (which make up

>95% of the outcrop) are described in detail.

The quartzofeldspathic gneiss unit dominates
the central portion of Yankee Jim Canyon (4th turn-
out, Figure 2, Table 1). This unit ranges from a mas-
sive two feldspar gneiss to a foliated biotite-epidote
gneiss {Table 1) and is predominantly pinkish in color.
In thin section the samples have a seriate texture and
are variably mylonitic. The plagioclase (Any._s5)
grains are anhedral, reaching 10 millimeters in size,
show albite twinning and typically lack zonation. Ser-
icite alteration is generally present along the rim and
fractures of a grain. The less common zoned crystais
have extensive sericite alteration of the cores.
Pseudomorphic replacement by microcline is com-
mon, producing an anhedral plagioclase grain dis-
playing a euhedral microcline rim, with the microcline
often forming more than half of the grain. Microcline
grains reach 25 millimeters or more in size and exhibit
extensive exsolution lamellae. Most grains show
Carlsbad twinning, with minor cross-hatch twinning.
The microcline megacrysts contain inclusions of
small euhedral plagioclase grains, less commonly bi-
otite, and rarely quartz. Biotite grains are large (up to
5 mm) and show green pleochroism. The grains are
often corroded and altered to epidote, muscovite,
and less commonly, chiorite and titanite. Allanite
grains reach 5 millimeters in size and are commony

rimmed by titanite and/or epidote. Titanite is present
as subhedral grains { <2 mm) and as anhedral altera-

tion grains associated with biotite and allanite. Most
samples contain epidote grains; both as larger sub-
hedral grains associated with biotite and as smaller
grains formed by alteration of plagioclase and biotite.
Numerous fine-grained aggregates of biotite and epi-
dote are found, suggesting a replacement relation-
ship with hornblende.

Biotite-garnet-cordierite gneiss occurs in the
northern and southern sections of Yankee Jim Can-
yon {1st, 5th, 6th turnouts, Figure 2, Table 1). In
hand sample, the gneiss is coarsely crystalline with
biotite-garnet layers defining the foliation. In thin
section, the rock shows a seriate texture. Plagioclase

(An,s_3s) Occurs as anhedral to subhedral grains, ap-
proximately 2 millimeters in size, show albite twin-
ning and contain inclusions of biotite and microcline.
Minor sericite alteration is present, concentrated
along small fractures in the grains. Quartz grains
show undulatory extinction, mosaic textures, and
serrated grain margins. They contain a few inclusions
of biotite and are often encased in biotite sheaths.
Microcline is present as fine-grained anhedral grains
in the matrix and, less commonly, as larger pheno-
crysts. Myrmekite is common along microcline grain
boundaries. Biotite is highly pleochroic (light to dark
reddish brown), reaches 2 millimeters in size, and
generally forms selvages of 1.0-2.5 millimeters,
which define the foliation. Small biotite grains are
often included in plagioclase and rarely in quartz.
Muscovite replacement of biotite is common, though
chlorite alteration is generally absent. Garnet forms
large (10 mm) poikiloblasts with inclusions of quartz,
biotite, and rarely sillimanite; feldspar inclusions are
notably lacking. The garnet grains are often elon-
gated rather than blocky, and do not show evidence
of rolling or inclusion rings. Cordierite is present as
large (2-7 mm) grains associated with biotite +
garnet selvages. Cordierite contains inclusions of bi-
otite and quartz and large secondary muscovite
grains. The cordierite shows varying amounts of al-
teration from total replacement by pinite (muscovite
+ chlorite) to minor sillimanite alteration along the
margins of the grains. Magnetite, ilmenite, zircon
and apatite are the common accessory minerals.
Sillimanite, although a minor accessory mineral, is
present as inclusions in garnets and as an alteration
product along the rims of cordierite grains.

Small mafic dikes or lenses are found through-
out the canyon (4th, 6th 7th turnouts, Figure 2,
Table 1). They are similar in appearance to those
found in the Jardine area {Seager, 1944) and in the
Buffalo Plateau area of Yellowstone National Park
(Caselia and others, 1982). In hand sample they are
dark greenish gray with weak foliation. In thin sec-
tion they are composed of hornblende, saussuritized
plagioclase, augite and/or hypersthene, with traces
of opaque minerals (Table 1). One outcrop {4th turn-
out, Figure 2) contains rare garnet crystals (Als,Pye-
Sp,Gr,,) intergrown with plagioclase. The unaltered
samples are massive, equigranular and generally lack
pervasive deformational features. In such samples
the augite grains have exsolution lamellae, while the
plagioclase (Angs_so)} grains are coarsely twinned and
contain inclusions of augite and opaque minerals.
More typically, the samples show alteration of the
mafic phases to hornblende or actinolite. With pro-
gressive development of foliation, plagioclase



Table 1— Chemical composition and model analyses of representative samples of the Archean complex in Yankee
Jim Canyon. (GG), quartzofeldspathic gneiss; (CG), biotite-garnet-cordierite gneiss; (M), mafic lithologies; (BG).
biotite-garnet gneiss.

Y81 YB3 YB5 YB6 YB81 YB82 YB835 YB84 YBS85 YBS87 YB-89 YB-810 YB811 VYB9 YB11 YB-12 VYB13 YB-14

Sample CG BG CG BG GG GG GG GG GG GG GG GG GG GG GG M CG M
Sio, 67.29 66.26  70.21 75.74 58.15 70.23 69.96 62.85 62.19 63.23 62.62 61.98 70.93 70.94 64.53 49.75 74.97 54.19
AlLO, 14.30 14.71 14.81 13.43 17.72 15.02 15.08 16.26 17.20 16.15 16.56 16.69 14.59 14.77 18.69 12.52 11.42 5.37
TiO, 054 0.56 0.49 0.02 0.88 0.36 0.24 0.54 0.68 0.58 0.64 0.65 0.28 0.28 0.36 2.08 0.44 0.47
Fe,0, 712  6.29 4.61 0.61 5.23 2.64 1.81 4.13 5.08 4.95 4.11 4.39 2.06 2.10 2.28 17.08 4.44 11.12
MgO 320 3.46 3.27 0.66 2.19 1.64 0.7 1.26 2.27 1.30 1.20 1.35 1.03 1.41 2.09 4.84 1.88 14.73
MnO 0.1 0.13 0.09 0.05 0.10 0.06 0.02 0.04 0.09 0.05 0.05 0.05 0.06 0.07 0.05 0.24 0.08 0.24
Ca0 192 1.60 1.62 1.10 3.61 2.44 2.23 2.48 3.91 2.86 2.68 3.08 1.94 2.21 4.32 8.92 2.49 11.33
Na,O 245 3.48 2.48 3.29 3.49 3.83 3.16 3.1 3.31 3.84 3.67 3.73 3.68 3.63 5.21 1.32 2.32 0.00
K,O 274 220 2.00 5.08 5.76 3.37 4.50 6.50 3.98 4.40 5.30 5.20 4.28 3.82 1.47 0.74 1.82 0.32
P,0s 0.08 0.03 0.05 0.07 0.29 0.14 0.19 0.46 0.27 0.37 0.39 0.40 0.07 0.05 0.08 0.25 0.09 0.16
Ba0 0.31 0.76 0.48 0.60 0.55 0.04 0.08
LO} 0.01 0.85 0.63 0.18 1.68 0.39 0.78 0.63 1.15 0.81 0.99 1.01 1.23 0.94 0.79 0.30 0.39 1.10
Total 99.76 99.55 100.24 100.23 99.10  100.12 99.03 99.02 100.13 99.02 98.81 99.08  100.15  100.22 99.87 98.10 100.40 99.03

[(Ag 050 15 0.50 1.0 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 0.50 1.00 0.50 2.00 1.00

Be 0.50 5.0 5.50 3.0 1.00 1.50 0.50 1.50 1.50 1.00 2.00 1.50 1.00 1.00 050 <050 <0.50

Bi <2.00 <2.0 <2.0 <2.0 <2.0 <2.0 <2.0 <2.0 <2.0 <2.0 <2.0 <2.0 <2.0 <2.0 <2.0 <2.0 <2.0

Cd 0.50 5 <0.5 1.0 <0.5 <0.5 050 <05 <0.5 <0.5 0.50 0.50 0.50 1.00 0.50 0.50 0.50

Co 26.00 83.0 42.00 104.0 13.00 31.00 3.00 9.00 17.00 6.00 8.00 8.00 22.00 16.00 24.00 42.00 18.00

Cr 121.00 264.0  212.00 11.0 5.00 6.00 81.00 41.00 12.00 55.00 40.00 51.00 22.00 19.00 10.00 122.00 287.00
*4 Cu 34.00 18.0 40.00 <1.0 7.00 12.00 3.00 9.00 34.00 4.00 6.00 18.00 5.00 5.00 1.00 73.00 53.00

Mo <1.0 <1.0 <1.0 <1.0 1.00 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 2.00 <1.0 <1.0

Ni 55.0 123.0 85.0 3.0 3.00 6.00 8.00 6.00 8.00 1.00 3.00 1.00 8.00 8.00 9.00 48.00 78.00

P 240.00 150.0 150.00 800.0 1,330.00 630.00 190.00 1,630.00 1,150.00 1,010.00 1,090.00 1,130.00 250.00 130.00 120.00 1,070.00 190.00

v 76.00 90.0 76.00 <1.0 52.00 20.00 15.00 48.00 56.00 52.00 43.00 45.00 17.00 14.00 21.00 345.00 64.00

w 120.00 650.0  240.00 1,080.0 60.00 240.00 <10.0 <10.0 110.00 <10.0 <10.0 <10.0  210.00 180.00 160.00 50.00 <10.00

LZn 49.00 67.0 64.00 4.0 39.00 30.00 17.00 44.0 34.00 48.00 43.00 48.00 23.00 29.00 27.00 145.00 65.00
Ba (XRF) 768.00 520.0 560.00 5,740.0 5,077.00 1,299.00 1,880.00 4,860.00 2,533.00 2,900.00 3,600.00 3,460.00 2,348.00 2,379.00 525.00 230.00 310.00
Pb 28.00 24.00 36.00 40.00 22.00 40.00 32.00 48.00 48.00 50.00 34.00 34.00 26.00 52.00 42.00
U (NAA) 4.70 <1.0 1.00 2.30 <1.0 1.70 4.30 210 <05 0.80 1.00
Th (NAA) 8.00 27.00 30.00 50.00 17.00 14.00 18.00 46.00 57.00 43.00 6.00 3.00 11.00
Rb (XRF} 91.00 72.00 68.00 27.00 131.00 111.00 120.00 100.00 122.00 170.00 120.00 130.00 100.00 98.00 52.00 7.00
Sr (XRF) 135.00 179.00 182.00 240.00 1,003.00 406.00 499.00 815.00 579.00 750.00 663.00 679.00 540.00 598.00 514.00 118.00 142.00 29.00
Quartz 35.60 36.60 38.80 15.20 32.30 25.50 35.70 23.80 24.90 29.60 20.70 39.3 17.60 7.40 35.70 8.30
K-Feldspar 4.40 13.50 5.60 27.20 22.20 8.00 20.80 38.60 20.60 7.70 21.60 14.4 15.20 3.70
Plagioclase  21.60 11.40 20.20 22.20 29.00 41.20 14.60 20.20 28.90 26.30 32.70 25.3 38.80 28.80 20.90 2.60
Biotite 28.00 36.50 21.00 5.80 8.40 12.00 11.10 12.20 14.00 11.40 14.10 6.8 26.00 0.40 19.90 5.40
Garnet 1.80 0.60 4.20
Cordierite 4.40 7.80
Muscovite 1.20 1.40 3.60 4.20  trace 7.50 2.00 1.70 7.90 2.60 8.2 1.60 6.90
Hornblende 83.50 45.40 83.50
Pyroxene 11.80
Epidote 0.30 0.60 20.80 3.00 8.70 7.40 1.80 8.30 14.00 5.40 5.7
Titanite 4.00 0.40 2.70 0.80 0.70 trace 1.10
Apatite 1.20 trace trace trace trace trace trace 0.40 trace 1.10 0.10 0.10  trace
Opaques 1.80 1.00 0.40 1.20 0.50 1.30 0.90 0.60 0.90 3.10 1.30 A 6.00 0.90 0.20

*Trace-element data coliected by Chemex Labs, Inc., Sparks, Nevada, using the intracoupled plasma (ICP) technique.
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{Ang_e0) grains reach 1 millimeter in size, are twinned
and are often saussuritized to chlorite, mica and epi-
dote. Augite and hypersthene grains are anhedral,
0.2-2.0 millimeters in size, and altered to fibrous ac-
tinolite. Hornblende grains are prismatic crystals
ranging up to 4 millimeters in size, olive green in color,
and are unaltered. Inclusions of quartz and opaque
grains are common.

Biotite gneisses are commonly found along the
margins of the pegmatites and quartzofeldspathic
gneisses (3rd, 5th turnouts, Figure 2), where they
occur as layers up to a few meters thick. In hand
sample, the gneisses are coarse-grained and foliated,
light gray in color and speckled with brown biotite. In
thin section they consist of large plagioclase and
quartz grains with interstitial biotite defining the folia-
tion (Table 1). The plagioclase (Any,_35) grains are
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anhedral, contain inclusions of biotite, zircon, and
rarely quartz, and show varying amounts of saussuri-
tization. The grains are usually twinned, with the
lamellae being bent or broken along fractures that are
filled with alteration products. Fine-grained over-
growths of quartz and bictite often surround the pla-
gioclase grains. The quartz grains range in size from
<0.2 millimeters to 5 millimeters, are generally an-
hedral, and exhibit undulatory extinction or recrystal-
lization. The biotite grains are dark brown, strongly
pleochroic, and vary in size from 0.1-2.0 millimeters.
They form layers of varying thickness {up to 5 mm)
and generally rim the larger phenocrystic plagioclase
and quartz grains. Muscovite, zircon, epidote and
opaque minerals are common accessory minerals
and are often found as inclusions in the biotite and
plagioclase grains.

Analytical techniques

Mineral chemistry

Electron microprobe analyses of minerals were
performed using an automated ARL SEMQ unit fol-
fowing the procedure of Solberg and Speer (1982).
Mineral recalculation and H,O content were com-
puted by using the Fortran program SUPERRECAL
(J. C. Rucklidge, personal communication, 1971).

Major and trace elements

Bulk samples were cleaned, crushed in a two-
step shatter box (zirconia agate or steel lined) and
split by the cone and quarter method for major and
trace element analysis. Major elements were analysed
using fused glass discs on a Philips Sequential X-ray
Analysis System Model 1450 wave-length dispersive

unit by utilizing the techniques of Norrish and Hutton
(1969). Pressed powder pellets were analyzed for Ba,
Rb, Sr and Na by applying the matrix correction
methods of Reynolds (1963).

Isotopic analysis

Rb-Sr, Pb-Pb, and U-Pb (zircon) isotopic compo-
sitions were measured in a 35-cm solid-source mass
spectrometer. Analytical procedures are given in Pet-
tingill and others (1984) and Sinha and Bartholomew
(1984). Regressions were calculated according to the
method of York (1966); ages and MSRS values are
quoted from regression Model il. All standard errors
of the mean are quoted at the two sigma confidence
level.

Mineral chemistry

Plagioclase

The plagioclase compositions in Yankee Jim
Canyon differ widely with lithology, ranging from
An, for a quartzofeldspathic gneiss sample to Ang,
for an unaltered gabbroic sample (Figure 3}.

In the quartzofeldspathic gneiss, plagiociase
compositions center around An,, but range from
An,_s;;. Plagioclase composition can vary within a
single outcrop depending on the degree of fabric de-
veloped in the sample. The more massive units have
plagioclase compositions of Anys_ss, while the more
foliated samples have plagioclase compositions of
Any_ys.

In the biotite-garnet-cordierite gneiss, plagio-
clase compositions are similar throughout the can-
yon, ranging from Ang.3s. The samples from the
northern part of the canyon show minor variation be-
tween units, but little variation within a unit. The
samples from the southern end of the canyon have
little compositional variation, averaging around An,e.

The compositional spread of plagioclase in mafic
lithologies ranges from Ange.e,, with the composi-
tional spread within each unit ranging only 5-10% in
An content. The plagioclase compositions cluster at
Anys_ge for the slightly altered rocks and Angg.g, for
the chloritized assemblages.
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Figure 3—A plot of feldspar compositions in Yankee Jim
Canyon showing An-Ab-Or content. {GG), feldspars from
quartzofeldspathic gneiss; [MG), biotite-garnet and biotite-
garnet-cordierite gneiss; (M}, mafic lithologies.

Compositions in the biotite gneiss lithology are
very similar to the quartzofeldspathic gneiss lithology,
ranging from An,s_s,. Compositional variation within
biotite gneiss outcrops in the canyon is similar and
variation within a single unit is very limited.

K-felspar

The K-feidspar compositions vary widely, rang-
ing from Or,, to Ory, (Figure 3). The K-feldspar com-
positions in the granitic gneiss lithology range from
Org4 s, although most compositions are in the range
of Orgg_es.

In the biotite-garnet-cordierite gneisses, the
K-feldspar grains contain a higher albite component
than those in the quartzofeldspathic gneisses, with
compositions ranging from Org;_g;.

The compositions of K-feldspars in the biotite
gneiss vary slightly between the north and south
ends of the canyon. The composition of grains in
units at the north end range from Org,_o,, which is
very similar to those in the granitic gneiss lithology.
The composition of K-feldspars in units in the south
end of the canyon are slightly more albitic, up to Or,,
in composition.

Pyroxene

Pyroxene compositions from the two mafic units
differ greatly between units, but are very similar with-
in a single unit. In one mafic layer (4th turnout, Fig-
ure 2), the pyroxenes average Wo,En,;Fs,g in com-
position and range only 5% in Fs component. The
second mafic unit (6th turnout, Figure 2) has pyrox-
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CagAl,Sig0q, FezAl,Sig0;, CagAlsSizOyp
e
Pyrope Spessartite
Mg3AI,Siz0y o MngAlSizOq o
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Figure 4— A plot of Yankee Jim Canyon garnet composi-
tions. {CG}), biotite-garnet-cordierite gneiss; {M), mafic lith-
ologies; {BG), biotite-garnet gneiss.

enes of Wo,En,Fse, composition with a 5% variation
in Fs component.

Garnet

Garnets are present in most units, except for the
quartzofeldspathic gneiss. The garnet compositions
are constant within any given outcrop (Figure 4).
The compositions, however, varied between litholo-
gies and between outcrops of the same lithology.
The garnets in the biotite-garnet-cordierite gneiss are
almandine (65-75 mol. %) with less pyrope (13-28
mol. %), spessartine {3-7 mol. %), and grossular (3
mol. %) component.

A narrow mafic layer contains numerous gar-
nets. The composition of the garnet is significantly
different from other garnets in the area with 22 mol.
% grossular and < 10% pyrope. This composition is
consistent with the higher Ca content of the particu-
lar mafic layer.

Garnets from the biotite gneiss units differ from
unit to unit through the section. One unit contains
garnets with a significant pyrope (27 mol. %) but low
spessartite (3 mol. %) component, while a unit one
mile away contains garnets with high spessartite {18
mol. %) and lower pyrope (19 mol. %) components.
This difference in mineral chemistry reflects the dif-
ference in bulk composition of the rocks in these two
areas.

Epidote

Epidote grains are present only in the quartzo-
feldspathic gneiss lithology, where it occurs in two



textural forms; as larger euhedral to anhedral grains
or as wormy intergrowths in contact with plagio-
clase. The composition of the euhedral epidote
grains (Figure 5) range from Ps 24.3-29.9% which is
similar to compositions in granodiorites in the west-
ern United States cordillera (Zen and Hammarstrom,
1984). The wormy epidotes have compositions
averaging Ps 18%, but range up to Ps 27%, which
are similar to those reported by Tulloch (1979) for
subsolidus breakdown of plagioclase + biotite.

Hornblende

Hornblende is found only in the more mafic lith-
ologies in Yankee Jim Canyon. The composition of
the hornblendes tend to be locally consistent, but
vary greatly on the larger scale. The hornblendes in
the pyroxene-bearing gabbroic lithology have the
highest iron content, averaging Gru,,Ant,sCaaz. The
hornblendes in the hornblendite lithology have the
lowest iron content, averaging Gru,sAnts,Caa,;. The
chloritized mafic lithology has hornblende of inter-
mediate compositions, averaging GruzsAnt,sCaa,s.

Biotite

Biotite compositions form two distinct groups; a
tight cluster for the biotite gneiss and a second
slightly scattered field for the quartzofeldspathic
gneisses {Figure 6). The Fe/(Fe + Mg) ratios of these
gneisses are 0.42-0.53, which are within the range of
igneous biotites (Spear, 1984). The aluminum con-
tent shows a small range, 15-17%.

Biotites in the biotite-garnet-cordierite gneisses
are significantly more aluminous than those of the
granitic gneisses, averaging 20% Al,0;. The Fe/
{Fe + Mg) ratios are in the same range as the quartzo-
feldspathic gneisses, with a spread of 5% (0.45-0.50).

The compositions of biotities in the biotite
gneiss lithology are very similar to those in the bio-
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Figure 5— A plot of epidote compositions from the quartzo-
feldspathic gneisses of Yankee Jim Canyon. (EE), euhedral
epidotes; (WE), wormy intergrowth epidotes.

tite-garnet-cordierite lithology. The Al,05 content av-
erage 18% while the Fe/(Fe + Mg) = 0.45.

Cordierite

Cordierite is present only in the biotite-garnet-
cordierite lithology. The mineral grains have
Fe/(Fe + Mg) ratios of 0.28-0.38 and are more Mg-
rich than the coexisting biotites (0.45-0.55) and gar-
nets (Al,sPy,sSp,Gr;). One unit contains cordierite
with varying amounts of alteration to muscovite and
sillimanite. The less altered grains have a slightly
higher Fe content (Fe/Fe+ Mg = 0.31) than the
more highly altered grains (0.28). The cordierite
grains in a nearby unit do not show alteration and
have an Fe/(Fe + Mg) ratio of 0.35-0.38. There is cor-
responding difference in Fe/{Fe-+ Mg) ratio for the
whole-rock samples, with ratios varying from 0.55-
0.70.

Pressure-temperature estimates

Epidote

Pressure-temperature results from epidotes are
estimates due to the paucity of experimental data at
appropriate compositions and pressures {Table 2).
The temperature and pressure estimates can vary
significantly with fO, (Liou, 1973), shifting by 100°C
and 2.5 kb with a change from the nickle-nickle oxide
buffer to the hematite-magnetite buffer. The pres-
ence of green biotite, titanite and magnetite indicates
that the Yankee Jim and Lamar Canyon area gneiss-
es are oxidized. Using the composition of the large

euhedral crystals in the granitic gneiss (4th turnout,
Figure 2} and the HM experimental data of Naney
{1983), Liou (1973), and Holdaway (1972), vields a
temperature of 600-700° and a pressure of 4-6 kb.

Biotite-garnet

The coexistence of garnet, biotite, quartz and K-
feldspar can be used to estimate temperatures, using
the data of Thompson (1976). The data for YB-3, a
biotite gneiss, indicate temperatures of 620-635°C
using Fe/{Fe + Mg) of 0.45-0.47 for biotite and 0.80-
0.85 for garnet.
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Table 2—Temperature estimates in Yankee Jim
Canyon from garnet-biotite and garnet-cordier-
ite geothermometry.

Geothermometry

Garnet-biotite Garnet-cordierite

Thompson, Thompson, Holdaway,
Sample 1976 1976 1977
YB-1 (core) 635° 640° 700°
YB-1 (core}  630° 610° 700°
YB-1 (rim) 575° 5b8¢° 700°

YB-3 (core) 619°
YB-3 {(core) 635°
YB-3 {rim) 562°

YB-5 795° 785° 725°
Yb-5 810° 800° 725°
YB-13 780° 775° 725°
YB-13 775° 760° 725°

The data for the biotite-garnet-cordierite gneiss
indicate two different temperatures. The data for
YB-1 (Fe/(Fe + Mg) of garnet = 0.80-0.85 and biotite
= 0.50-0.55) indicate temperatures of 635°C for gar-
net core compositions and 575°C for garnet rim com-
positions. The data for YB-5 (Fe/(Fe + Mg) of garnet
= 0.70 and biotite = 0.47-0.49) indicate a much
higher temperature of 795-810°C. The cordierite in
YB-1 has been considerably altered, while that in
YB-5 shows very little alteration. This suggests that
the temperatures calculated for YB-5 are closer to
peak metamorphic temperatures, while those calcu-
lated for YB-1 are probably too low, due to later
Fe/Mg redistribution.

Cordierite-garnet

The coexistence of cordierite, sillimanite and
garnet can be used to estimate temperatures using
the experimental data of Holdaway and Lee (1977)
and Lonker (1981). Fe/(Fe+ Mg) for garnet =
0.70-0.85 and cordierite, Fe/(Fe+ Mg) = 0.4-0.5, in-
dicated temperatures of 2700°C and a pressure



range of 3.5-4.0 kb (P, , = P;) (Holdaway and Lee,
1977) and 750°C and 4.5-5.5 kb (Lonker, 1981). The
Fe/Fe+ Mg ratios of 0.30-0.35 indicate temperatures
of 2700°C and a pressure range of 4.7-5.1 kb. The
granite minimum melting curve places an effective
temperature limit of 700-7156°C (at 4-6 kb) on the
mineral assemblage. Above this temperature, the
K-feldspar, biotite and quartz assemblage melts to
form a granitic liquid. The presence of small migmat-
itic veins (1st turnout, Figure 2) indicates that this
melting temperature was probably, at least locally,
exceeded. Re-equilibration during the cooling stage
produced calculated temperatures using rim compo-
sitions approximately 65°C lower than those using
core compositions.
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Aluminosilicate

Sillimanite is only present in the biotite-garnet-
cordierite gneisses of Yankee Jim Canyon. It occurs
as a secondary alteration of cordierite and as inclu-
sions in garnet. Kyanite has also been found in minor
quantities (D. W. Mogk, personal communication
1988), although it was not found in the samples stud-
ied. Andalusite was not found, and no aluminosili-
cates were found in the Lamar Canyon gneisses. The
presence of sillimanite indicates a lower temperature
limit of 500°C (Holdaway, 1971) to 850°C (Richard-
son and others, 1969). The presence of both kyanite
and sillimanite imply a minimum pressure of the
aluminosilicate triple point; 3.75 kb (Holdaway, 1971}
to 5.5 kb (Richardson and others, 1969).

Whole-rock chemistry

The range in silica content for the quartzofeld-
spathic gneisses is 56-75%*, with the Al,O; content
ranging from 15-19% {Figure 7, Table 1). There is

*All major-element data given in weight percent.
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range from 2-5%. The foliated sampies with higher
alumina have higher Fe,0; {(5%) than the less foliated
samples (2-3%). The MnO and MgO contents show

5.0
40

N020
— N D
T

K0

O — NvVw do o O
i

0
(6]
N
o
(o))
(8}
~
O
~
(6]

80

Figure 7— Major-element variation diagrams for Early Archean rock types in the Yankee Jim and Lamar Canyon areas. (GG),
quartzofeldspathic gneiss of Yankee Jim Canyon; (MG), biotite-garnet gneiss and biotite-garnet-cordierite gneiss of Yankee

Jim Canyon; (LC), Lamar Canyon quartzofeldspathic gneiss.
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little variation with the total mafic content (Fe,0, +
MgO + MnQ) being controlled by the variation in
Fe,0; content. Ca0 and K,O contents show distinct
compositional ranges for the foliated and unfoliated
samples while the Na,0O values are constant. CaQ
and K,O contents range from 3.5-4% for the foliated
samples and 1.5-2.5% for the unfoliated samples.
K,0 contents vary from 3.5% (unfoliated) to 6% (fol-
iated), while the Na,O contents vary little from the
norm of 3.5%. Ti0O, values range from 0.3% (unfoli-
ated) to 0.9% (foliated) and P,0; values range from
0.05% (unfoliated) to 0.3% (foliated) following the
local trend of bimodal distribution.

The gneisses show a wide range in trace-ele-
ment compositions. The P content, although it
ranges from 190 ppm to 1600 ppm, is generally above
1000 ppm. Pb content in the gneisses is relatively
constant (22-50 ppm} while the U { <0.5-4.3 ppm)
and Th (6-57 ppm} contents show more variation.
The Rb concentration is relatively constant through-
out the lithology, ranging from 100 to 170 ppm. Sr
contents, however, range from 400-1000 ppm.

The biotite-cordierite-garnet gneisses have a
more restricted compositional range than the quartzo-
feldspathic gneisses, with SiQO, ranging from 67-70%
{Table 1}). The ALO,;, Ca0O, Na,0 and K,O contents
are lower than in the quartzofeldspathic gneisses.
Fe,0; and MgO content are significantly higher than

in the quartzofeldspathic gneisses, as is expected
from the mafic mineral content.

The trace element contents of the biotite-garnet-
cordierite gneisses differ from the quartzofeldspathic
gneisses. Pb, U and Th contents show little variation
and fall within the range of the quartzofeldspathic
gneiss compositions, while the Rb (72-91 ppm) and
Sr {1356-182 ppm) concentrations show minimal vari-
ation and are significantly lower than in the quartzo-
feldspathic gneisses.

Biotite gneisses, from opposite ends of the can-
yon, have different compositions (Table 1). SiO,
contents are similar at 64-66%, but the Al,0; content
ranges from 14% at the north end of the canyon
(YB-3) to 18% at the south end (YB-11). The finer-
grained, foliated samples (3rd and 5th turnouts, Fig-
ure 2) have significantly higher Fe,0; + MgO con-
tent {(10% vs 4.5%), higher K,0, and lower Ca0 and
Na,O contents. The average concentrations are simi-
lar to the quartzofeldspathic gneiss lithology, al-
though the range in concentrations is slightly larger,

The Pb (26 ppm) and U (0.8 ppm) trace-element
contents of the biotite gneisses are very similar to the
granitic gneisses. The Rb (52-72 ppm), Sr (180-500
ppm), and Th (11 ppm) concentrations are similar to
the biotite-garnet-cordierite gneisses and lower than
in the granitic gneisses.

Age determinations

Yankee Jim Canyon

The whole-rock Rb-Sr isotope resuits are sum-
marized in Figure 8 and Table 3. The data for the
granitic gneiss samples do not yield an isochron. The
errors on a regression through the data points (MSRS
= 44) are larger than the analytical error, therefore
the slope does not yield a geologically significant
age. These results suggest that later metamorphic
events such as at 1850 Ma (Casella and others, 1982;
Montgomery and Lytwyn, 1984; Wooden and
others, 1982; Brookins, 1968) have disturbed the Rb-
Sr systematics.

The whole-rock Pb isotope data are shown in
Figure 9 and Table 4. The data for the quartzofeld-
spathic gneisses indicate an age of 2620 Ma. The
data for the biotite-cordierite and biotite gneisses
have a similar slope and an age of 2647 Ma.

Resultant ages from the zircon U-Pb isotopic
data (Figure 10, Table 5) indicate a complicated
history. The quartzofeldspathic gneiss (YB-8) con-
tained a single zircon population consisting of dark-
pink, euhedral crystals. The crystals contain few in-

clusions, and cores are rarely visible. A discordia
through two size splits indicate an age of approxi-
mately 2850 Ma, with a lower intercept of approxi-
mately 900 Ma. As there is little spread between the
two data points, a small analytical error could alter
this age significantly. If the regression is forced
through the origin, then the data yields an intercept
age of 25660 Ma. One split from the granitic gneiss
was abraded and analyzed, which yielded a slightly
older intercept age of 2642 Ma, suggesting that the
zircons may have undergone some episodic lead loss.

A sample of coarse biotite gneiss (YB-11,
Figure 2) contained a single zircon morphology of
purplish euhedral crystals. The two size splits yielded
data which was colinear with the granitic gneiss
data, but with almost no spread between the points.
The data yield an intercept age of 2570 Ma, similar to
the age from the quartzofeldspathic gneiss.

A sample of biotite-garnet-cordierite gneiss
(YB-1, Figure 2) contains two zircon morphologies;
one group of dark-purplish euhedral crystals, and a
second group of more acicular, light greenish-pink
crystals. The greenish-pink crystals contain few in-
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Table 3—Whole-rock Pb isotope data for Yankee Jim Canyon and
Lamar Canyon.

Whole-rock Lead Isotope Data

Yankee Jim Canyon

Sample Pb 207/206 Pb 206/208 Pb 206/204 Pb 207/204 Pb 208/204

YB-1 0.87880 0.45694 17.90965 15.75659 39.23195
YB-3 1.00235 0.41058 15.70688 15.74838  38.28281
YB-6 0.92692 0.41127 16.75369 15.63118  40.74016
YB-6 0.98324 0.45875 15.65402 156.39111 34.11768
YB-8-1 0.99080 0.39879 15.46866 16.33215  38.79492
YB-8-2 0.93659 0.32586 16.52374 15.46250 50.91976
YB-8-5 0.99572 0.39718 16.37874 15.31393 38.73499
YB-8-11 0.96969 0.41644 15.80840 16.33015  37.95585
YB-9 1.01818 0.41050 14.89285 16.17220 36.30381
YB-11 0.79003 0.53157 20.58932 16.26284  38.72884

Lamar Canyon
Sample Pb 207/206 Pb 206/208 Pb 206/204 Pb 207/204 Pb 208/204

YB-1 0.77777 0.53162 20.96032 16.31229 39.47490
YB-20 0.98354 0.30910 15.56457 15.31243 50.38871
YB-35 0.81483 0.51840 19.65006 16.03467 37.92561
YB-36 0.82968 0.49992 19.30279 16.01581 38.59779

YB-37 0.85972 0.48432 18.74800 16.12166  38.68356
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Table 4—Whole-rock Rb-Sr isotopic data for

Yankee Jim Canyon and Lamar Canyon.

Whole-rock Rb-Sr Data
Yankee Jim Canyon

Sample Rb (ppm) Sr(ppm) Rb*/Sr* §&r¥/Sr*
YB-1 91.4 135.0 1.9719 0.77580 (7)
YB-8-1 129.6 988.1 0.3798 0.71568 (11)
YB-8-2b 109.7 402.6 0.7906 0.73630 (5)
YB-8-3 110.3 406.3 0.7908 0.73853 (9)
YB-8-5 122.3 578.9 0.6105 0.72133 (7)
YB-8-11 99.0 533.6 0.5378 0.72569 (15)
YB-9 97.2 598.0 0.4709 0.72152 (7)
YB-11 51.9 513.9 0.2925 0.71676 (11)
Lamar Canyon
Sample Rb (ppm) Sr (ppm) Rb®*/Sr*® 8r¥7/Sr%
YB-18 68.3 457.5 0.4325 0.72011 (7)
YB-19 82.3 220.3 1.0850 0.74677 (10)
YB-20 41.7 113.4 1.0674 0.74110 (7)
YB-35 85.2 394.9 0.6254 0.72679 (8)
YB-36 107.9 246.6 1.2714 0.75136 (15)
YB-37 105.3 2415 1.2670 0.75189 (7)
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and Pb2°%/2¢ = 33.262.

clusions and no visible cores, while the purplish pop-
ulation contains some inclusions and an occassional
core. A single split from the greenish-pink group
vielded data which indicate an age of 2857 Ma. This
age is very similar to the upper intercept age from the
quartzofeldspathic gneiss and biotite gneiss samples,
which have a lower intercept of 900 Ma. Two size
splits from the dark-pink population indicate an age
of 2670 Ma.

Lamar Canyon
The data for Lamar Canyon (YB-19) vield a

much clearer picture of the age relations for that re-
gion. The whole-rock Rb-Sr data (Figure 8, Table 3)
yield an isochron age of 2625 + 42 Ma. The whole-
rock Pb-Pb data (Figure 9, Table 4) indicate an age
of 2689 Ma, while the zircon splits (Figure 10, Table
5) indicate ages of 2664 Ma and 2712 Ma. These ages
are all similar to other published Rb-Sr ages of 2640
+ 80 Ma (2692 Ma, Wooden and others, 1979; 2718
Ma, Montgomery and Lytwyn, 1984). One abraded
zircon sample yielded a Pb?97/Pb?°¢ age of 2975 Ma,
suggesting the possibility of an inherited U-Pb com-
ponent.

Summary

The lithologies in Yankee Jim Canyon are domi-
nated by guartzofeldspathic gneisses, but also in-
clude biotite-garnet-cordierite gneisses, biotite
gneisses, mafic units and pegmatites. The quartzo-
feldspathic gneisses show evidence of mylonitization
along the contacts with the adjacent layered gneiss-
es. Mineral chemistries show wide variation in the
different lithologies. Solid solution minerals, such as

plagioclase, range from An, (quartzofeldspathic
gneiss) to Ang, (mafic layers). Garnet and cordierite
compositions vary slightly with the degree of altera-
tion. The presence of cordierite, garnet, sillimanite
and kyanite allow for good temperature-pressure
estimates of 775-800°C and 4.5-6 kb.

The ages derived in Yankee Jim Canyon from
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Table 5—Zircon U-Pb data for Yankee Jim Canyon and Lamar Canyon.

U-Pb (Zircon) Data

Sample Concentration
{mesh) {ppm) Atom Ratios Age (Ma)

Pb U Pb 206 Pb 207 Pb 207 Pb 206 Pb 207 Pb 207

U238 U235 Pb206 U238 U235 Pb 206
Yankee Jim Canyon
YB-1 250.2 703.2 0.30639 8.7929 0.20383 1718 2217 2857
(pale green split, + 150)
YB-1 280.2 679.5 0.34700 8.9295 0.18218 1920 2330 2672
(purple split, + 150}
YB-1 284.7 691.4 0.34038 8.8347 0.18116 1889 2321 2669
{purple spiit, 1560-200)
YB-8 192.7 416.1 0.36534 8.9280 0.17301 2007 2330 2587
(100-150)
YB-8 189.3 430.6 0.35040 8.4084 0.16987 1937 2276 2556
{+ 100)
YB-11 224.2 582.0 0.35506 8.5865 0.17120 1959 2295 2569
(100-150)
YB-11 216.6 5b1.1 0.36346 8.7929 0.17126 1999 2317 2570
{+100)
Lamar Canyon

YB-19 262.1 1018.7 0.21591 5.5254 0.18117 1260 1904 2664
{+100)
YB-19 250.7 1044.2 0.20036 5.2802 0.18657 1177 1865 2712
(150-200)
YB-19 240.7 769.2 0.26301 7.83323 0.21917 1454 2212 2975

(150-200, abraded)

whole-rock Pb isotope data center around 2625-2650
Ma for the various lithologies. The whole-rock Rb-Sr
data indicate that the Rb-Sr systematics have been
disturbed, most likely by a later metamorphic event.
The zircon U-Pb data indicate a discordant age of
2850 Ma, with some indication of episodic lead loss.

The whole-rock Rb-Sr and whole-rock Pb iso-
topic data from Lamar Canyon indicate an intrusive
period at 2625-2700 Ma, which is in agreement with
other reported ages for the region. The zircon U-Pb
data also indicate ages of 2650-2700 Ma. An abraded
zircon sample with an age of 2975 Ma suggests an in-
herited U-Pb component.

Further detailed geochronologic work, coupled
with structural data, is needed to clarify age relations
in Yankee Jim Canyon and its relationship with the

exposed gneisses to the east and southeast. Prelimi-
nary comparisons of isotopic and geochemical data
from Archean lithologies with data from Yellowstone
Plateau lavas eliminate exposed basement as a major
source rock for the Yellowstone rhyolites.
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LATE ARCHEAN THIN-SKINNED THRUSTING OF THE
CHERRY CREEK METAMORPHIC SUITE IN THE
HENRY’'S LAKE MOUNTAINS, SOUTHERN MADISON
RANGE, MONTANA AND IDAHO

Wendolyn Sumner and Eric A. Erslev
Department of Earth Resources
Colorado State University
Fort Collins, Colorado 80523

Introduction

The nature and driving mechanisms of Archean
tectonic regimes are highly debated due to the frag-
mentary rock record preserved in Precambrian
shields. Many workers have proposed a substantial
change in the crust-mantle system between the
Archean and the Proterozoic based on differences in
tectonic style and rock composition from the two
periods (Taylor and McLennan, 1985). Archean pro-
vinces are characterized by an abundance of high-
grade gneiss and greenstone belts and a correspond-
ing dearth of continental margin and shelf associa-
tions. The increased occurrence of stable shelf suites
through geologic time is an important yet unex-
plained temporal pattern with major implications for
the evolution of the earth (Taylor and MclLennan,
1985: Gibbs and others, 1986).

In the northwestern Wyoming province, the
Cherry Creek metamorphic suite is an anomalously
well-preserved (by Archean standards) carbonate-
quartzite-pelite shelf association. Massive dolomite
marbles form up to 27% of the stratigraphic section
and contain a Sr isotopic composition more consis-
tent with Phanerozoic carbonates than Archean car-
bonates (Gibbs and others, 1986). Similarly, the
abundant pelitic rocks of the sequence contain post-
Archean geochemical signatures quite different from
those of typical Archean greenstone belt pelites, in-
cluding negative europium anomalies and steep
LREE patterns. This anomalous Archean sequence
clearly points to a greater diversity of Archean petro-
genetic environments than those encompassed by
the traditional greenstone belt-gneiss belt classifica-
tions. Ongoing investigations are focused on the
petrogenesis and subsequent preservation of the
Cherry Creek metamorphic suite to evaluate its sig-
nificance to Archean tectonic processes.

This study documents the earliest stage of de-
formation in the Cherry Creek metamorphic suite, in

an area with minimal subsequent deformational
events. Precise determination of deformational history
in crystalline terranes is often complicated by several
episodes of deformation and metamorphism. In the
northwestern Wyoming province, a clear under-
standing of the tectonic processes which preserved
the suite requires the characterization and subtrac-
tion of Phanerozoic and Proterozoic deformations
from the overall rock fabric. The study area in the
Henrys Lake Mountains portion of the southern Mad-
ison Range (Figure 1) was chosen for this investiga-
tion because it shows the least effects of Early Pro-
terozoic crustal reworking which reset K-Ar clocks
along the northwest rim of the Wyoming province
{Giletti, 1962).

Phanerozoic deformation of the crystalline rocks
is limited to block faulting with minimal penetrative
deformation during Laramide thrusting and Recent
basin and range extension (Schmidt and Garihan,
1983; Erslev, 1983). Early Proterozoic (1.9 Ga) defor-
mation in the southern Madison Range is character-
ized by epidote-amphibolite facies assemblages and
ductile shearing concentrated within the Madison
myionite zone north of the study area. The Cherry
Creek metamorphic suite south of the shear zone is
relatively unaffected by Proterozoic shearing, as seen
by the lack of reset “°Ar-*®Ar ages which are the rule
in all other exposures of the suite. An Archean age
(2.7 Ga) is indicated for the pervasive middle-am-
phibolite facies assemblages south of the shear zone
based on “°Ar-3Ar analyses of hornblende from am-
phibolites. Thus, a study of the deformation south of
the Madison mylonite zone provides the clearest
view of Archean structures of the Cherry Creek
metamorphic suite.

Erslev (1983) suggested minor structural repeti-
tions of the Cherry Creek metamorphic suite on
thrusts with tectonic transport opposite that of the
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Figure 1— Archean exposures in the northwestern Wyoming province and focation of the southern Madison Range and Henrys
Lake Mountains.

Madison mylonite zone. The association of prograde
mineral assemblages within these zones and their
rotation during shearing in the Madison mylonite
zone suggests an older age of deformation, which
has been confirmed by *°Ar-3°Ar studies. The faults
can be projected into a zone of complex structural
and lithologic relationships mapped by Witkind
{1972). This study tests whether the complex zone is

due to Archean thrusting and if recent stratigraphic
hypotheses are consistent with and could aid in the
deciphering of the area. It also defines the structural
geometry of the Archean deformation in the Cherry
Creek metamorphic suite of the southern Madison
Range through reconstruction of the stratigraphic se-
quence, petrofabric analyses, strain data, and a
down-plunge projection across the study area.

Cherry Creek stratigraphy

Reconstruction of the local Cherry Creek strati-
graphic sequence imposes important constraints on
the large-scale structural geometry of the southern
Madison Range. Detailed field traverses along ridge
crests trending perpendicular to regional foliation
reveal a coherent stratigraphy. The stratigraphic col-
umn of the Cherry Creek metamorphic suite (Figure
2) was constructed by measuring unit thicknesses
(dip corrected) (Erslev, 1983), which is in the same
strike belt as the study area. In the northern portion,
major unit contacts are laterally continuous, undis-
rupted by folding, and lack obvious unit repetition.
The lithologic sequence in this area apparently repre-

sents primary stratigraphy with bedding-parallel
thrusts. These thrusts appear to be entirely contained
within individual map units, causing an increase in
thickness in both the major marble and pelite units.
The thrusts are equivalent to flats in a thin-skinned
thrust belt.

Relict graded bedding, minor cross beds and
scour casts in the biotite schist {meta-turbidite) pro-
vided 153 stratigraphic-up directions. Local graded
beds in pebbly quartzites (3) and graded-volcanic la-
pilli in amphibolites (5} all suggest regional strati-
graphic up to the southeast.
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Figure 2—Generalized stratigraphic column of the Cherry Creek metamorphic suite for the Henrys Lake Mountains.

From 161 measurements of sedimentary struc-
tures, 65% give regicnal stratigraphic up to the
southeast (Figure 3). The Sheep and Coffin Lake
areas gives evenly contradictory tops directions, with
50 to the southeast and 44 to the northwest. This
area is directly in line with projected traces of thrusts
cutting the marble-bearing part of the sequence,

suggesting that the discordance of these measure-
ments reflects thrust-generated folding, generating
the anomalous thickness of biotite schist unit. If
these readings are omitted, 82% of the measure-
ments give tops to the southeast, which is consistent
with the stratigraphic interpretation of Erslev {1983}.

Map-scale geometry

The Archean lithologies were mapped on a scale
of 1:24,000 during the summer of 1985 and fall of
1986. The geologic map {Figure 3) pattern reveals a
series of stratigraphic repetitions and truncations
along strike. Similar relationships were noted in the
Gravelly Range {Heinrich and Rabbitt, 1960) and in
the central Madison Range (Erslev, 1983). Heinrich

and Rabbitt {1960) reported marked variation in unit
thickness and petrology along strike from the type lo-
cality of the Cherry Creek metamorphic suite in the
Gravelly Range.

A good example of unit repetition and trunca-
tion along strike is the repeated dolomite-amphibo-
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Figure 3— Geologic map of the Henrys Lake Mountains showing stratigraphic tops indicators. Modified from Witkind (1972).

lite-biotite schist sequence along the southwestern
flank of the range (Figure 3). In general, the total
thickness of the lithologies increases to the south-
west. For example, from northeast to southwest
{Figure 3} the thickest dolomite unit is split by a
chlorite-schist/quartzite sequence. Duplication of
the marble unit and three repetitions of the chlorite-
schist/quartzite assemblage occurs to the southwest
along this complex zone. The apparent individual
unit thicknesses actually increases to the northeast,
with the major marble increasing from 0.8 to 2.0 kilo-
meters and the major biotite schist increasing from

3.2 to 5.5 kilometers, suggesting thrusting within the
units.

Detailed examinations of unit contacts reveal
that unit duplications and truncations occur along a
series of generally concordant, SE-dipping mylonite
zones, varying in thickness from centimeters to
meters. Figure 4A shows a photograph of a proto-
mylonite zone at a lithologic contact. Repetition of
Cherry Creek lithologic sequences along these duc-
tile shear zones is either the result of thrust duplex-
ing, strike-slip faulting, or a combination of both.
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Figure 4 — Mylonitic fabrics of the X-Z plane from oriented samples. (A), protomyionite between dolomite-marble (on left) and
chlorite-schist/quartzite unit; (B), photomicrograph (plane polarized light} of sheared kyanite from protomylonite zone shown
in A; (C), photomicrograph (plane polarized light) of rotated porphyroblastic garnet in hornblende-biotite-garnet schist show-
ing sinistral shear (after Simpson and Schmid, 1983); (D), sheared biotite-schist with C-S surfaces indicating sinistral shear.

Photomicrographs are 4.4 millimeters in horizontal dimension.

Fabric and strain data

Metamorphic assemblages (e.g., quartz + bio- ies metamorphism (600°C, >6 kb) based on garnet-
tite + garnet + staurolite + kyanite in pelitic schists) biotite geothermometry and aluminosilicate stability
are consistent with moderate grade, amphibolite fac- in rocks to the north (Erslev, 1983). Regional foliation
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strikes northeasterly, paralleling compositional layer-
ing and relict bedding surfaces, with generally
moderate dips to the southeast (Figure BA). Rota-
tion of some of the foliations about a horizontal axis
to NW-dipping orientations is the result of subse-
quent ductile shearing in the Madison mylonite zone
to the north.

Mineral growth lineations defined by biotite,
muscovite, hornblende and staurolite trend north-
east-southwest and are parallel to small-scale fold
axes (Figures 5B, BC). Mineral stretching lineations
(X) are subparallel to the dip direction of the regional
foliation, with an average trend and plunge of
S50E,65.

n=410 -

—

all lithologies

A
N
n=142
°F1 folds
Poles to Axial Planes "Fz2 folds
C

Many small-scale, isolated intrafolial folds sug-
gest heterogeneous deformation localized in zones of
intense shear. The fact that mineral growth lineations
parallel fold axes in these zones suggests mineral
growth concurrent with deformation. Axial planar
cleavage paraliels regional foliation and is probably
related to regional foliation development.

Strain analysis

Eighty-two oriented thin sections were prepared
to evaluate the finite strain. Deformed quartz and
plagioclase grains in clastic portions of the biotite
schist were measured to determine the type, amount

shear sense direction in the XZ plane
plotted here perpendicular to foliation

D

Figure 5—Fabric data. Contours represent 1, 3, 5 and 7% per 1% area for (A}, poles to foliation; {B), fold axes; (C), lineations;
(D), 8-surface orientations {X-Y planes) and shear-sense indicators are plotted at X, with arrows showing displacement of the

hanging wall relative to the footwall.



and shear sense associated with Archean deforma-
tion of the Cherry Creek metamorphic suite. Detailed
strain measurements were made from 12 biotite
schists, two quartzites, and one pebbly meta-silt-
stone. For each thin section, the mean axial ratio was
determined by the Fry (1979) method, normalized Fry
method (Erslev, 1988) and the Rf/Phi (Ramsay, 1967)
method. A minimum of 150 elliptical grains were digi-
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tized and input into INSTRAIN, an integrated strain
analysis program, which generated the analyses
{Figure 6).

Most samples indicate largely flattening strains
produced by bulk shortening, with X:Y:Z strain of
2.15:2.13:1 in a representative sample. The strain in
two samples collected from mylonite zones, and a
quartzite and a pebbly-siltstone, plot close to the
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Figure 6—Flinn diagrams showing results of three-dimensional strain analyses. Numbers correspond to sample numbers.
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plane strain line, possibly indicating simple shear in
the mylonite zones. Deformed quartz clasts from one
of these mylonite zones has X:Y:Z strain of 3.1:2.4:1.0.

Shear-sense determinations

To determine the shear sense in the mylonite
zones, the asymmetry of mineral grains was mea-
sured directly in three outcrops and in the X-Z plane
of 22 oriented thin sections. Shear-sense determina-
tions from prograde mineral assemblages using the
criteria of Simpson and Schmid (1983) are summar-
ized in (Figure 5D}, a stereonet plot of X-Y planes

with shear sense (paraliel to X, measured in the X-Z
plane).

In thin sections cut parallel to the X-Z plane,
shear-sense determinations were measured from
asymmetric porphyroclasts of quartz, feldspar, stau-
rolite and kyanite, C-S surfaces, oblique and elon-
gate mineral grains, and rolled garnets (Figure 4).
Mineral stretching lineations paraileling the X strain
direction are generally subparallel or oblique to the
foliation dip direction. Shear-sense criteria indicate
dominantly reverse (high-angle thrust} motion with
tectonic transport toward the northwest (Figure 5D}.

Structural model and interpretations

A structural model was developed by construct-
ing a down-plunge projection (Mackin, 1950) incor-
porating regional stratigraphic and structural data.
The data was compiled from eight parallel cross sec-
tions oriented perpendicular to the regional fold axis
trend. In the down-plunge view, exposures in the
southwest represent structurally lower levels, while
exposures along unit strikes to the northeast repre-
sent structurally higher levels. Data for each section
include lithologies, facing directions, contact rela-
tionships {mylonitic versus stratigraphic) and strain
data.

The down-plunge cross section (Figure 7)
shows tectonic thickening along an imbricate thrust
zone due to thin-skinned thrusting during a compres-
sional orogenic event. When viewed perpendicular to
the cross section line, the geologic map (Figure 3}
resembles a longitudinal cross section across a thrust
belt (Woodward and others, 1985). From this van-
tage point, it is apparent that many unit truncations
along lithologic strike are the result of lateral ramps in
thrusts cutting up section to the northeast. The com-
plex regional map pattern shows an original deposi-
tional sequence duplicated by thrust faulting along
generally SE-dipping mylonite zones with northwest
vergence.

Sequential deformation model

The sequential deformation model exhibited

(Figure 8) is based on the regional geology con-
strained by the necessity to approach cross section
balance or restorability (Woodward and others 1985).
It should be noted that variations in strain have not
been rigorously incorporated into the sections shown
here. The model is analogous to interpretations of
thin-skinned thrusting and duplexing along many
post-Archean continental margins (Boyer and Elliott,
1982; Elliott and Johnson, 1980; Suppe, 1983).

The restored primary stratigraphy compiled from
the regional stratigraphic column is shown in Figure
8A. Thrusting during a Late Archean compressional
orogeny formed horses (thrust-bounded blocks) due
te bifurcation of faults in ramp areas, forming a du-
plex structure (Suppe, 1983). The fact that continued
thrusting in the hinterland often rotates the early
thrusts to higher angles provides a possible explana-
tion of the steep dips in the southern Madison
Range. Thrusting events depicted in Figure 8B are
interpreted to be synkinematic with prograde, mid-
amphibolite facies metamorphism of Late Archean
(2.7Ga) age. Figure 8C shows Proterozoic (1.9 Ga)
thrusting of the pre-Cherry Creek metamorphic com-
plex (the basement upon which the Cherry Creek
units were deposited), over the Cherry Creek meta-
morphic suite in the Madison mylonite zone. This
event rotated the regional foliation within the ductile
shear zone through the vertical, forming a NW-
dipping zone of Proterozoic basement reworking.

Conclusions

Mapping in the Henrys Lake portion of the
southern Madison Range reveals a coherent strati-
graphic sequence which constrains the large-scale
structural geometry of the Cherry Creek metamor-
phic suite. The study concludes that the complex

map pattern, with repetitions and truncations of the
Cherry Creek stratigraphy, is the result of Archean
thin-skinned thrusting along a series of narrow, gen-
erally SE-dipping mylonite zones. Increases in indi-
vidual unit bulk thickness to the northeast is the
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Figure 7—Cross section of regional structure constructed using the down-plunge method {Mackin, 1950) of the Henrys Lake
Mountains.

result of intraformational fold and thrust thickening,
forming zones of opposing facing directions and iso-
clinal folding.

The strain analysis of psammitic portions of
metaturbidites indicates largely flattening strains and
bulk shortening of the Cherry Creek metamorphic
suite. However, mylonitic zones contain plane-strain
fabrics consistent with ductile simple shear. Fabric
asymmetries reveal reverse (high-angle thrust) motion
along these SE-dipping mylonite zones with north-
west tectonic transport. Prograde mineral growth lin-
eations parallel fold axes in zones of shear folding
and suggest mineral growth {middle-amphibolite fac-
ies metamorphism} concurrent with deformation.

This study documents the earliest stage of de-
formation in the Cherry Creek metamorphic suite

during the 2.7 Ga middle-amphibolite facies meta-
morphism, and has important implications for the
crustal development of the northwestern Wyoming
province. The deformation is characterized by imbri-
cate thrust stacking and shortening of the Cherry
Creek metamorphic suite, and is analogous to thin-
skinned thrusting traditionally recognized in many
post-Archean convergent belts. This would suggest
that this type of tectonic process was also operative
in the Archean.
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Introduction

The southern part of the Highland Mountains
contains the largest of the northwesternmost expo-
sures of crystalline basement rocks in southwestern
Montana (Figure 1). The cratonic rocks of this
region, a part of the Archean Wyoming province,
consist of a multilithologic assemblage of metasedi-
mentary, mixed metavolcanic and metasedimentary,
and quartzofeldspathic and granitic lithologies.
Abundant exposures of dolomitic marble, guartzite,
pelitic schist, and aluminous gneiss and schist are the
main components of the metasedimentary sequence
(James and Weir, 1972; Vitaliano and others, 1979;
Hadley, 1969). Thick successions of migmatitic
biotite- and hornblende-rich gneiss probably repre-
sent interlayered metasedimentary and metavolcanic
rocks {Garihan, 1979; Karasevich and others, 1981).
In addition to these well-layered sequences, thick,
complexly deformed quartzofeldspathic gneiss that
includes pods of younger granite (Heinrich, 1960;
James and Hedge, 1980; Karasevich and others,
1981) occupy large parts of some southwest Mon-
tana ranges. The crystalline basement rocks of the
Ruby Range, southeast of the Highland Mountains,
are well studied and described. In this range, an in-
terpretative stratigraphic succession places the
hornblende- and biotite-rich gneiss at the base,
overlain by quartzofeldspathic and granitic gneiss,
which in turn, is capped by the metasedimentary se-
quence {Karasevich and others, 1981; H. L. James,
written communication, 1987).

The age of most cratonic core rocks exposed in
southwestern Montana is Archean; a minimum Rb-
Sr age of about 2.7 Ga was established for rocks in
the Tobacco Root and Ruby ranges by Mueller and
Cordua (1976) and James and Hedge (1981). Other
crystalline basement rocks exposed in the northwest-
ern part of the Beartooth Mountains yield an Pb-Pb
age in excess of 3 Ga (Reid and others, 1975). Stud-
ies of metamorphic rocks in most of these ranges
suggest that the amphibolite-grade metamorphism
that pervades these Archean rocks is superimposed
on an even higher-grade metamorphic event (Reid,
1957; Vitaliano and others, 1979; Erslev, 1980). Based
mainly on Rb-Sr ages of biotite, all of the Archean
rocks were later affected by an Early Proterozoic
thermal event, about 1.6-1.8 Ga (Giletti, 1966). In ad-
dition to evidence that most of the basement rocks of
the region are Archean in age, crystalline rocks of
limited exposure in the Pioneer Mountains, west of
the Highland Mountains, have yielded a Rb-Sr whole
rock age of 1.7-1.8 Ga (Arth and others, 1986). A
preliminary U-Pb zircon geochronologic study of the
crystalline basement rocks of the Highland Moun-
tains document a major 1.8 Ga penetrative metamor-
phic event. The primary age of these rocks is less
well constrained, but apparently they are at least as
old as those of the adjacent Tobacco Root and Ruby
ranges.
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Figure 1—Eastward view of the Highiand Mountains, with Tobacco Root Mountains visible on right horizon. The drainage line
of Moose Creek runs diagonally (from top to bottom) across left center of the scene. (Hugh Dresser photo.)

Precambrian metamorphic and igneous rocks

Precambrian amphibolite-grade, regionally
metamorphosed rocks are the oldest lithologic units
exposed in the southern Highland Mountains (Dun-
can, 1976, Ruppel and others, 1983; (Figure 2).
These layered metamorphic rocks define a large,
doubly plunging antiform that trends northeast to
east and is herein referred to as the Highland Moun-
tain dome (equivalent to the Rochester antiform of
Duncan, 1976). The gneisses and related rocks that
comprise the dome (Figure 2) consist principally of
three major rock types. Massive to well-foliated

quartzofeldspathic gneiss of unknown thickness is
restricted to the central part of the dome and is over-
lain by 0-100 meters of garnetiferous gneiss, which in
turn is capped by more than 3 kilometers of biotite
gneiss. The quartzofeldspathic gneiss and biotite
gneiss compose over 90 per cent of the exposed
rocks. Also present in the area are igneous rocks of
Precambrian age that consist of metabasite dikes and
sills, aplite and granitic pegmatite sills and minor
dikes and, youngest of all, diabase dikes.

Metamorphic rocks

Quartzofeldspathic gneiss exposed in the High-
land Mountain dome can be divided into two major
types: (1) massive leucocratic gneiss exposed in the
core of the dome, and (2} the overlying, well-foliated
quartz-feldspar-biotite gneiss.

Leucocratic gneiss

The leucocratic gneiss is structurally the lowest
unit and is well exposed in the central parts of the
dome. The dominant rock type consists of massive,
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Figure 2— Generalized geologic map of southern part of the Highland Mountains. Most Tertiary sedimentary rocks of Pliocene
to Eocene age are capped by thin gravels of Quaternary age.
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strongly deformed and lineated quartz-feldspar
gneiss that contains only sparse biotite or muscovite.
The rock mainly is equigranular, but commonly con-
tains augen of potassium feldspar 1-3 centimeters in
diameter. The gneiss is strongly migmatized; quartz
and feldspar contribute much to the leucocratic char-
acter of the rock.

In the field, many variations of ideal leucocratic
gneiss are present. Commonly, sugary-textured leu-
cogneiss grades into very strongly contorted and
folded, augen-bearing leucogneiss that is strongly
lineated and displays an overall planar foliation that is
locally deformed into low amplitude folds. In other
places, quartz-feldspar-biotite and amphibolitic
gneiss is strongly injected by augen-bearing leuco-
granitic gneiss displaying well-developed mylonitic
texture. Locally, leucogranite encloses chaotically in-
vaded lenses of amphibolite that were boudinaged,
brecciated, magmatically injected and recrystallized.

Quartz-feldspar-biotite gneiss

Quartz-feldspar-biotite gneiss is in gradational
contact with the underlying leucocratic gneiss. The
gneiss is fine- to medium-grained and displays a dis-
tinct, platy foliation defined by a regular alternation
of leucocratic and biotite-bearing layers. The gneiss
locally grades into seams of finely layered mylonitic
leucogneiss or into graphic granite sills. The contact
with the underlying leucogneiss is difficult to define.
The well-layered quartz-feldspar-biotite gneiss
grades downward into increasingly migmatitic, less
platy, augen-bearing, biotite-poor leucogneiss over
an interval of several tens of meters or more. The
contact is placed where the well-defined platy char-
acter of the gneiss gives way to more massive,
strongly lineated, biotite-poor gneiss. The contact is
approximate because of the absence of marker beds
or gross lithologic changes. One of the most difficult
areas in which to map this contact is near Silver Star,
where migmatitic injection into the overlying quartz-
feldspar-biotite gneiss is very common.

Garnetiferous gneiss
The garnetiferous gneiss is an extremely diverse,

garnet-rich unit that, for the most part, separates the
underlying quartz-feldspar-biotite gneiss from biotite

gneiss. The unit consists of quartzofeldspathic and
biotite gneiss similar to the underlying and overlying
rocks, but also includes amphibolite, quartz-plagio-
clase-garnet gneiss, anthophyllite-garnet gneiss,
magnetite gneiss and marble. Foliation is well devel-
oped in most rock types and is parallel to individual
lithologic contacts.

Biotite gneiss

Biotite-rich gneiss, the structurally highest
metamorphic sequence exposed in the Highland
Mountains, is divided into two mappable units—a
lower mylonitic biotite gneiss, and an upper biotite-
garnet gneiss. The biotite gneiss is medium- to
coarse-grained, is composed of essential biotite,
guartz and plagioclase, and contains conspicuous
porphyroblasts of plagioclase and garnet. Biotite-
garnet gneiss, characterized by bold cutcrops of gen-
erally strongly folded and contorted rock, is coarsest
where it is injected by numerous thin, quartz-feldspar
sills up to 4 centimeters thick. Plagiociase por-
phyroblasts, 0.5-2 centimeters across, are ubiquitous
in the biotite-garnet gneiss. Plagioclase por-
phyroclasts are typical of the mylonitic biotite gneiss;
these crystals are anhedral and broken, or may be
sheared and drawn out in the plane of foliation, or
may occur as augen. Quartz commonly occurs as
long, relatively thin ribbons 2-3 centimeters in length,
separated by thin seams rich in biotite. The mylonitic
gneiss locally contains abundant, tectonically
distended fragments of amphibolite up to 1 meter
across. Strong shearing in these mylonitic rocks has
resulted in an extremely planar, nonfolded fabric
that, in addition to texture, serves to distinguish it
from the overlying, more massive and contorted,
biotite-garnet gneiss. The contact between these
two varieties of biotite gneiss is gradational over
several hundred meters.

Amphibolite

Well-layered amphibolite, present in all major
rock units of the southern Highland Mountains, oc-
curs as concordant lenses 0.5-3 meters in thickness
and generally less than 100 meters in length. Compo-
sition of amphibolite is variable; all rocks carry essen-
tial hornblende and plagioclase and may include gar-
net, quartz, cummingtonite and biotite.

Igneous rocks

Aplite and pegmatite

Granitic aplite to pegmatite occurs as sills and
minor dikes in well-foliated gneisses that cap the core

of the Highland Mountain dome; these rocks are ab-
sent from the more massive leucocratic core rocks.
Most of these rocks are medium- to coarse-grained
quartz monzonite, and most are present as a major



swarm of sills along the northwestern edge of the
dome (Figure 2}. This intrusive swarm of sills can be
divided into two zones: Massive, non-layered granitic
aplite and pegmatite sills occur structurally above a
zone of non-layered quartz monzonite to well-
foliated, leucocratic augen gneiss and finely lami-
nated leucocratic sills. In the upper zone, sills con-
verge and diverge, are interconnected by short, near
vertical dikes, and commonly contain small rafts or
xenoliths of host mylonitic biotite gneiss. Aplitic sills
less than 3 meters thick are non-foliated, fine- to
medium-grained, inequigranular, and weakly porphy-
ritic. Sills thicker than 3 meters have coarse-grained
pegmatitic cores that may contain crystal aggregates
of potassium feldspar and/or quartz greater than 1
meter across.

in the lower zone, many of these felsic intrusive
rocks appear to be smeared out in the plane of folia-
tion. Here the felsic rocks are composed of quartz
ribbons, potassium feldspar augen, and very minor
muscovite and biotite. Locally these rocks grade into
graphic granite silis. In one locality, a vertical granite
pegmatite dike is associated with thin stringers of
mylonitic and augen gneiss 0.2-1 meter in thickness
that have been injected into the wall rock. Upwards,
the dike thins and the branches of leucocratic sills in-
crease in number, thickness and length, culminating
in a sill of mylonitic and augen gneiss where the dike
pinches out.
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Metabasite

Metabasite occurs as weakly foliated, dark-
brown to black dikes and sills that range in thickness
from less than 1 meter to 10-15 meters. All metabas-
ites contain essential hornblende, garnet, augite and
plagioclase. The metabasite occurs solely as dikes in
the leucocratic core rocks of the Highland Mountain
dome. The dikes are subvertical and branch and split
into multiple, subparallel dikes at the highest struc-
tural levels in the core rocks. Where these dikes en-
counter well-foliated quartz-feldspar-biotite gneiss
that overlies the leucocratic core of the dome, they
occur as sills or concordant, irregularly shaped pods
that pinch and swell along strike, locally creating a
very sinuous outcrop pattern where the rock was
complexly injected into the foliated gneiss.

Diabase

Diabase in the southern Highland Mountains oc-
curs as subvertical, 3 to 100 m-thick, NW-W-trend-
ing dikes. In many places the intrusion of these dikes
is structurally controlled by major NW-trending fauits
that cut obliquely across the range (O'Neill and
others, 1986}. The mineral assemblage in all diabase
dikes consists of plagioclase, augite, opaque oxide
and minor hornblende. Similar dikes mapped and
described from the Tobacco Root Mountains to the
east have been dated at 1.1 and 1.4 Ga {Wooden and
others, 1979).

Geochronology

Samples of leucocratic gneiss from the core of
the Highland Mountain dome and of mylonitic biotite
gneiss from the northwest flank of the dome were
collected for U-Pb zircon age determination. Both
rock types contain two distinct populations of zircon:
{1} gray to brown, subhedral to anhedral grains,
which appear to predate the final metamorphism and
deformation of the rock, and (2} pink to red, euhedral
grains, whose external morphology suggests growth
during metamorphism. Preliminary analysis of the
pink, euhedral population in conjunction with analy-
ses of similar zircons collected from gneisses ex-
posed in the Armstead anticline and the Tendoy
Mountains (southeast of the Highland Mountains) re-

veal a complex isotopic pattern on a concordia dia-
gram. These data suggest metamorphic growth of
zircon at about 1.8 Ga, in part nucleating upon cores
of an older generation of crystals. These data sug-
gest that the quartzofeldspathic gneisses of the
Highland Mountains are at least as old as the 2.7 Ga
crystalline basement rocks of the adjacent Tobacco
Root and Ruby ranges; however, subsequent Early
Proterozoic penetrative deformation associated with
the development of the Highland Mountain dome
has thoroughly recrystallized the rocks, and now
gives them a structural attribute quite different from
the Archean rocks immediately to the east.

Structural geology

Structural setting

The elongate domal feature defined in the crys-
talline rocks of the southern Highland Mountains is
exposed in the northern part of the Laramide-age

Highland uplift. The dome is truncated on the east by
Tertiary-Quaternary basin-bounding fauits (Ruppel
and others, 1983; Hanneman and O’Neili, 1988} and
covered on the east and south by Tertiary and Qua-
ternary sedimentary deposits. On the northeast, the
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nose of the dome is cut by the NW-trending, Lara-
mide-age, Silver Star fault that marks the partly ex-
posed edge of the Cretaceous Highland uplift. On the
north, metasedimentary rocks of the Middie Protero-
zoic Belt Supergroup overlie basement rocks along
the N-dipping Camp Creek fault of small displace-
ment that cuts obliquely across the dome (Figure 1).
Nevertheless, the domal architecture of the base-
ment rocks is largely intact; the distinctive garnetifer-
ous and mylonitic gneiss that mantle the dome can
be traced about 40 percent of the way around the
structure. The most informative exposures are pre-
sent on the northwest side of the dome, where one
can traverse across the core into overlying mylonitic
and strongly folded biotite gneiss.

Macroscopic structure

The dominant structural aspects of the crystal-
line basement rocks of the Highland Mountains are
threefold: {1) an elongate dome on the southeast, (2)
an adjacent synform on the northwest, and (3) an in-
tervening zone of mylonitic gneiss (Figure 2). The
antiform or elongate dome is slightly asymmetric, ar-
cuate in plan, trends northeast in the south, and curv-
ing to a more easterly trend in the north. The dip of
the foliation on the northwest flank of the dome rarely
exceeds 30 degrees, whereas the foliation on the
southeast side is variable, ranging from 35 degrees to
nearly vertical. The metamorphic core of the dome is
characterized by leucocratic, augen-bearing gneiss
whose general attitude conforms to the overall anti-
formal aspect of the feature. The antiformal architec-
ture of the structure is doubly plunging. The axial
plunge reverses south of the Hell Canyon pluton
(Figure 2}. To the south, the axial core is split by a
complexly folded, medial synform separating anti-
forms exposing core rocks along their axes. These
folds plunge gently to the southwest beneath the
overlying quartz-feldspar-biotite gneiss; core rocks
are not exposed south of the North Rochester fault.
On the north, the core rocks inclose a major, infolded
slice of multilithologic strata of the overlying quartz-
feldspar-biotite gneiss. Core rocks are overlain by
quartz-feldspar-biotite gneiss and mylonitic biotite
gneiss that outline the elongate domal shape of the
structure.

The elongate dome is bounded on the northwest
by a NE-trending, 3 km-thick succession of mylonitic
biotite gneiss that is strongly injected by sills of ap-
lite, pegmatite, and finely layered to augen-bearing
leucocratic orthogneiss in its lower part. The mylonit-
ic biotite gneiss is overlain by bioctite-garnet gneiss
that defines a major NE-trending synform. Dips of
foliation on the limbs of the synform are relatively
shallow, rarely exceeding 30 degrees; the fold
plunges gently southwest. The trace of the axial sur-

face of the fold lies directly west of the mylonitic
gneiss-biotite-garnet gneiss contact; however, the
underlying mylonitic gneiss does not reemerge on
the opposite side of the synform, as it should if these
lithologies were part of a pre-existing layered se-
quence. Rather, the mylonitic gneiss must (1) extend
beneath the synform, and (2} represent a major NW-
dipping, planar zone of shear that formed in conjunc-
tion with the macroscopic folding event. Asymmetric
folds, rotated augen, and extension fractures in the
mylonitic and underlying quartz-feldspar-biotite
gneiss on the northwest limb of the dome indicate
that these rocks were transported northwestward
{down dip) relative to the underlying rocks.

Mesoscopic structure

Outcrop-scale folds are present in all gneisses
throughout the Highland Mountains. Similar folds
are a main characteristic of the core rocks and con-
centric folds are most common in rocks that lie above
the core of the dome. Folds in the leucocratic gneiss
are typically disharmonic, similar, intrafolial and iso-
clival. They are locally rootless, commonly sheared
and drawn out in the plane of the foliation. This axial
planar foliation may be very strongly contorted, and
locally merges with and becomes tangential to sub-
vertical shear zones in the gneiss.

Similar folds are also present in the quartz-feld-
spar-biotite gneiss that overlies the leucocratic core
rocks. Here also, the foliation is axial planar, but the
fold limbs are less commonly sheared out and instead
define asymmetric isoclines. Associated with these
isoclines are small, asymmetric folds that are clearly
younger and that fold the axial planar foliation. The
orientation of the fold axes of the intrafolial folds and
of the non-intrafolial, asymmetric folds, are colinear.
They are paraliel to the axis of the dome proper, even
though one fold set is obviously older than the other.
In the majority of outcrops examined, folds verge
down dip, regardless of which side of the dome they
are located.

Concentric folds are best developed in all of the
rocks overlying the leucocratic core of the dome.
Wave length ranges from 20 centimeters to near 50
meters. Foliation is folded around the axial planes of
these folds, but no evidence was found of a cleavage
subparallel to these axial planes.

Planar and linear tectonite fabric elements are
observed in hand samples. The overall schistosity
and foliation in rocks that overlie the leucocratic core
rocks is probably parallel to the pre-metamorphic lay-
ering. This is best expressed by the regular, geomet-
ric encirclement and conformity in attitude of the
garnetiferous gneiss to the main plan of the dome.
However, intrafolial folds are common and foliation
in many exposures appears to be axial planar. Linea-




tions are common in all rocks and are delineated by
mesoscopic fold axes, by elongate laths of mica-
ceous minerals, by parallel alignment of individual
micaceous and prismatic minerals, and by the boudins
axes. Mylonitic gneiss is well developed and com-
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mon in rocks that directly overlie the leucocratic core
of the dome. Mylonite and boudinage is best
developed in only the lower part of the biotite gneiss
that directly overlies the quartz-feldspar-biotite
gneiss.

Conclusions

The maijor structures of the crystalline rocks of
the Highland Mountains are, from southeast to
northwest: (1) a dome cored with quartzofeldspathic
gneiss, (2) an overlying, strongly sheared and mylon-
itic interval of biotite gniess, more than 3 kilometers
thick that contains conspicuous sills of aplite to peg-
matite and leucocratic mylonitic orthogneiss in its
lower part, and (3) a structurally higher synform
composed of coarsely cystalline, strongly foided bio-
tite-garnet gneiss. Minor structures in these rocks,
from small-scale folds to fabric elements, indicate
that all rocks were affected by the doming event;
there does not appear to have been a non-mobile,
rigid infrastructure upon which the metamorphic tec-
tonites rest, nor does there appear to be preserved in
the Highlands a non-metamorphosed carapace that
was distended by brittle fracture during denudation.

Mesoscopic folds and rotated augen in the gneisses
overlying the core of the dome almost always show
down-dip tectonic transport, regardless of which
side of the dome they are located.

The Highland Mountain dome apparently formed
by: (1) differential vertical rise of a mobile leucocratic
core, {2) penetrative metamorphism of the mantling
rocks and injection into these rocks of quartz monzo-
nite sills and orthogneisses, and (3) extension and
down-dip shearing of the overlying mylonitic gneiss
off of the hinge zone. The dome is interpreted to be a
gneiss dome similar to those described from orogenic
zones elsewhere in the world. The dome may be a re-
flection of a major NE-trending Precambrian orogen-
ic zone that crosses western Montana, as postulated
by O’'Neill and Lopez (1985).
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MIDDLE PROTEROZOIC LAHOOD FORMATION, BELT
SUPERGROUP, SOUTHWESTERN MONTANA

James G. Schmitt
Department of Earth Sciences
Montana State University
Bozeman, Montana 59717

Introduction

The LaHood Formation of the Middle Proterozo-
ic Belt Supergroup is a thick (3500 m) wedge of arko-
sic conglomerate, arkose and interbedded arkose, ar-
gillite and limestone which crops out along the
southern margin of the Belt basin in southwestern
Montana {Figure 1). LaHood Formation outcrops are
contained in an area 130 kilometers long by 15
kilometers wide extending from the Highland Moun-
tains eastward to the Bridger Range (Figure 2).

Strata belonging to the LaHood Formation were
originally defined as the North Boulder River Group
by Ross (1949) for exposures along the Boulder River
just north of Cardwell, Montana. Alexander {1955)
later proposed that the name LaHood Formation be
assigned to this sequence of strata for exposures in a
drainage 1 kilometer east of LaHood Park in Jeffer-
son Canyon (Figure 2). McMannis (1963) redefined
the LaHood and established a reference section 9.6
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Figure 1—Generalized facies map of the lower Belt Supergroup {from Winston, 1986a).
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kilometers east of Alexander’'s (1955) type section
(Figure 2). According to McMannis (1963, p. 409),
the LaHood consists of ... all dominantly coarse Beft
strata along the southern margin of the central Mon-
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tana embayment of the Belt geosyncline [and the
term applies] arbitrarily, ... where Belt strata contain
less than 75 per cent of fine-grained rocks and
greater than 25 per cent of coarse arkosic debris.

Stratigraphy

Stratigraphic relations indicate that the LaHood
Formation is equivalent to the lower Belt (Figure 3),
and that it fines abruptly to the north as it grades into
the Chamberlain Shale, Newland Limestone and
Greyson Shale (Winston, 1986a). The rapid north-
ward fining of the LaHood is best exemplified by a
northeast to south cross section from the Big Belit
Mountains to the Bridger Range (Figure 3). Even
within the Bridger Range, the abundance of fine-
grained interbeds increases markedly toward the
north with concomitant decrease in coarse-grained
arkosic strata {Figure 3). in contrast, coarseness of
the LaHood Formation along the east-west trend of
the southern margin of the Belt basin is relatively uni-
form {Figure 4).

The lLaHood Formation also becomes finer
grained up section. Lower portions of the unit are
well exposed in Jefferson Canyon and near LaHood
Park (Figure 2) and are characterized by approxi-

mately 1,400 meters of chaotic boulder and cobble
conglomerate with distinct zones of crudely bedded
imbricated and aligned pebble and cobble conglom-
erate and some finer-grained interbeds. Contacts be-
tween conglomerate, pebbly arkose, and mudrock
units are both abrupt and gradational. Conglomerate
clast populations include amphibolite, gneiss, schist
and marble.

The upper part of the lower LaHood Formation
is exposed approximately 1 kilometer north of the
Jefferson Canyon section and 1.25 kilometers south
of LaHood Park along the east side of Montana
Route 2, and is characterized by near-vertical beds of
bouidery and pebbly arkose. This section is faulted
against pre-Belt crystalline rocks and contains more
silty and shaly interbeds than the Jefferson Canyon
section {(McMannis, 1963). To the east in Corbly Can-
yon in the Bridger Range, the lower LaHood Forma-
tion is also faulted against pre-Belt crystalline rocks
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and contains approximately 2,500 meters of pebbly
arkose with rare conglomeratic or fine-grained inter-
beds {Figure 5).

The upper portion of the LaHood Formation is
well exposed northwest of LaHood Park, 2.5 kilome-
ters north of the intersection of Montana Routes 2
and 359, where arkose is rhythmically interbedded
with shale. Similar facies relations for the upper
LaHood are also present in the Horseshoe Hills, north-
ern Bridger Range, and at St. Paul Gulch (Figure 2},
where a 100-m thick limestone interval is also pre-
sent. It is thought that this limestone interval, which
interfingers southward with coarser-grained arkose,
is correlative with the Newland Limestone to the north
(McMannis, 1963).

Deposition of the coarse-grained LaHood facies
has been viewed as syntectonic by numerous work-
ers, including McMannis (1963), Boyce (1975), and
Hawley and others (1982). LaHood sedimentation
was in response to Proterozoic faulting along the

Perry line, an E-W-trending normal fault zone, refer-
red to locally as the Willow Creek or Pass fault zone,
which has been interpreted as the southern margin of
the Belt basin (Winston, 1986a). Major uplift of the
Dillon block south of the Perry line exposed a rug-
ged, mountainous terrain of Archean Wyoming pro-
vince crystalline rock which served as source for the
northward dispersal of coarse-grained, arkosic La-
Hood sediments. Transition of the conglomeratic La-
Hood Formation upward into fine-grained calcareous
argillite of the Newland Formation to terrigeneous ar-
gillite of the Greyson Formation was interpreted by
McMannis (1963) to represent a decrease in motion
along the Perry line and possible southward onlap of
Belt sediments across the line. Alternatively, Reynolds
(1984) has suggested, based upon Belt facies rela-
tions and thickness trends, that the southern margin
of the Belt basin did not coincide with the Willow
Creek fault zone (Perry line), but was farther south,
perhaps near the site of the Madison and Gravelly
ranges.

Belt basin paleogeography

The paleogeography of the Belt basin has pro-
ven to be an issue of debate between various work-
ers in the area. Winston (1986b) provides a historical

summary of the evolution of Belt basin paleogeogra-
phy, which concentrates on a marine basin interpre-
tation versus an enclosed, intracratonic basin inter-
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pretation. Initially, Walcott (1914) interpreted Belt
strata as lacustrine in origin. The study by Fenton
and Fenton (1937) of Belt (Helena Formation) stro-
matolites in Glacier National Park led them to sug-
gest that much of the Belt was marine in origin, albeit
deposited in a severely restricted sea. Beginning in
the 1960s, various workers including Price (1964),
Gabrielse (1972), and McMechan (1981) contributed
to the view that the Belt (and Purcell) Supergroups
represented craton-derived deltaic continental
margin strata which graded westward into a thicken-
ing miogeoclinal sequence of shallow marine shelf
deposits. Harrison (1972) proposed that a landmass
to the southwest of the Belt basin {termed Belt is-
land) shed sediments to the northeast during deposi-
tion of the Revett Formation. This island restricted
the Belt basin to being an epicontinental reentrant
into the North American continent from an inferred
Proterozoic cordilleran miogeocline (Harrison and
others, 1974). Boyce (1975) modified this interpreta-
tion and viewed the Belt basin as an aulacogen
formed during Proterozoic rifting of western North
America.

Stratigraphic analysis of the Prichard Formation

led Cressman (1985) to the conclusion that a source
area of continental proportions existed to the west of
the Belt basin in what is now southeastern Washing-
ton and northeastern Oregon at approximately 1.6
Ma. Recent Sm-Nd isotopic studies of Belt strata by
Frost and Winston (1987) have led them to conclude
that the LaHood Formation was indeed sourced by
rocks in the Archean Wyoming province, but that
much of the remainder of Belt strata was derived
from erosion of a large western continent. Various
workers have suggested that this continent could
have been Siberia (Sears and Price, 1978), Australia
{Jefferson, 1980), or a combination of Siberia and
Australia (Eisbacher, 1985).

Further sedimentologic and stratigraphic work
by Winston and others (1984) led also to the conclu-
sion that the Belt basin was a large intracratonic
basin which contained a landlocked sea. Winston
and Woods (1986) later suggested that the Belt basin
was lacustrine in nature with no marine influence.
Thus, the full circle has been made back to the ori-
ginal intracontinental nonmarine basin interpretation
of Walcott (1314).
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Interpretations of LaHood Formation depositional environment

Several investigations have been made of the
stratigraphy and sedimentology of the LaHood For-
mation in southwestern Montana. The results of these
studies have not been in agreement, and as a result,
two differing depositional models have emerged.
These include submarine fan and alluvial fan/fan-
delta interpretations. The criteria used to develop
each of these models are summarized below.

Submarine fan interpretation

Alexander (1955) originated the origin of the
submarine interpretation for LaHood Formation sedi-
mentation and inferred that an absence of shallow-
water sedimentary structures including ripple marks
and mudcracks required deposition below wave base
and in water depths below the effects of tidal in-
fluence. McMannis (1963) developed this view furth-
er by noting an apparent absence of cross bedding,
mudcracks and other shallow water structures such
as rain drop imprints and salt crystal casts combined
with presence of normally graded bedding and intra-
formational slump features. These characteristics
were interpreted as evidence for rapid subagueous
deposition by turbidity currents. The interbedding of
algal and laminated carbonate rocks with graded
arkose (turbidites) in the Horseshoe Hills and else-
where led McMannis (1963} to conciude that deposi-
tion probably occurred in moderate water depths,
although shallow water conditions could not be con-
clusively ruled out. In this scenario, unstable accum-
ulations of coarse-grained arkosic debris were
thought to have accumulated in nearshore areas
along the topographically rugged southern margin of
the Belt basin. Subsequent slumping and generation
of turbidity currents resulted in transport of this de-
bris northward to more stable positions on the sea
floor.

Development of a submarine fan model for La-
Hood deposition was initiated by Hawley (1973) who
interpreted graded bedding as the dominant sedi-
mentary structure. He suggested that this bedding
style was a component of incomplete Bouma se-
quences generated by turbidity flows. Soft-sediment
slump structures were interpreted as submarine
slides and some massive sandstones as subaqueous
sand flows. The absence of load casts, flute marks,
and other sole marks characteristic of turbidite bases
was viewed by Hawley (1973, p. 77) as disappoint-
/ing. The complete picture of LaHood deposition
which emerged from Hawley’'s (1973) work was one
of a steep source terrain directly bordering a marine
basin into which eroded arkosic debris was trans-
ported and deposited nearby as submarine fans in
relatively deep water.

Somewhat more detailed stratigraphic and sedi-
mentologic analyses of the finer-grained LaHood fac-
ies, especially the limestone-bearing upper portion,
were employed by Bonnet (1979) and Hawley and
others (1983) to strengthen the submarine fan inter-
pretation. Bonnet (1979) interpreted the arkosic and
conglomeratic portions of the LaHood as proximal to
medial submarine fan-channel facies. Evidence to
support this interpretation for coarser-grained inter-
vals includes abrupt lateral thickness changes,
amalgamation of sandstone beds, graded bedding
and what were interpreted as incomplete Bouma se-
quences. Interchannel facies are dominated by
siltstone and mudrock intervals with lesser amounts
of arkosic sandstone. Mudrocks were interpreted to
indicate deposition from suspension; ripple cross-
laminated horizons represent reworking by bottom
currents. Turbidity flows which occassionally spilled
out of fan channels also contributed sandy sediment
to the interchannel areas. Evidence of syndeposi-
tional slumping is confined to these fine-grained in-
terchannel sequences.

Algal limestones in the LaHood were interpreted
by Bonnet (1979) as allochthonous. Because of deep
water conditions suggested by the submarine fan in-
terpretation and the deformed nature of some of the
algal limestone intervals, it was suggested that the
limestones were deposited in shallow water and
slumped or slid downslope onto the fans along with
other terrigeneous clastic shallow water facies in re-
sponse to seismic events along the Belt basin mar-
gin.

Alluvial fan/fan-delta interpretation

The alluvial fan/fan-delta model proposed by
Boyce (1975} is based upon detailed stratigraphic and
sedimentologic analyses of the LaHood Formation.
The focus is somewhat different than that of other
workers since efforts were devoted to the coarser-
grained conglomeratic basin margin facies of the for-
mation. The analyses revealed the presence of mas-
sive, normally and inversely graded beds, medium- to
large-scale cross stratification, scoured bases, intra-
clast zones, imbricated clast fabrics, and well-sorted
tops of massive beds which were collectively inter-
preted as evidence for debris flow and streamflow
deposition on the proximal portion of subaerial allu-
vial fans.

To the north, where pebble conglomerates and
arkose are most prevalent, dominant sedimentary
structures include medium-scale, trough cross strati-
fication, horizontal stratification, and occassional
graded bedding with pebble lenses, mudchip brec-



cias and channel-like sequences. According to Boyce
(1975}, these strata represent deposition in mid- to
distal-fan areas below the intersection point in
ephemeral braided stream channels characterized by
development of longitudinal bars.

Farther to the north, these fan deposits grade
into finer-grained sequences characterized by inter-
bedded mudrock, arkose and stromatolitic limestone.
Deposition of these sequences is attributed to a com-
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plex of braided fluvial, alluvial flood plain, lacustrine
and tidal flat environments. In the western part of the
LaHood outcrop belt (Highland Mountains and St.
Paul Guich), Boyce (1975} interpreted interbedded
sandstone and mudrock intervals as deposits of a
high-constructive delta complex. The close proximity
to the south of alluvial fan facies led to the sugges-
tion that this may have been a fan-delta environment
of deposition.

Suggestions for future investigation

The question of which model best accounts for
deposition of the LaHood Formation is critical to the
understanding of the paleogeographic setting and
tectonic significance of the Belt basin. Belt research-
ers are now at the threshold of reevaluating their ap-
proach concerning the setting of the Belt basin, with
respect to the Proterozoic tectonic evolution of west-
ern North America {(Winston, 1986a), as well as the
nature of Belt depositional environments. The time is
ripe for a major sedimentologic reinvestigation of the
LaHood. Principally, definitive interpretation of the
environment of deposition will contribute signifi-
cantly to improving the overall knowledge of Belt
basin paleogeography and will add evidence to the
continuing marine versus intracratonic debate. In ad-
dition, detailed stratigraphic, sedimentologic and
provenance analysis of the LaHood Formation has
the potential to provide a better understanding of the

structural setting of the southern Belt basin margin.
The LaHood Formation is an important stratigraphic
unit in the Belt Supergroup since it represents the
only preserved basin margin facies recognized to
date; thus, it has significant potential of recording
the tectonic style which characterized basin margins.

Additionally, from a sedimentologic perspective,
reinvestigation of the LaHood Formation is necessi-
tated by major advances in lithofacies analysis made
during the past 10 years. The evolution of alluvial
fan, fluvial, fan-delta, and submarine fan facies
models in particular, has been particularly dramatic.
The vastly increased knowledge which sedimentolo-
gists now possess of most modern depositional
systems and the characteristics of their deposits will
facilitate resolution of conflicting models of LaHood
Formation deposition.
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Introduction

The following paper characterizes the western-
most margin of Precambrian North America, which
was subjected to high-grade regional metamorphism
and intrusion of granites of the Idaho batholith in

Cretaceous time. The present exposures are at mid-
crustal levels, perhaps transitional in characteristics
to those exposed at somewhat deeper levels in Arch-
ean basement terranes.

idaho batholith environment

General aspects and regional tectonics

The Idaho batholith was emplaced into the Pre-
cambrian continental crust of North America, just
east of a major collisional suture zone bounding the
Seven Devils/Wallowa terrane or micro-continent to
the southwest {Figure 1). Beginning about 120 Ma,
the Seven Devils/Wallowa terrane arrived in western
idaho, colliding with the Precambrian rifted margin
of old North America, and completing docking with
plugging by quartz dioritic plutons 85 to 82 Ma {Lund
and others, 1985; Snee and others, 1987). The bound-
ary is marked by a major mylonitic suture zone, the
western Idaho suture zone, that trends northward in
western Idaho near the western edge of the ldaho
batholith, then curves westward near the town of
Orofino at latitude 46°30°N, and disappears under
Miocene Columbia River basalts. At the bend, the
microcontinent was being underthrust northeast-
ward at a 50° plunge under North America. At least
80 kilometers of transport are documented in de-
formed dikes in the mylonite zone. The suture closely
follows the boundary between generally mafic rocks
of oceanic affinity on the west and generally felsic
rocks of continental affinity on the east, and between

*Present address: Department of Geology, State University of
New York, Albany, New York 12222.

87Gr/®8Sr initial ratios of less than 0.704 on the west
and greater than 0.706 on the east {Armstrong and
others, 1977; Fleck and Criss, 1985).

Proterozoic semipelitic to quartzose and impure
calcareous sedimentary rocks of the Belt Super-
group, underlying most of northwestern Montana
and northern idaho, were subjected to regional burial
metamorphism to the greenschist facies. Metamor-
phism reached lower grades higher in the stratigraph-
ic section. During Mesozoic time, rocks adjacent to
the northern Idaho batholith were deformed and sub-
jected 1o regional-dynamothermal metamorphism
grades reaching as high as the sillimanite zones (cf.,
Hyndman and others, 1988}, an effect that extends
as much as 70 kilometers from the batholith contact
{Figure 1). In contrast to the massive, spotted fabric
of Precambrian burial metamorphism, the Mesozoic
regional metamorphism formed well-foliated schists
and gneisses. Metamorphic grades increase progres-
sively, in most areas, towards the batholith. How-
ever, locally isograds are cut at low angles by the
batholith contact, demonstrating that at least the lat-
est effects of intrusion postdated regional metamor-
phism. Mineral assemblages that include quartz,
muscovite, biotite, staurolite, sillimanite and kyanite
suggest that rocks north and northwest of the batho-
lith were formed at depths greater than 25 kilomet-
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cene granite plutons. Modified from Hyndman and others, 1988.

ers, somewhat less to the southeast (Rice, 1987;
Hyndman and others, 1988). Melting formed anatec-
tic migmatites at the highest metamorphic grades,
suggesting that the regional metamorphism accom-
panied crustal meiting to form the Idaho batholith.

Main-phase units of the northern Idaho batho-
lith, or ldaho-Bitterroot batholith (Figure 2), are
granite to granodiorite emplaced in Late Cretaceous
time between about 65 and 80, or possibly 85 Ma.
The timing, immediately after coflision along the
western Idaho suture zone, and proximity of the
batholith to that zone, suggest that subduction that
formed the batholith lay west or southwest of the
western ldaho suture zone. The 14,000 km? ldaho-

Bitterroot batholith was apparently emplaced into a
broad synclinorium trending southeastward in the
Proterozoic Belt Supergroup. The batholith rocks are
felsic, medium-grained, and for the most part, are
massive. Much of the granite along the deep line of
section along the Lochsa River is relatively homogen-
eous mineralogically and chemically (Hyndman, 1984),
but eilsewhere the batholith shows considerable vari-
ation within the range of granite and granodiorite
(Hyndman, 1983; Toth, 1987; Reid, 1987). The west-
ern border zone, about 20 percent of the width of the
ldaho batholith, consists of somewhat earlier intru-
sions of biotite-hornblende quartz diorite 1o tonalite.
The rocks are massive and generally foliated on steep
surfaces trending approximately parallel to the west-
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Figure 2— Intrusive map of the northern idaho batholith. (p€m), metamorphosed Precambrian metasedimentary rocks; (Kt),
Cretaceous tonalite/quartz diorite; (Kg), Cretaceous granodiorite/granite main-phase units of the batholith; {(Tg), Eocene plu-
tons emplaced at shallow depths; (TQ), Tertiary-Quaternary valley-fill sediments (after Hyndman and Foster, 1988).

ern Idaho suture zone. These lie on the oceanic
(southwest) side of the Sr-isotope boundary. Sheets
and other bodies of tonalitic and quartz diorite ortho-
gneiss occur elsewhere in the deeper and border
zones of the batholith (Taubeneck, 1971; Chase,
1973; Wiswall and Hyndman, 1986; Hyndman and
Foster, 1988). These mafic-rich rocks may mark the
deepest ievels of the Idaho batholith, as also inferred
for the Sierra Nevada batholith (Ross, 1985).

Large, voluminous swarms of synplutonic ba-
saltic andesite to andesite dikes, and small areas of
gabbroic complex, cut the batholith (Hyndman and
Foster, 1988). In one ten-kilometer-wide section
along the Lochsa River valley, 20% dikes (by volume)

were measured. Mafic synplutonic dikes are also
widespread in the tonalite/ quartz diorite of the west-
ern border zone of the batholith.

Intrusive relations indicate that the mafic dikes
in the ldaho-Bitterroot batholith were emplaced in
the same time period as the main-phase granites
(Figure 3). Evidence for such a synplutonic nature
{Hyndman and Foster, 1988) includes the following:

1. Mafic dikes cut the host granite as tabular,
sharply-bounded bodies; some are stretched,
thinned, segmented, or dismembered, or are
folded in undeformed granite.

2. Many of the mafic dikes show foliation, lineation

and mylonitic texture imposed by post-emplace-
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Figure 3—Photographs taken along U.S. Highway 12 (Lochsa River canyon) illustrating magma mingling and mixing relation-
ships between synplutonic mafic dikes and granite-granodiorite of the Idaho-Bitterroot batholith. (A}, Sharply bounded, fine-
grained mafic dike with rounded, bulbous contact to granite. Foliated schlieren of intermediate composition at left. Location is
150 meters downstream from milepost 125 (below road level); (B), dike of fine-grained mafic blobs surrounded by coarser inter-
mediate-composition {mixed) phase that is enclosed in and cut by granite. Location same as A; (C), rounded masses of mafic
dike in contaminated granodiorite. View is 0.5 meters wide. Location is at milepost 122.3; (D) fine-grained, relatively mafic and
felsic phases in sharp, rounded to cuspate contact. Location is near milepost 122.5.

ment movement of the granite. Some are foli- dacite, lies along a linear, major-element mixing
ated oblique to the walls of the dike. trend which includes the composition of the en-
. . . closing granite to granodiorite. Magma mingling
3. Maf!c dnke.s grade mt_o rounded blobs, or mafic and mixing is supported by megascopic to abun-
schlieren, in the granite. dant microscopic disequilibrium textures in inter-
4. Mafic dikes are cut by tabular or ptygmatic dikes mediate rock types.
of the host granite, and are metamorphosed by
heat from the host granite, or contain late alkali
feldspar megacrysts like those in the granite.
5. Granite within a meter or so of some of the dikes
is contaminated and becomes more mafic than
normal Idaho batholith granite.

Given the nature of their interaction with the en-
closing granite, synplutonic mafic magmas appear to
have been injected at early, intermediate, and late
stages during crystallization of the granite. Since vol-
uminous, high-temperature, mafic magmas appar-
ently were emplaced throughout crystallization of the

6. Granite and andesite in composite dikes show granite of the ldaho-Bitterroot batholith, they must
small-scale intermingling, or rounded blobs of have added considerable heat. As suggested by
basalt with thin leucogranite rims. Hyndman and Foster (1988), the mafic magmas, ris-

7. The complete range of chemical composition of ing above the subduction zone, probably provided

the synplutonic dikes, from basaltic andesite to the additional heat required to melt the lower contin-



ental crust to form the granitoid magmas of the
Idaho batholith.

Pegmatites and minor aplites occur in several
environments. A few early concordant muscovite-bi-
otite-quartz-feldspar pegmatites pinch and swell and
show 1 to 3 millimeter biotite selvages in pelitic to
quartzofeldspathic country rocks. These probably
formed by anatexis during regional metamorphism.
Most of the pegmatitic dikes were emplaced by injec-
tion (Chase and Johnson, 1977) after regional meta-
morphism; many were probably associated with em-
placement of the main-phase units of the batholith.

Many tabular, post-metamorphic muscovite-
quartz-feldspar pegmatites 5 to 25 centimeters thick
have injected planar fractures. Another group of tab-
ular pegmatites or aplites, 1 centimeter to 2 meters
thick, dips 5 to 26°W, NW, or N, regardless of the
dip or degree of deformation of the enclosing rock.
These subhorizontal pegmatitic sheets are emplaced
only into granodiorites and granites of the western 16
kilometers of the Lochsa River valley section (see
Hyndman and Foster, this volume), and extend for
only 1.3 kilometers into the country rocks (Hyndman,
1983). The surfaces of the pegmatite dikes are marked
by slickenside striae plunging down dip to the north-
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west, indicating post-emplacement slip and probably
shear-surface control of emplacement.

Several stages of deformation are recognized in
the Idaho batholith environment (Hietanen, 1961;
Chase, 1973; Reid and others, 1973; Nold, 1974;
Childs, 1982; Wiswall and Hyndman, 1986; Rice,
1987; Hyndman and others, 1988). Tight isoclinal
folds with strong axial-plane schistosity were formed
in deformation D1, but they are difficult to find. A
few large folds verging away from the batholith have
been described. The major amphibolite-facies region-
al metamorphism surrounding the batholith, and des-
cribed above, produced the axial-plane schistosity of
D1 folds. Open 1o nearly isoclinal folds deformed the
dominant schistosity during D2 deformation; they
developed a new weak to locally strong axial-plane
schistosity with muscovite and biotite. These folds
tend to have nearly vertical plunges near the batholith
contacts, perhaps as a result of rise of the batholith
magmas during D3. Upright and relatively open con-
centric and flexural slip folds of the earlier metamor-
phic schistosity formed during D3 deformation, prob-
ably during the final stages of forceful emplacement
of the batholith. No new axial plane schistosity
formed. Rapid rise of the batholith terrain may have
accompanied emplacement.

Summary

An overall model for formation of the northern
Idaho batholith is as follows. The Seven Devils/Wal-
lowa terrane of eastern Oregon and western Idaho
docked in Late Cretaceous time near the present
western edge of the Idaho batholith, a boundary
marked by a major mylonite zone and the Sr-isotope
initial-ratio boundary. Subduction on a separate zone
southwest of the terrane, between about 120 to 80,
and 80 to 65 m.y. ago, gave rise to the mafic western
border and the felsic main-phase magmas, respec-
tively, of the batholith. Partial melting formed basalt-
ic andesite magmas in the mantle wedge above the

subducted oceanic plate, and those high-tempera-
ture magmas rose into the overlying crust. Outboard
of old continental North America, they crystallized to
form tonalite and quartz diorite plutons. Where the
mafic magmas rose into the old granitoid continental
crust, they heated the crust to cause regional meta-
morphism and uitimately caused secondary melting
to form the granodiorite and granite magmas of the
batholith. The synplutonic mafic dikes now pre-
served in the batholith formed by continued rise of
the same mafic magmas.
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THE SALMON RIVER SUTURE, WESTERN IDAHO:
AN ISLAND ARC-CONTINENT BOUNDARY

Karen Lund
U.S. Geological Survey
Denver, Colorado 80255

Introduction

The Salmon River suture zone forms the west-
ern edge of the Paleozoic and Mesozoic North Amer-
ican continent for more than 500 kilometers in west-
ern Idaho. Along this truncated margin, allochthon-
ous oceanic island arc rocks are juxtaposed directly
against continental rocks; no continental margin or
ocean basin transitional rocks intervene. Isotope and
trace-element geochemical data (Armstrong and
others, 1977; Fleck and Criss, 1985; Hoover and

others, 1985; Manduca and others, 1986) and aero-
magnetic data (U.S. Geological Survey, 1978) also
define the abrupt boundary between terranes. This
boundary trends about 015° for more than 400 kilo-
meters from the South Mountain area (southwestern
ldaho) to near Orofino where it abruptly trends west
for about 100 kilometers. In eastern and central
Washington, the boundary is covered by the Colum-
bia River Basalt Group (Figure 1).

Stratigraphy

In much of west-central Idaho, the age and cor-
relation of metamorphic rocks of pre-Cretaceous
North America are imperfectly understood. In areas
that are 70 kilometers or more east of the suture,
metasedimentary rocks at greenschist facies or lower
metamorphic grade are equivalent to the Middle Pro-
terozoic Belt Supergroup (Hietanen, 1962; Harrison,
1972; Ruppel and others, 1983). In addition, several
metamorphosed Middle Proterozoic plutons have
been dated in central Idaho (Evans, 1986; Evans and
Fischer, 1986). However, closer to the suture zone,
metamorphic grade progressively increases from
greenschist facies at distances of more than 50 kilo-
meters to amphibolite facies along the suture; the
age of the metasedimentary rocks is not known.
Common lithologies of continental rocks in central
Idaho include mica schist, calc-silicate gneiss,
quartzite, quartzite pebble conglomerate, and marble
(Stop 6 of Lund, this volume). Most of these rocks
are probably correlative with the Belt Supergroup;
however, a distinct group of metasedimentary rocks
along the western side of the continental terrane is
probably Late Proterozoic to Paleozoic (Lund, 1984a;
Lund and Snee, 1988). Although it has been suggested
that many of the metasedimentary rocks in central
Idaho are older than the Middle Proterozoic Belt Sup-
ergroup (Harrison and others, 1974; Armstrong,
1975; Ruppel, 1975), this has not been demonstrated
by field or subsequent dating studies. The absence of
detailed mapping and geochronologic studies in large

parts of central Idaho leaves the correlation of the
majority of continental metasedimentary rocks open
to question.

Allochthonous oceanic rocks in Idaho west of
the Salmon River suture form composite fault-
bounded slices (Figure 2; Lund, Figure 1; and Aliberti
and Manduca, Figure 1, this volume), all of which
contain island arc-related volcanic, volcaniclastic and
plutonic rocks. The westernmost rocks are green-
schist- to amphibolite-facies, Permian to Triassic
rocks of the Wallowa terrane (Figure 2; Hietanen,
1962; Hamilton, 1963, 1969b; Vallier, 1977, Myers,
1982). Rocks of the Wallowa terrane have been cor-
related to Wrangellia (Sitberling and Jones, 1984) or
to Stikinia (Mortimer, 1985). The rocks of the
Wallowa terrane are structurally overlain by another
slice of upper-greenschist- to amphibolite-facies
island arc rocks (Rapid River plate of Lund, this vol-
ume; Hamilton, 1963; Onasch, 1977, 1988; Aliberti
and others, 1987); the age of these rocks, that are
named the Riggins Group, is unknown (Figure 2;
Hamilton, 1963).

Another wedge of amphibolite-facies mafic
rocks of unknown age lies structurally above and to
the east of both the Wallowa terrane and the Rapid
River plate (Riggins Group}; this includes the Pollock
Mountain plate of Aliberti and Manduca, this volume;
Aliberti and others (1987); Aliberti and Manduca
(1988); and the North Fork plate of Lund, this volume
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{Figure 2). Alternative suggestions for the origin of
these fault-bounded slices are: 1) they represent
fragments of separate exotic terranes (Hamilton,
1963; Vallier and others, 1977; Brooks and Vallier,
1978); or 2) the slices are parts of a single, dismem-

bered island arc that have undergone progressively
greater metamorphism and deformation near the
suture and were imbricated (Lund, 1984a; Lund and
others, 1985; Lund and Snee, 1988).

Geologic history

It is only near the suture zone that evidence for
the final suturing of arc to continent can be observed;
only metamorphism in island arc rocks less than 15
kilometers distant and in continental rocks less than
65 kilometers distant from the suture zone have been
related to this Late Cretaceous suturing event (Lund
and others, 1985; Lund and Snee, 1988). Metamor-
phic grade and deformational intensity increase
toward the Salmon River suture from both sides
(Lund, 1984a, b). The increase in grade occurs
across faults that brought higher-grade rocks up and
over, or up and along side of, lower-grade rocks and
thereby formed an inverted metamorphic gradient
{Hietanen, 1962; Hamilton, 1963; Myers, 1982; Lund,

1984a; Onasch, 1987; Lund and Snee, 1988; Aliberti
and Manduca, 1988). Several episodes of metamor-
phism punctuated by deformation took place in
metamorphic rocks near the suture zone (Lund,
1984a, b; Lund and others, 1985; Selverstone and
others, 1987; Lund and Snee, 1988).

Dating by *°Ar/%®Ar age-spectrum methods of
metamorphic minerals in the lowest grade, simplest
island arc metamorphic rocks shows that metamor-
phic events began at about 120 Ma (Sutter and
others, 1984; Snee and others, 1987; Lund and Snee,
1988). Locally, the first pulses of tonalitic magma
were also emplaced at about this time (Manduca,
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1987; Snee and others, 1987; Lund and Snee, 1988);
these plutons include those at Stop 2 of Davidson
{this volume) and the Hazard Creek complex {Stop 6)
of Aliberti and Manduca, this volume. Metamorphic
ages of higher-grade, more complex rocks nearer the
suture zone form two age groups around 109 and 101
Ma (Lund and Snee, 1988). Based on crosscutting
relationships among dated rocks, macroscopic defor-
mation in the metamorphic rocks culminated be-
tween 105 and 95 Ma. Macroscopic structures, pre-
served in pre-95 Ma rocks, verge away from the
suture {Hamilton, 1963; Myers, 1982; Onasch, 1977,
1987) and also steepen both at depth and toward the
center of the zone {(Lund, 1984a, b; Hoover, 1986;
Manduca and Kuntz, 1987; Lund and Snee, 1988;
Aliberti and Manduca, 1988).

Following the above described dynamothermal
events, voluminous quartz dioritic, tonalitic and
granodioritic plutons intruded into the eastern part of
the regionally metamorphosed oceanic rocks and into
vast areas of continental metamorphic rocks. These
plutons include plutonic rocks at Stop 1 of Davidson
(this volume); in the suture zone near Dworshak
Dam, Strayer (this volume); at Stop 4, Lund (this vol-
ume); and at Stop 7 of Aliberti and Manduca, this
volume). These intrusions include epidote-bearing
plutons that were emplaced at depths of 25-30 kilo-
meters (Zen, 1985). In less than a 10 kilometers-wide
belt within the suture zone, these plutons and in-
cluded xenoliths and roof pendants were deformed
during a final amphibolite-facies dynamothermal
event (Lund, 1984a, b). Foliation that formed during
this event parallels the suture zone, and associated
lineations are steep (Lund, 1984a, b; Hoover and
others, 1985; Manduca and Kuntz, 1987; Manduca,
1987; Lund and Snee, 1988). L-tectonites and mylon-
itic shear zones occur in these rocks (Stop 1 of
Davidson, Stops 3 and 4 of Lund, and Stop 7 of
Aliberti and Manduca, this volume). The equivalent
quartz dioritic to granodioritic plutons, which were
emplaced outside (primarily to the east) of the suture
zone, contain less strong planar or nondirectional
fabrics (Lund, 1984a; Lund and Snee, 198b; Hoover,
1986; Aliberti and Manduca, 1988; Stop 1 Davidson;
Stop 5 of Lund; and Stop 8 of Aliberti and Manduca,
this volume). Based on combined “°Ar/3°Ar age-
spectrum dating and U/Pb (zircon and sphene) tech-
niques, the ages of these plutons are approximately
93 to 85 Ma. ®Ar/3Ar data from metamorphic and
plutonic rocks in the suture zone show that the final
{suture zone parallel) dynamothermal deformation
was superimposed at about 90 to 80 Ma (Sutter and
others, 1984; Lund and Snee, 1985, 1988; Snee and
others, 1987).

Along the N-NE-trending segment of the Sal-
mon River suture, initiation of uplift coincided with

emplacement of the youngest tonalitic to granodior-
itic plutons. Based on cooling data from detailed
“CAr/*®Ar data, uplift of as much as 15 kilometers on
the continental side of the boundary occurred along
N-NE-trending normal faults between 85 and 75 Ma
and facilitated cooling of the intrusive and metamor-
phic rocks {Lund and Snee, 1985, 1988; Snee and
others, 1985). Along the W-trending segment of the
suture, a longer period of slower uplift and cooling
and/or perhaps a later structural event is recorded
{Snee and others, 1987; Davidson and others, 1988).
At present, the origin of ubiquitous brittle and ductile
fauits and fabrics in quartz dioritic to granodioritic
rocks near and parallel to the suture zone is unclear.
These features may be related to: 1) transpression
along the suture after emplacement of the approx-
imately 90 Ma plutons or to uplift, both of which
would produce vertical fabrics (Lund, 1984a; Lund
and others, 1986; Lund and Snee, 1988); 2) diapiric
emplacement (Myers, 1972, 1982; Myers and Carlson,
1982); or 3) reactivation in a compressional regime
{Manduca, 1987).

Voluminous muscovite-biotite granite plutons
were emplaced passively into older metamorphic and
plutonic rocks on the continental side of the suture
zone {Stop 6 of Lund, this volume). Cooling informa-
tion from “°Ar/*Ar data indicate that these plutons
were emplaced between 75 and 70 Ma at depths of
6-9 kilometers. Slow uplift and cooling continued into
the Tertiary (Snee and others, 1984; Lund and others,
1986; Lund and Snee, 1988).

After most of the uplift had occurred, basalt
flows of the Miocene Columbia River Basalt Group
may have been moated against scarps along these
steep faults. These flows were later cut and displaced
by post-Miocene faults that are parallel to the earlier
formed steep faults (Lund, 1984a).

Geometry of suture zone

Probably the first widely recognized noveity
about the Salmon River suture zone was the abrupt
change in initial strontium isotope ratios in plutonic
rocks from oceanic to continental values {Armstrong
and others, 1977). More detailed work substantiated
this isotopic boundary and showed the transition
from oceanic to continental values to be less than 5
kilometers wide across several transects (Fleck and
Criss, 1985). Although these workers concluded that
the change in initial ratios is due to contamination by
country rocks, it has also been suggested that the
change in values may represent different magma
source areas (Lund, 1984a; Lund and Snee, 1988).
Subsequent rare-earth element study of the plutonic
rocks across the suture zone {Hoover, 1986) showed
that samples of plutonic rocks known to have




oceanic strontium isotopic signatures (Fleck and
Criss, 1985) were derived from an oceanic source,
whereas those with continental signatures were de-
rived from a continental source. The change be-
tween source rock affinities is as sharp as indicated
by the Fleck and Criss (1985) strontium isotope data
and evidence for contamination by upper crustai
rocks or widespread mixing of source rocks was not
found (Hoover and others, 1985; Hoover, 1986).
These data strongly suggest that the Salmon River
suture is a sharp and near vertical crustal boundary
(Lund, 1984a, b; Hoover and others, 1985; Hoover,
1986; Lund and Snee, 1988).

Structural and metamorphic geometry, geo-
chemical and geophysical characteristics, plutonic
suites, and timing of events are remarkably consis-
tent along the length of the suture. Although less is
known about the W-trending segment of the suture,
preliminary data suggest that the general features are
the same as along the better known N-trending seg-
ment (Hietanen, 1962). Miogeoclinal and other tran-
sitional rocks that were originally between the
oceanic and continental rocks were tectonically re-
moved and are not present within the suture zone.
Other features that are commonly associated with
suture zones, such as tectonic melange, high-pres-
sure low-temperature metamorphic rocks, ophiolites,
and overall structural asymmetry, are not found
along the length of the Salmon River suture zone.
The direct, apparently simple, juxtaposition of oceanic
and continental rocks is unique in comparison with
the broad, stratigraphically and structurally compiex
transitions in Canada and Nevada {Figure 3). Be-
cause of the volume of post-accretionary plutons,
the contact between the terranes is obscured and the
only direct evidence for relative motion between
them is for late-stage, post-plutonic, Late Creta-
ceous movement. A comprehensive explanation for
the tectonic history of this suture, which includes the
W-trending segment, has not been attempted and
further work is necessary.
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EXPLANATION

Quaternary ta Tertiary cover rocks

Allochthonous oceanic rocks

Allochthonous transitional or mixed rocks
Autochthonous or parautochthonous North American rocks

Faulted terrane boundary

Transcurrent fault boundary

Fl

Approximate limit of Cenozoic to Mesozoic thrust faulting

Figure 3-Generalized tectonic map of part of North
America showing general composition of terranes and loca-
tion of Cretaceous to Eocene faults. Modified after Coney
and others (1980); Silberling and Jones (1984}); and Gabrielse
{1985).

Models

Despite the incomplete data, several models for
formation of the Salmon River suture zone have been
proposed. The earliest plate tectonic models for the
formation of the N-NE-trending segment of this su-
ture suggested that this was the site of a subduction
zone that caused accretion of the arc sometime be-
tween Triassic and Cretaceous time (Hamilton,
1969a, 1976, 1978; Talbot and Hyndman, 1975;
Hyndman and Talbot, 1976; Onasch, 1977; Davis and
others, 1978, Myers, 1982). Hamilton (1978) and
Davis and others (1978) suggested that the Paleozoic

to early Mesozoic passive western margin of North
America was rifted during the Mesozoic prior to the
onset of subduction. More detailed study of the su-
ture, consideration of regional plate motions, and
comparison with better known tectonic settings have
resulted in proposals that the Salmon River suture
formed by: 1) right-lateral transpression that trun-
cated the continental margin, translated transitional
rocks to the north, and caused final accretion of the
oceanic terranes to North America between 120 and
90 Ma {(Lund, 1984a, b; Sutter and others, 1984;
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Lund and Snee, 1988); or 2) mid-Jurassic to mid-Cre-
taceous collision-penetration of oceanic terranes into
North America in the general present-day location of

Idaho, and tectonic escape of the transitional rocks
(Wernicke, 1984; Klepacki and Wernicke, 1985:
Aliberti and Wernicke, 1986).

Field observations

The purpose of the field guides in this volume is
to view features of the Salmon River suture along
almost half of its length. Rocks of the island arc ter-
rane are most readily observed because the highways
follow rivers that are cut into such rocks. To observe
the suture zone and some of the structures and
metamorphic lithologies of the continental terrane,
the trip will involve traverses across the structural
grain into continental rocks. The traverses along the
South Fork of the Clearwater River and along the Little
Salmon River and its headwaters (Aliberti and
Manduca, this volume) cross from high structural
levels in island arc rocks into deep structural levels
where large amounts of Cretaceous plutonic rock
can be observed. The most revealing cross section of

the metamorphic rocks, the structural geometries,
and particularly the higher level units and structures
in the continental rocks is along the east-trending
canyon of Slate Creek (Lund, this volume). The road
log from Peck to Dworshak Reservoir (Davidson, this
volume) constrasts styles of earlier deformation with
late-stage, suture-zone-restricted deformation and
shows the complexity of lithologies of metamorphic
rocks along this boundary. The field observations
described in this volume help illustrate the history of
accretion along the western margin of Mesozoic
North America and will show the striking continuity
of structures, geometries and plutonic units along
this suture zone.
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GEOLOGY OF THE IRON DYKE MINE,
BAKER COUNTY OREGON

Steven Bussey
Colorado School of Mines
Golden, Colorado 80401

Introduction

The Iron Dyke mine is a volcanogenic copper-
gold deposit hosted in Permian island arc volcanic
rocks. The mine is located just south of Hells Canyon
on the west side of the Snake River near Oxbow,
Oregon (Figure 1). It was discovered in 1897 and
reached peak production during World War | and
through the early 1920s when it became Oregon’s
top copper producer. Low copper prices forced the
mine to shut down in 1928. The Butler Ore Company
attempted to reopen the mine in the early 1940s but
was unsuccessful. In 1979, Texasgulf, Inc. purchased
the property and entered into an agreement with Sil-

ver King Mines, Inc. as a joint venture. Silver King
Mines acquired the mine from Texasgulf, Inc. in 1983
and has operated it intermittently since that time.
From 1910 to 1928 the total recorded production was
34,967 ounces of gold, 258,489 ounces of silver and
14,417,920 pounds of copper (Brooks and Ramp,
1968). Since 1979 exploration by Texasgulf, Inc. and
Silver King Mines, Inc. has resulted in the definition
of additional reserves that average 2.5% copper,
0.25 ounces per ton gold and 0.5 ounces per ton sil-
ver (B. E. Wise, personal communication, 1983).

Regional geologic setting

The Iron Dyke mine is located in the southeast
part of the Permian-Triassic Wallowa terrane (Figure
1), one of four pre-Tertiary allochthonous terranes
recognized in the Blue Mountains province of eastern
Oregon and western ldaho (Silberling and others,
1984). The province formed in the mid-Pacific at a la-
titude of about 18° north or south {(Hillhouse and
others, 1982) during the Early Permian and appears
to have been separate from the allochthonous Wran-
gellia terrane which apparently lay to the south {Pes-
sango and Blome, 1986; Hillhouse and others, 1982;
Debiche and others, 1987; Stanley, 1986). The four
terranes that make up the Blue Mountains province
are, from northwest to southeast, the Wallowa,
Baker, Izee and Olds Ferry terranes. The Wallowa
terrane consists of a Late Paleozoic oceanic arc base-
ment complex overlain by Permian and Triassic voi-
canic rocks, clastic sedimentary rocks and limestone
(Vallier, 1977, Brooks and Vallier, 1978; Walker,
1986; LeAnderson and Richey, 1985). The four ter-
ranes were assembled west of the North American
continent by 160 Ma and were accreted in the Col-

umbia embayment about 120 Ma (Sutter and others,
1984). Following a period of erosion, most of the pro-
vince was covered by Columbia River Basalt flows
which were erupted in Miocene time. Recent down-
cutting by the Snake River and its tributaries has ex-
posed the underlying Blue Mountains province.

Wallowa terrane

The Wallowa terrane represents the product of
Early Permian to Late Triassic arc volcanism that re-
sulted from subduction of oceanic crust since Pen-
nsylvanian time (Walker, 1986). In the southeastern
part of the arc, near the Iron Dyke mine, the overly-
ing volcanic rocks are the Permian Windy Ridge and
Hunsaker Creek formations and the Triassic Wild
Sheep Creek and Doyle Creek formaticns (Vallier,
1977).

The Permian Windy Ridge and Hunsaker Creek
formations {Figure 2) constitute a bimodal basalt-
rhyolite volcanic pile with minor andesite and abun-
dant clastic sedimentary rocks and limestone.

Structural geology

In the mine area (Figure 3) the rocks have been
folded into a series of NE-SW-trending anticlines and

synclines. A syncline is the most prominent structure
on the mine property and pilunges 20-30 degrees
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EXPLANATION

@ Quaternary deposits, undifferentiated

Includes alluvium, landslides and terrace deposits.
UNCONFORMITY

Columbia River basalt, undifferentiated
Includes older flows equivalent to the Picture Gorge Basalt
and younger flows equivalent to the Yakima Basalt.

UNCONFORMITY

Wild Sheep Creek Formation
In this area consists of argillite, volcaniclastic rocks, limestone
and basalt flows.

UNCONFORMITY

Hunsaker Creek Formation

Late mafic intrusives
Small irreqular intrusives of gabbro, diabase and porphyritic
basalt.

Sediments, undifferentiated
Volcaniclastic sandstone, conglomerate and limestone.

Rhyolite flows and intrusives
Porphyritic to aphanitic in texture. Flows are lenticular and
rnassive to brecciated. Intrusions are small, irregular, and
massive to brecciated.

Felsic tuffs
Crystal-lithic lapilli to pumice lapilli tuffs. May be, in part,
sedimentary in origin.

Mafic flows
Massive brecciated and pillow breccia flows.

Mafic tuffs
Lithic-lapilli tuffs. May be, in part, sedimentary in origin,

UNCONFORMITY

Windy Ridge Formation
Rhyolite flows and rhyolite tuff dreccias.

Oxbow-Cuprum shear-zone complex

Oxbow amphibolite
Metamorphosed gabbro and basalt.

Oxbow quartz diorite )
Mostly quartz diorite but includes zones of diorite and albite
granite.

Shear zones
Mylonite, gneissic mylonite, amphibolite schist and phyllite
with dikes of gabbro, diabase, quartz diorite, albite granite
and diorite. Evidence of right lateral strike-slip faulting.

Geologic symbols

— — «— ————— Geologic contact
Dashed where approximate
y

High-angie fault
Dashed where approximate
(U} upthrown side
(D) downthrown side.

22
~ Strike and dip of beds
Scale
f ,
! 1 mile '
f }
~ 1 kilometer '

Figure 2— Geologic map of the Snake River Canyon, idaho-Oregon. The location of units in the Oxbow-Cuprum shear-zone

complex are from Vallier (1974).
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Figure 3—Geologic map in the vicinity of the Iron Dyke mine. The locations of stockwork and mineralized frag-
ments are projected to the surface from depth. The stockwork is exposed in the “glory hole” at the surface
from depth.



northeast {(R. S. Fredrickson, written communica-
tion, 1977). The youngest rock exposed in the syn-
cline is a sequence of fine-grained volcanic sand-
stones. A broad anticline northwest of the syncline
exposes a sequence of felsic-bedded tuffs and vol-
caniclastic rocks along its axis. Both fold structures
are bounded by NE-SW-trending faults. The faults
are vertical to steeply dipping and show normal dis-
placement. The Glory Hole fault zone, which sepa-

1156

rates the syncline and anticline, is a complex series of
closely spaced normal faults that dip steeply to the
southeast. The northwest side of the anticline is
bounded by the Iron Dyke fault, a normal fault that
dips steeply to the west. Younger northwest-south-
east faults are sharp and have displacement of 10 to
50 meters. Other faults in the area are difficult to
identify due to poor exposure, abrupt lithologic
changes, and a lack of reliable marker horizons.

Mineralization

Mineralization at the lron Dyke mine (Figure 3]
can be divided into two fundamental styles which are
spatially and morphologically distinct (Stevens,
1981). Stockwork mineralization is present immedi-
ately northwest of the Glory Hole fault where quartz-
sulfide veins and associated alteration form a pipe-
like body that cuts through a rhyolite flow and under-
lying felsic volcaniclastic rocks. Southeast of the
Glory Hole fault, mineralization occurs as fragments
and clasts in a debris flow deposit. The fragments of
mineralization range in size from pebbles to enor-
mous boulders and consist of stockwork as well as
other types of mineralization not recognized in the
stockwork.

Quartz-sulfide veins

Quartz-pyrite-chalcopyrite veins (Figure 4) form
a stockwork that developed in highly silicified and al-
tered rhyolite and underlying felsic volcaniclastic
rocks (Figure 4). Sphalerite and galena are present in
minor amounts, with traces of tetrahedrite, bornite
and gold. Veins are epithermal in character and typi-
cally range in size from a few millimeters to 10 centi-
meters in width with one observed vein a meter in
width. They consist of early euhedral quartz with
later crustiform banded quartz and sulfides and late
euhedral quartz in vugs and open cavities.

The original near-surface workings have caved
and subsided, forming a small “glory hole.” Early
mining stoped a lense-shaped body up to two meters
wide within the vein system that dipped 60 degrees
east and extended to a depth of 125 meters below
the “glory hole” (Swartley, 1914). High-grade ore
from this body was reported to contain 15 to 20%
copper (Lindgren, 1901). At a point about 130 meters
below the “glory hole,” stockwork mineralization is
truncated by the Glory Hole fault. The continuation
of the stockwork zone presumably occurs in the
hanging wali at depth in the Stewart syncline.

Alteration is centered on the stockwork and
consists of a central chloritic zone confined to the
stockworks, and an outer sericitic zone that occurs in

the upper part of the stockwork and extends over an
area 300 x 1000 meters that is elongated in a north-
east-southwest direction.

Another body of quartz-sulfide veins is located
about 350 meters west of the “glory hole” (Figure 3).
Mineralization and alteration in this body are similar
to that at the “glory hole,” but are less intense and
less extensive. Widely spaced quartz veins and weak
alteration can also be found along the ridge between
the two vein systems.

Mineralized fragments in the Iron Dyke
lahar

The greatest production at the mine has been
from fragments in the Iron Dyke lahar. These frag-
ments are typically silicified and display stockwork
mineralization consisting primarily of quartz, pyrite,
chalcopyrite and sphalerite. They are thought to
have been derived from the stockwork body and
transported into an adjacent basin along with other
coarse-grained debris flows. In addition to the
stockwork fragments, other types of mineralization
are present which are not found in the “glory hole”
area. These include massive sphalerite, massive
chalcopyrite, chalcopyrite-chlorite breccias, hemati-
tic quartz breccias, and massive hematitic barite
(Figures 5, 6). Although present in only minor
amounts, fragments of these types are found
throughout the Iron Dyke lahar along with the stock-
work fragments.

The size and distribution of known fragments
and their spatial relationship to the original stock-
work ore body is shown in (Figure 3}. Some frag-
ments are unusually large, from tens of meters in di-
ameter to a fragment reported to contain 150,000
tons of ore (Stevens, 1981). They have sharp con-
tacts with the lahar and are quite angular. Their
presence in a debris flow that originated in the vicin-
ity of the stockwork implies uplift and erosion of the
stockwork shortly after its formation. The intimate
spatial association between the various types of ore
fragments found in the Iron Dyke lahar suggests a
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Figure 5—Massive chalcopyrite-pyrite collected from the
Iron Dyke lahar shows clastic texture with large chalcopy-
rite-pyrite fragments in a matrix of fine-grained pyrite and
chalcopyrite.

Figure 4— Quartz-pyrite-chalcopyrite vein with dark green
chlorite halo from the stockwork. The vein shows early eu-
hedral rose quartz along its walls, a brecciation event, fol-
lowed by deposition of fine-grained sulfides, chlorite and
quartz.

Figure 6-—Chalcopyrite-pyrite-chlorite breccia collected
from the Iron Dyke lahar. Elongate fragments of chiorite
and pyrite-chalcopyrite mineralization exhibit subparallel

alignment.

common origin for all of the fragments. Mineralized
fragments, whose character is distinctly different
from that of the stockwork zone, probably represent
those parts of the ore system vertically above the ex-
posed stockwork zone. The position of these ore

types (e.g., massive sphalerite, massive chalcopy-
rite-pyrite, hematitic quartz breccias and massive
hematitic barite) above the exposed stockwork is
consistent with the present understanding of vertical
zonation in massive sulfide ore systems.

Conclusions

Footwall rocks consist of feisic lavas intruded
into, and extruded on top of, previously deposited
pyroclastic material. As the eruptive center expanded
felsic lavas were intruded into, and extruded on top
of, previously deposited pyroclastic material. Subse-
quent hydrothermal activity resulted in widespread
alteration, brecciation and silicification of these felsic
flows and small intrusives. Fracturing of the silicified
zones focused hydrothermal activity into open chan-

nelways and formed the veins now exposed in the
“glory hole” (Figure 7A). Normal movement along
the fracture system created a fault scarp that uplifted
part of the deposit and exposed it to more oxidizing
conditions (Figure 7B). Movement along the fault
zone enhanced hydrothermal activity and formed
complex breccias by repeated fracturing and reseal-
ing. Massive sulfides that formed at the rock-water
interface periodically slumped off of the vent area to
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Figure 7— Schematic diagrams illustrating the geologic history of the iron Dyke deposit. (A}, initial hydrothermal activity; {B),
movement along stockwork fracture zone and formation of transported sulfides; (C), continued uplift and collapse of stock-
work and burial by fine-grained sediments; (D), present configuration following movement on the Glory Hole fault.

form massive sulfides with clastic textures. Volcanic
debris that accumulated along the base of the scarp
was altered by venting hydrothermal fluids. When
the scarp became unstable, it slumped, disrupted the
uplifted part of the deposit, and formed a debris flow
rich in mineralized fragments. Continued sedimenta-
tion buried the fragments with coarse conglomerates
and associated fine-grained sediments (Figure 7C]).
Additional faulting and folding occurred during ac-
cretion of the Wallowa-Seven Devils volcanic arc to
the North American craton (Figure 7D). Erosion has
removed the mineralization that must have extended
above the level of the stockwork now exposed at the
“glory hole.”
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FIELD GUIDE TO THE MOUNTAIN VIEW AND
WEST FORK AREAS,
STILLWATER COMPLEX, MONTANA

I. §. McCallum
Department of Geological Sciences
University of Washington
Seattle, Washington 98195

Introduction

The Mountain View area of the Stillwater Com-
plex, which is exposed on the west side of the Still-
water River valley, contains a well exposed, easily ac-
cessible section through the Ultramafic series. In this
area the ultramafic cumulates have, for the most
part, escaped the serpentinization common in other
parts of the complex. The Basal series rocks and the
lowermost ultramafic cumulates, however, have suf-
fered extensive alteration. The hornfels and the
sill/dike complex are reasonably fresh and well ex-
posed in the Verdigris Creek area, the site of inten-
sive exploration for Cu/Ni sulfides. The Banded ser-
ies rocks are well exposed along the mine road lead-
ing to the abandoned Mouat chromite mine, al-
though only Lower Banded series cumulates are pre-
sent in this area. Extensive geological, exploration
and mining efforts over the better part of a century
have resulted in the accumulation of an enormous
amount of information, much of which is summar-
ized by Page and others (1985). Among the many
contributions 1o the geology of this area, notable are
those of Jackson (1961), Page (1977, 1979), Zientek
(1983), and Raedeke and McCallum (1984).

The rocks of the complex are bounded by the
Biuebird thrust on the south and the Horseman
thrust on the north (Figure 1). A major fault within
the complex, the Lake fault, separates the block con-
taining the Ultramafic and Basal series {Mouat block)
from the block containing the Banded series. The
strike of the layering in the Banded series is conform-
able with that in the rest of the complex whereas the
strike of the layering in the Ultramafic series indicates

that the Mouat block has been rotated about 90 de-
grees relative to the rest of the intrusion. Several
high-angle faults, most notably the Verdigris fault,
have caused small offsets in the rocks of the Mouat
block. In the northern block, the South Prairie fault
has locally caused repetition or loss of part of the
Lower Banded series section. in the eastern part of
the map area, Late Archean quartz monzonite has in-
truded the hormnfels and sill/dike complex. Several
mafic dikes chilled against the complex and pre-
sumed to be of Proterozoic age, cut the complex and
the gquartz monzonite. Two large landslides cover
much of the area between the Lake fault and the
Horseman thrust.

Parts of the Ultramafic series and Lower Banded
series are exposed along the West Fork of the Still-
water River between the Bluebird thrust on the south
and the Horseman thrust on the north (Mann and
others, 1985). Olivine cumulates of the lowermost
Ultramafic series, containing chromitite seams A and
B, are exposed close to the trail about 2 miles south-
west of the parking lot which marks the end of the
road. In the prominent cliffs north and west of the
parking lot, a section through the Lower Banded ser-
ies is very well exposed. The OB-| zone, which con-
tains the J-M/Howland reef, is fully developed in this
area. This area is of historical interest since it con-
tains the first outcrop discoveries of platinum group
element (PGE) mineralization (1974). The portal of
the West Fork adit is visible at the base of the cliffs
north of the river.

Field guide

Mountain View area {Stops 1-8)

The field guide begins at the end of the Mouat
mine road (Figure 1), 6.4 miles from the main office
of the Stillwater Mining Company. Stop 1 is located

at the end of the road near the No. 2 portal of the
Mouat chrome mine at an elevation of 7,460 feet.

Stop 1: Cyclic units in the Peridotite zone. This
stop involves a traverse along the Mountain View
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Figure 1— Geologic map of the Mountain View area and the west side of the Stillwater River valley, showing stops discussed in
this guide. Reproduced from Page and others (1985), which was modified from Page and Nokleberg (1974).
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cliffs following a trail worn by countless geologists.
The trail crosses two complete cyclic units and the
lower part of a third, and covers the stratigraphic in-
terval from 770 to about 1,000 meters as shown in
Figure 3 (McCallum, this volume). The trail and the
units traversed are shown in Figure 2. A steel post
marks the beginning of the traverse. A section
through the first cyclic unit was studied in detail by

Olivine cumulate

Olivine - bronzite
cumulate

Bronzite cumulate

Mafic pegmatoid

cmebos e . Fault, showing dip-Dashed
where inferred

30
e bk | ow angle gravity fault, showing dip-
Dashed where inferred

~————— — — Contact-Dashed where inferred

——e——— Chromite seams- Dashed where inferred:
designated by G through J

—————————————— Limit of outcrop
Strike and dip

2 Cumuiate layering
Z Chromite-bearing layer
2 Joint
- Portal of adit
A Triangulation station

Raedeke and McCallum {1984) and is shown here as
Figure 3.

The first rock type encountered is an olivine
cumulate containing minor chromite. Bronzite oc-
curs as oikocrysts up to 5 cm in diameter. This unit is
overlain by a relatively thin olivine-bronzite cumulate
with a distinctive, knobbly, weathered surface. Thin
section analysis reveals that the ratio of cumulus oli-

200 400 FEET
1

(=T Sl

T
120 METERS

Figure 2— Geologic map of part of the Ultramafic series exposed in the cliffs above the Mouat chromite mine, showing trail
from the road to the G chromitite. Reproduced from Page and others {1985}, which was modified from Peoples and others

{1954).
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Figure 3— Detailed stratigraphic section through the cyclic
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compositions, open circles are cumulus orthopyroxene
compositions, and open triangles are postcumulus orthopy-
roxene compositions (from Raedeke and McCallum, 1984).
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vine to cumulus bronzite decreases up section. This
member is, in turn, overlain by a bronzite cumulate
which shows variations in grain size, friability, and in-
tercumulus mineral content. Intercumulus minerals
in both obC and bC members are plagioclase and
augite, the latter forming distinctive bright green
oikocrysts. The second cyclic unit is also complete
and well exposed along the trail. As shown in Figure
3 (McCallum, this volume) there is very little variation
in composition of the cumulus minerals in these
cyclic units.

The trail ends at the base of the third cyclic unit
which contains the famous G chromitite, the thickest
chromitite seam in the complex, and the subject of
investigations by Jackson {1961). The G chromitite,
which occurs several meters above the base of the
cyclic unit, varies in thickness between ~1 and ~5
meters when traced along strike. It is made up of
massive chromitite (cC) interlayered with chromite-
olivine cumulate {coC)} and olivine-chromite cumu-
late {ocC). The lower contact is sharp while the up-
per contact tends to be gradational. About 14 meters
stratigraphically above the G is a satellite seam, the
G’, which is about half a meter in thickness.

Olivine in the oC beneath the G chromitite is
coarser grained than normal but within and above
the main chromitite seam, the rock is very coarse
grained and locally pegmatitic. Phlogopite is relatively
abundant in the pegmatitic zones suggesting that
crystallization under an increased fugacity of water
may have contributed to the formation of pegmatitic
textures. A detailed study of this part of the complex
has recently been completed by Murck (1985).

Stop 2: Mouat mine dump. Intrepid souls can
scramble down the talus slope to Stop 2 while others
may prefer to retrace their steps back along the trail
and follow the road to Stop 2.

Fresh samples of all ultramafic lithologies can be
picked up on the mine dump. Portal No. 5 of the
Mouat mine is at this level. The mine was active for
less than a year during World War Il. Mining was
resumed in 1953 by The American Chrome Company
and close to one million tons of chromite concentrate
were produced and stockpiled before mining was ter-
minated in 1961.

Stop 3: Ultramafic series— Banded series con-
tact. The contact between the Bronzitite zone and
the Norite | zone of the Lower Banded series is well
exposed at this locality. This contact, which is marked
by the first appearance of cumulus plagioclase, is
traceable across the entire complex. The bronzitite
shows variations in grain size and in the modal abun-
dances of interstitial plagioclase and oikocrysts of
green augite. The norite ranges from massive to lay-
ered and also contains large augite oikocrysts.
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The simplest explanation for this cumulate se-
guence is that it represents a normal fractional crys-
tallization sequence with the magma reaching the
plagioclase-orthopyroxene cotectic at this horizon.
However, several factors suggest that this explana-
tion is not totally adequate. For example, there is a
change in the composition of orthopyroxene across
the contact (McCallum and others, 1980) and the
magmas that formed the bronzitites have a different
trace element pattern than those from which the
norite crystallized (Lambert and Simmons, 1987). In
addition, initial Sr isotopic ratios also change across
the contact (Don DePaolo, personal communication,
1988).

Stop 4: Verdigris Creek. Detailed descriptions of
the geology of this area are described by Page and
others (1985, p. 179-188). The area can be reached
by a side road that leads from the mine road on the
eastern side of Mountain View Lake and heads
towards Verdigris Creek and the Mouat Nickel mine
(0.7 miles). Verdigris Creek provides excellent expo-
sures of hornfels, the sill/dike complex, the Basal
series, Cu/Ni sulfides, the iowermost cyclic units of
the Ultramafic series, and the younger quartz monzo-
nite intrusion.

Stop 5: Traverse through the Lower Banded
series. Beginning at the adit where the road turns
east, norites {(pbC) of the N-I zone are exposed along
the western side of the horseshoe bend in the road.
As the road turns northeast it crosses a drainage that
follows the trace of the South Prairie fault system.
Neither the GN | zone nor the OB | zone, which
should be present at this part of the section, are ex-
posed. North of the fault trace, the rocks cropping
out above the road are modally graded norites, with
occasional layers of spotted anorthosite (pC), be-
longing to the N Il zone of the LBS. A short distance
down the road an anorthosite is overlain by a modally
graded gabbronorite (pbaC) which, in turn, is over-
lain by a norite. The appearance of gabbronorite
marks the base of GN II.

The contact between N Il and GN Il can be traced
across the entire complex and it marks the horizon at
which the magma reached augite saturation during
fractional crystallization. There is no evidence to sug-
gest that this contact is other than a normal se-
gquence, although it should be noted that the cumu-
late sequence, when viewed in detail, shows alterna-
tions and reversals that are not well understood.

Stops 6 and 7: Mafic dike and gabbronorite.
This mafic dike is one of many that intrude the com-
plex. Although its precise age is unknown, it is most
likely Proterozoic. Note the chilled margins. The gab-
bronorite at this locality contains clots of polycrystal-
line plagioclase set in a matrix of plagioclase + or-
thopyroxene + augite. Similar textures have been

described by McCailum and others (1980} from the
Middle Banded series on Contact Mountain.

Most of the Beartooth dikes in the vicinity of the
Stillwater Complex are believed to be Proterozoic al-
though some may be coeval with the complex. The
latter dikes are commonly MgO-rich and contain or-
thopyroxene phenocrysts (Longhi and others, 1983)
and may have been derived from the same source as
the primary Stillwater magma.

Stop 8: Gabbronorite-troctolite-anorthosite lay-
ers in GN /1. In the type section of GN Il on Contact
Mountain, olivine-bearing layers have not been ob-
served. However, such layers are relatively common
in GN 1l in the eastern part of the complex. In this
particular set of outcrops, the layering is near vertical
with tops of units facing north, and contacts be-
tween units are sharp.

The gabbronorite (pbaC) occurs as the footwall
unit to the troctolite. It contains green augite, brown
orthopyroxene, and white plagioclase. All three min-
erals are cumulus. A lamination defined by plagio-
clase crystals is well developed. The troctolite (poC)
contains two modally-graded units with decreasing
olivine up section. Olivine is almost totally altered to
serpentine plus magnetite or to fibrous amphibole.
The troctolite is overlain by a 40 meter-thick anortho-
site (pC) containing coarse-grained oikocrysts of
augite. A thin sulfide zone occurs about midway
through the anorthosite.

The occurrence of troctolitic and anorthositic
layers within gabbronorite presents some interesting
petrologic problems. The most likely cause for the re-
appearance of olivine as a liquidus mineral is the in-
flux of batches of fresh olivine-saturated magma
which crystallized to some extent before mixing with
the magma resident in the chamber. Plausible as it
may appear, this hypothesis is unable to provide a to-
tally satisfactory explanation for all of the petrologi-
cal and geochemical details.

Three quarters of a mile beyond Stop 8 is the
junction with Forest Service Road 846. Take left
fork which leads past the Initial Creek campground
to the West Fork trailhead, a distance of 6 miles. Fol-
lowing discussions at the West Fork adit section, the
guide returns to this junction where an examination
of outcrops along the lower part of the road will be
made.

West Fork adit section

A detailed description of the rocks in the West
Fork area is provided by Mann and others (1985, p.
231-246). Most of the information in this guide is
summarized from that article.

The discovery outcrop of the J-M Reef occurs in
the cliffs on the west side of the river. The steep



cliffs, ~300 meters west of the portal of the adit, ex-
pose a section through OB | of the Lower Banded
series. The layering strikes N 80° W and dips ~45 de-
grees into the hill. The surface geology in this area is
summarized in Figure 4. The terminology used by
Johns-Manville geologists is slightly different from
that used in this guide. The troctolite-anorthosite
zone | {TAZ |) of Johns-Manville geologists corres-
ponds to OB | of McCallum and others (1980), except
that the latter authors include the gabbro subzone in
GN | rather than in OB |.

The lower half of the cliff outcrop is composed
of gabbronorite (pbaC) with subordinate interlayers
of norite (pbC) and anorthosite (pC) belonging to the
GN | zone. The upper part of the cliff section is more
leucocratic and contains several conspicuous layers.
Most of the visible layering in this section is due to
the weathering of olivine-bearing units. In this area
olivine-bearing layers ObA, 05B, 06, 07, and 08
(J-M terminology) have been recognized. Olivine-
bearing layers O1 through 04, which are present in
the Contact Mountain area, are apparently absent
from this section. This points up some of the prob-
lems of attempting to correlate units over long dis-
tances. On the cliff face, olivine-bearing layers are re-
cognizable because they sustain more vegetation.
Layer O5B, which hosts the J-M Reef, is visible
about half way up the cliff. It is overlain and under-
lain by leucocratic anorthosite. Layers of 06, O7 and
08 are visible as vegetated bands separated by anor-
thosite which contains pyroxene oikocrysts. In most
of the olivine-bearing layers, the lowermost member
is a peridotite {oC) which grades upwards to a trocto-
lite (poC). Pegmatitic textures are widespread in the
oC units and phlogopite and chromite are common
accessory minerals.

Excellent samples of all lithologies can be col-
lected on the West Fork adit rock dump. Many of the
rocks have suffered some alteration. This is particu-
larly true of the olivine-bearing samples in which the
olivine has been replaced by serpentine plus magnet-
ite or a fibrous amphibole. In searching for sulfides,
samples showing surface limonitic alteration are
usually the best source for sulfides. The rock type at
the portal to the adit is an unusually fresh gabbronor-
ite. A sample dated by DePaolo and Wasserburg
{1979) was collected from this outcrop.

A trail {”of sorts”} leads to outcrops of the J-M
Reef package exposed above the adit portal. This
trail passes through the lowermost gabbronorite
which is in sharp contact with the overlying anortho-
site (~7 m thick). Layer O5A, which in reality is a
pegmatitic olivine-bearing gabbronorite, is sporad-
ically developed in this anorthosite but is absent in
the section above the adit. The contact between the
anorthosite and O5B is sharp. The base of O5B is an
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altered, coarse-grained peridotite (0C) about 1 meter
thick containing pyroxene oikocrysts, interstitial
plagioclase, minor phlogopite and chromite, and
sporadic sulfides. This unit is overlain by a troctolite
{poC) with anorthositic patches, about 4 meters
thick, and contains pyroxene oikocrysts, phlogopite,
chromite and sulfides. This unit is the host of PGE
mineralization which takes the form of disseminated
sulfides recognizable on the surface by their altera-
tion to limonite. Several trenches dug across the reef
in this locality provide good exposures of the
mineralized zone. The troctolite is overlain by a mot-
tled anorthosite containing pyroxene oikocrysts and
sparse olivine grains.

Retrace route back to junction of the West
Fork road with the Mouat mine road and return to the
Stillwater valley.

Mountain View area (Stops 9-17)

Stop 9: /nch-scale layering in landslide block.
inch-scale layering, originally described by Hess
{1960) is quite common in the norites and gabbronor-
ites of the Lower Banded series, but in this much
photographed outcrop, inch-scale layering reaches
its most spectacular development. The layers are
formed by alternations of pyroxene and plagioclase.
The plagioclase is present as cumulus grains whereas
the pyroxenes have the oikocrystic habit usually
associated with intercumulus growth. Whether the
pyroxenes have a cumulus core is a matter of some
debate. In this outcrop the layers are arranged in
doublets although singlets and other groupings are
also common. Inch-scale layers tend to be coarser
grained than associated non-layered rocks.

Stop 10: More fine-scale layering. In this out-
crop, layering is defined by alternations of cumulus
orthopyroxene and cumulus plagioclase. Some parts
of the outcrop show two superimposed layering pat-
terns.

Many hypotheses have been advanced to ex-
plain the origin of inch-scale layering, the most plau-
sible being that recently proposed by Boudreau
(1987}, who showed that layer spacing was propor-
tional to crystal grain size and that pattern develop-
ment, in the form of honeycomb arrangements, also
occurred within the plane of layering. Boudreau
(1987) presented a computer model in which layer
development was simulated during textural coarsen-
ing. An assemblage of crystals plus liquid is inherently
unstable to minor perturbations in crystal size. Large
grains will grow at the expense of smaller grains to
diminish the total free energy of the system. Such a
process can produce layering when a gradient of
grain size is present across the system, as might be
expected in an advancing front of nucleation and
growth in a solidifying magma.
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Stop 11: Olivine-bearing zone /. Park at road
intersection where a mafic dike is exposed and walk
along the upper road for about 300 meters to an out-
crop that exposes a section of OB-I containing the
J-M reef. In this area the reef package is significantly
different from the reef exposed at the West Fork and
Contact Mountain, again emphasising the difficulty
of correlation. At this locality, the rocks beneath OB-
| are mainly gabbronorites containing layers of norite
and anorthosite. OB-l is composed of a sequence of
pegmatitic anorthosite, norite, peridotite and troctol-
ite. Patches showing typical cumulate structures and
textures are in irregular contact with the pegmatitic
patches. The PGE mineralized zone occurs within a 3
meter-thick peridotite/troctolite with a very distinc-
tive “ameboidal” texture. Phlogopite, chromite and
apatite are present in addition to disseminated sul-
fides. This unit is overlain by a modally graded troc-
tolite which passes upwards into a mottled anortho-
site.

The reef package in this area is affected by a ma-
jor Laramide structure, the South Prairie fault, a
high-angle reverse-fault system which dips steeply
north in the Mountain View area. This fault is roughly
conformable with the reef package, although in
places it has resulted in removal of the reef.

The origin of the reef package and the asso-
ciated mineralization is matter of great controversy at
the present time. The model with the greatest sup-
port holds that the OB-lI sequence formed in re-
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sponse to the addition of batches of olivine-and sul-
fide-saturated magma that mixed in a turbulent fash-
jon with the magma in the chamber. Turbulent mix-
ing is required for the immiscible sulfide droplets to
come in contact with the large volume of magma re-
quired to generate the high concentrations of PGE
{Campbell and others, 1983). The alternative hypo-
thesis, vigorously advocated by Boudreau (1988),
holds that the PGE were concentrated by a hydro-
thermal mechanism in which hydrous fluids, ex-
solved from the interstitial melt lower in the cumulate
pile, scavenged PGE from existing sulfides and de-
posited them at a major lithologic discontinuity in the
0B-l zone. This hypothesis has the advantage of ex-
plaining the pegmatitic textures and the widespread
occurrence of phlogopite and chlorapatite in the
mineralized zones.

Stops 12 through 17:

Current mining activities may limit access to
some of these areas. A complete description is pro-
vided by Page and others (1985).
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Introduction

The eastern Beartooth Mountains of Montana
and Wyoming (Figure 1) contain a record of crustal
evolution that spans almost 1000 Ma and cuiminates
in a major episode of crustal growth 2700-2800 Ma.
The earlier record is sparse and complex as a resuit of
extensive magmatism and intense metamorphism as-
sociated with Late Archean activity. In general, how-
ever, it appears that continental material was present
in this area by roughly 3600 Ma, and that a stable
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continental shelf accumulated quartzites, iron-forma-
tion, and lesser amounts of pelitic to psammitic units
interspersed with small volumes of mafic to silicic
volcanic rocks. This cycle of accumulation was ap-
parently terminated by an episode of granulite facies
metamorphism 3300-3400 Ma, perhaps as a result of
continent-continent collision.
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Figure 1—Map of the eastern Beartooth Mountains showing location of areas referenced in text.
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Ma in any geochronologic system. About 2800-2900
Ma, a second major cycle of crustal growth began
that bears some resemblence to those associated
with modern continent-ocean subduction zones.
This cycle may have begun with a period of high-
grade metamorphism 2800-2900 Ma, but no igneous
rocks appear to have been generated at that time.
The first igneous rocks produced during this cycle
were andesitic or dioritic rocks, both coarse and fine
grained, that were subsequently metamorphosed to
amphibolite facies. The oldest protoliths for these an-
desitic amphibolites were emplaced about 2792 Ma
and metamorphosed within about 10 Ma. This inter-
val is restricted by the presence of a granodioritic ser-

ies {Long Lake granodiorite) that was intruded late in
the kinematic cycle. This interpretation is favored be-
cause this rock is rather consistently foliated, but re-
tains its igneous mineralogy and texture in many
cases. The series was probably intruded about 2779
Ma and marks the lower limit for the last major epi-
sode of regional metamorphism. The last and most
volumetrically important rock produced during this
cycle was the Long Lake granite. This unit composes
approximately 80-90% of the eastern portion of the
range and engulfs all older rock types. This series of
rocks varies from tonalite to granite, but is generally
characterized by high Na,O and SiO, contents. It ap-
pears to have been intruded about 2740 Ma.

Road log

This excursion will attempt to view the evidence
of these two major cycles in four main stops: 1) Hell-
roaring Plateau, 2) Lower Quad Creek, 3) Upper
Quad Creek, and 4) Long Lake. Late Archean mafic
dikes (at Beartooth Lake) will also be examined.

Mileage
0.0 Red Lodge, Montana. Proceed southwest
on U.S. Highway 212 toward Cooke City.
3.0
9.0 Lake Fork turnoff; continue straight ahead.
1.7
10.7 Turn right (at signs) leading to Greenough
Lake and Heliroaring Plateau.
0.4
11.1  Junction with road to right; continue
straight ahead.
0.5
11.6 Bear right on road to Hellroaring Plateau;
Greenough Lake turnoff to the west.
5.3
16.9 Follow road to Wilderness boundary (marked
by large boulders placed across road). Park
vehicles; proceed on foot on pack trail for
approximately 1.5 kilometers to knoll over-
fooking cirque opening into Rock Creek drain-
age. The best exposures of the lithologies
described at Stop 1 are located in the vicinity
of this knoli and the canyon wall to the south.
Caution: { oose material in canyon walls is de-
ceptively unstable.

Stop 1: Hellroaring Plateau. The Hell-
roaring Plateau contains some of the best ex-
amples of Middle to Early Archean rocks in
the Beartooth Mountains (James 1946;
Mueller and others, 1982). These studies pro-
vide a general picture of layered Archean
rocks trending parallel to the canyon walls un-
tit they reach the head of the valley where

they were engulfed by younger granitoids.
The layered sequence contains metamorphic
equivalents of orthoquartzites, banded iron-
formation, small quantities of pelitic rocks,
mafic to intermediate volcanic rocks, and
quartzofeldspathic rocks that may have had
volcanic protoliths.

Intercalated within this sequence are
pods of ultramafic rocks that have been mined
in the past (World War I} for chromite
{James, 1946; Loferski and Lipin, 1983). All of
these rocks have been multiply deformed and
metamorphosed as high as granulite grade. At
the head of the canyon the younger granitoids
have intruded and partially assimilated mem-
bers of the layered sequence as well as other
apparently older tonalitic and trondhjemitic
rocks (F. Barker, personal communication,
1987). These rocks have all experienced the
strong Late Archean thermo-tectonic cycle
and, in some cases, underwent partial melting
at that time. Later folding and fracturing con-
tinued up until about 2500 Ma as evidenced by
mafic dikes and pegmatites.

Geochronologic data for this area is prin-
cipally restricted to two units within the older,
layered sequence that are informally referred
to as the Heliroaring migmatite and the Hell-
roaring quartzite. The Hellroaring migmatite is
of overall rhyodacitic composition in zones
that have not undergone partial melting.
Remobilized zones are very K-rich. The unit
has a distinctive REE pattern characterized by
{La/Yb) of 5-10 with strong Eu depletion in-
dicating a probable crustal origin (Figure 2}.
The age of the protolith is somewhat prob-
lematic, but Rb-Sr and Sm-Nd model ages
suggest 3.5-3.6 Ga. The remobilized zones are
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Figure 2— Chrondrite normalized REE patterns for pink mig-

matite (metarhyodacite} from the Hellroaring Plateau.

~2800 Ma by Rb-Sr with an initial ratio of
0.738 (Figure 3). Zircons from the unit are
highly disturbed and yield poorly defined ages
in the range of 3.0-3.2 Ga. These data suggest
a geologic history that began at least 3.5 Ga
and was followed by a granulite facies meta-
morphism at about 3.35 Ga. The Late Ar-
chean event (~2800 Ma) severely affected all
isotopic systems, including resetting of the
Rb-Sr systematics in the K-rich zones of the
migmatite.

The quartzite(s) from the Hellroaring Pla-
teau are orthoquartzites that are greater than
90-95% SiO,, but with relatively high Cr and
Ni contents (Figures 4, 5). These rocks con-
tain zircon and are clearly detrital in origin. Zir-
cons separated from the quartzite fall into two
populations. One is composed of clear, acicu-
lar grains that are nearly concordant at about
2800 Ma while the other consists of fractured,
rounded, overgrown grains thought to be of
detrital origin. U-Pb studies of these grains
yield similar results to those of the migmatite
with maximum upper intercept ages of 3.2 Ga
(Mueller and others, 1982). As in the case of
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Figure 3—*’Rb/%*Sr vs #Sr/**Sr for whole-rock samples of
pink migmatite from Hellroaring Plateau. Model age based
upon average Rb/Sr and a 0.700 initial is about 3.6 Ga.

23.1

25.2

the migmatite, the authors feel that these
ages must be minimum ages and that the
scatter seen in the data reflects the intensity
of the metamorphic events to which they
have been exposed.

In addition to these two units, one will
also see a variety of amphibolites exposed
along the edge of the plateau. These rocks
constitute an extremely variable group com-
positionally (Figure 6). They range from uitra-
mafic to intermediate compositions and ap-
pear to have also experienced upper amphibo-
lite to granulite grade metamorphism. Some
of the mafic types still retain unfractioned REE
patterns despite their metamorphic history
(Figure 7). A more detailed discussion of
these rocks may be found in Wooden and
others, this volume, and Mueller and others,
(1982).

6.2
Retrace route back to U.S. Highway 212,
turn right toward Cooke City.

2.1
Turnout to right (at opening in guardrail)
below first switchback in highway. A mafic
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Figure 4—Plots of Ni vs SiO, for Middle Archean metasedi-
mentary rocks of the eastern Beartooth Mountains.
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Figure 5—Plots of Cr vs SiO, for Middle Archean metasedi-
mentary rocks of the eastern Beartooth Mountains.
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Figure 6— Normalized plot of Ca0, MgO, and Al,O, for mafic
rocks of the Hellroaring Plateau. Differentiation trend (solid
line) is for komatiite rocks from Munro township, A, (per-
idotitic komatiites); B, (pyroxenitic komatiites); C, (basaltic
komatiites}; and D, (tholeiitic komatiites). Fields are for
komatiites from South Africa, 1, (ultramafic); 2, (Geluk high
ALO, typel; 3, (Badplaas type); 4, (Barberton type); and 5,
{tholeiitic basalts). Others are: {0), komatiite from Wawa,
Ontario; (X}, komatiite from Ely, Minnesota; {A), komatiite
from western Australia (after Mueller and others, 1982).
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dike and quartzofeldspathic gneisses are
prominent here.

Stop 2: Lower Quad Creek. The expo-
sures of Archean rocks around Quad Creek
were mapped by Eckelmann and Polvervaart
{1956) and, in part, by Rowan (1969). These
outcrops expose some of the same lithologies
found on Hellroaring Plateau (e.g., quartzite,
iron-formation) as well as tonalitic and trond-
hjemitic to granitic gneisses that are dissimilar
to those across the canyon. In addition, Late
Archean granitoids have more pervasively af-
fected the older Archean rocks in this area,
particularly their isotopic systematics. The
rocks are exposed in the walls of Rock Creek
Canyon along the switchbacks of the Bear-
tooth Highway (U.S. 212), particularly adja-
cent to Quad Creek proper where two locali-
ties will be examined and discussed {Figure
8). These rocks are also described in Wooden
and others, this volume, Mueller and others
{1982), and Mueller and others (1985).

This outcrop is composed of an interlay-
ered sequence of metaquartzite and quartzo-
feldspathic gneisses with minor mafic rocks.
Although the protolith of the quartzite was
probably sedimentary, the protoliths of the
gneisses are enigmatic. They range in compo-
sition from tonalite to trondhjemite and gran-
ite, but show no consistent major or trace-ele-
ment relations that suggest they represent a
coherent suite of rocks. Geochronologically
they show disturbed whole-rock Rb-Sr and
Pb-Pb systematics on a large sample scale
and disturbed U-Pb systematics in zircon. In
general, whole-rock studies suggest an age of
about 3.3-3.4 Ga with considerable scatter.
U-Pb data from zircons suggest that the rocks
have suffered severe metamorphism because
small grains consistently yield younger ages
than larger grains. If this interpretation is cor-
rect, these data indicate that the zircons origi-
nally formed sometime before 2900 Ma and
were metamorphosed sometime after 2830
Ma. These data suggest a high-grade meta-
morphic event prior to the intrusion/extrusion
of the first of the major Late Archean rock ser-
ies—the andesitic amphibolites.

4.8
Turnout inside guardrail {before Forest Ser-
vice lookout). Base of metanorite is well ex-
posed at this location.

Stop 3: Upper Quad Creek. These out-
crops are adjacent to Quad Creek immediately
below the Forest Service lookout (Figure 8).



20

HELLROARING LAKES
MAFIC  COMPLEX

MgO (Wr %)

(2.8-
\w

\
/\\‘

N\~
3.2x

a0 /—HA-?:A
00— —
HA-3D

5
/A\\A/ — N\ k

HA-
16.4 9 o

Figure 7— Chondrite normalized REE patterns for a variety

Ba Lla Ce Nd Sm Eu T ) o Lu

of mafic amphibolites from the Hellroaring Plateau.

136

Here, orthoquartzites are intercalated with
more feldspathic quartz-rich rocks of probable
sedimentary origin (iron-formation, mafic am-
phibolites, and minor amounts of more pelitic
rocks). This sequence, as well as a block of
mafic-ultramafic agmatite, is surrounded by
quartzofeldspathic gneisses. These gneisses
are of two distinct types. One is a trondhjemit-
ic (70-75% Si0,) gneiss while the other is a
granitic gneiss, also with high SiO, (Figure
10). These two types are geochemically, iso-
topically and petrographically distinct
(Rowan, 1989; Mueller and others, 1985). The
iron-formation here retains granulite facies
mineral assemblages in part (Figure 11) and
suggests that perhaps all rocks have reached
granulite grade.

Compositions and isotopic systematics of
these rocks are discussed in Henry and others
{1982), Wooden and Mueller (1988), and
Wooden and others, this volume. In brief,
whole-rock Rb-Sr and Pb-Pb data for the
gneisses are scattered, but generally sugges-
tive of isotopic equilibration roughly 2.8 Ga
during metamorphism(s). As was the case for
the rocks from the Hellroaring Plateau, zircon
ages are generally intermediate between 2.8
and 3.2, probably a result of metamorphism
as well. The sequence of older rocks was also

Figure 8—Switchbacks on the Beartooth Highway (U.S. 212) exposing Late Archean granitoids. {(H. L. James photo.}



136

QUAD CREEK SECTION
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Figure 9— Schematic drawing of outcrop adjoining Quad Creek {Stop 2).
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intrusions view, this magmatic and structural mixing
Amitsoq compounds the problems of isolating the ef-
fects of the Late Archean metamorphismis).

Consequently, isotopic systems are more dis-

\ turbed in this section than in the layered se-
\ quence from the Heliroaring Plateau, and it

\ has not been possible to ascertain the relation

® Granitic gneiss

O Tonalitic qn7
% S
between the protoliths of the earlier Archean
\ rocks from the two areas.
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Na,0 = Ca0 31.2 Highway crosses narrow saddle at Forest Ser-
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Figure 10— Comparison of normalized compositions of sil- 4.6
icic gneisses at Quad Creek. )

35.8 Montana-Wyoming state line.
11.9
Asm 47.7 Stop 4: Long Lake. Along U.S. Highway
AN + Qz + Plag + Mt + [Im 212, immediately southwest of the snow gate
{(just above Long Lake), is a large outcrop of
Long Lake granite, which contains inclusions
of a widespread amphibolite unit (andesitic
amphibolite) and a granodiorite (Long Lake
granodiorite} that are found throughout this
part of the range (Mueller and others, this
volume; Warner and others, 1982). A late
mafic dike (approximately 2.5 to 2.7 Ga) that
has been quarried for road metal is also ex-
umm posed here. The importance of these three
main phases is that they represent the last ma-
S jor episode of crustal growth in this area and
T U\Hbd were produced over a time span of only about
= 50 Ma. This short period, in conjunction with
trace-element and isotopic data, suggest that
these rocks were produced along an Archean
subduction zone. If this interpretation is cor-
rect, these rocks represent the Archean equi-

A= Al 0, ~(Na,0+Ca0)
F =FeO-(Fe,04+Ti0,)
M=MgO

Stippied: Biot stable
Unstippled: Kspar stable

Const P.T, pH20

Gar

t;) 6px
Figure 11— Mineral paragenesis (X) found in iron-formation
and other non-K,O bearing rocks at Quad Creek that sug- :
gest granulite facies. This is a schematic AFM projection. valent of a modern magmatic arc, and the



Beartooth Mountains must lie along a paleo-
continental margin of Archean age. (For more
detailed discussion of ages and geochemistry,
see Mueller and others, this volume.)

The oldest unit is the andesitic amphibo-
lite {AA). This amphibolite is composed of
plagioclase, hornblende, biotite and quartz,
and has an overall andesitic composition. It
varies from coarse to fine grained and occurs
as inclusions in the Long Lake granite and
Long Lake granodiorite. Though smali in size,
larger {kilometer-sized) blocks are also present
in the region. This unit has a distinctive geo-
chemistry highlighted by very high incompat-
ible element contents {e.g., REE, Ba, Sr} as
discussed in Mueller and others (1983). Field
relations (intrusive contacts) suggest the old-
est member of the Late Archean complexes is
approximately 2,792 Ma (U-Pb zircon).

The Long Lake granodiorite {LLGd) is ex-
tremely difficult to recognize consistently in
the field. The best exposures are among the
small outcrops on the north side of the U.S.
Highway 212 directly across from the borrow
pit. In general, this unit appears to have been
a late synkinematic intrusion that varies from
unfoliated to moderately foliated (as in this
outcrop). Less foliated varieties are difficult to
distinguish from the more abundant Long
Lake granite series. The only consistent min-
eralogic difference is the higher abundance of
sphene in the granodiorite. Geochemically,
the unit is also enriched in incompatible ele-
ments, though the rock itself does not appear
to be related directly to the andesitic amphib-
olite. Chronologically, U-Pb zircon determina-
tions suggest a crystallization age of 2,780
Ma.

The Long Lake granite (LLG) varies in
composition from true granite to tonalite, with
the major felsic minerals being quartz, plagio-
clase and K-feldspar; biotite is the only mafic
mineral. This unit is the most voluminous rock
in the eastern Beartooth Mountains and is the
principal unit exposed at this outcrop. Be-
cause bulk compositions of the LLG and LLGd
overlap, the LLG is most easily distinguished
from the Long Lake granodiorite because it is
generally less foliated and possesses a much
lower incompatible element content despite
its higher average Si0O, content. Both units
contain varying amounts of coarse-grained
allanite, which is clearly visible in this area.
U-Pb zircon analyses yield an age of 2,738 +
21 Ma. The generally less foliated nature of
the granite and its intrusive relationship to the

52.7
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granodiorite suggest that it is a postkinematic
intrusion.

In summary, the Long Lake outcrop con-
tains evidence for an early volcanic-plutonic
phase (AA) that was subjected to amphibolite
facies metamorphism at about 2,785 Ma and
then injected by an incompatible element en-
riched granodiorite (LLGd). These two rocks
were then intruded by the Long Lake granite.
This sequence of magmatic and metamorphic
events represents the last major crust-forming
event in this region and the second major
event in the Beartooth Mountains. The pres-
ence of rocks representing both of these
crust-forming cycles is unique to the Bear-
tooth Mountains. Recent summaries of the
Archean geology may be found in Mueller and
Wooden (1982), Mueller and others (1985},
and Mueller and others, this volume. A de-
tailed map of rocks from the general area of
Long Lake is included in Warner and others
(1982).

5.0
Beartooth Lake.

Stop 5: Mafic dikes. The eastern Bear-
tooth Mountains have been extensively in-
truded by mafic dikes since the intrusion of
the Late Archean magmatic complex (Long
Lake granite). A variety of dikes have been
identified (Prinz, 1964; Mueller and Rogers,
1973; Baadsgaard and Mueller, 1973; Wooden,
1975). At this location {exposed along the
west shore of Beartooth Lake) is one of the
most distinctive members of the Late Archean
suite (2.5-2.6 Ga). It is locally referred to as
“Leopard rock.” In most cases, the dike is
composed of a central portion containing
large (normally 2-5 cm) saussuritized plagio-
clase phenocrysts set in an altered ground-
mass that was originally pyroxene and plagio-
clase. The net effect of the alteration gives the
rocks a spotted appearance of white pseudo-
phenocrysts set in a dark green groundmass,
hence the name. The border zones of these
dikes are phenocryst free and the concentra-
tion of larger crystals in the central portion of
the dikes is most likely the resuit of flow differ-
entiation. Similar rocks are found in other Ar-
chean terranes in the Wyoming province.

“Leopard rock” at this outcrop is unusual
in that it is relatively unaltered. The pheno-
crysts here are ~An 80 and their black color is
the result of finely disseminated magnetite.
The groundmass and the chill zone have es-
sentially the same composition. The following
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composition is from Prinz (1964):
Plagioclase phenocrysts (An 80) 57.3%

Groundmass 42.7%
quartz 0.4
plagioclase 17.1
pyroxene 23.0
hornblende 0.3
ores 1.9

in addition, chemical analysis of the phen-
ocrysts {(Mueller, 1971) shows:
Rb = 12 ppm, Sr = 230 ppm, K,0 = 0.5%.

The chill zone composition (Wooden,
1975; Mueller, 1971) is:

Si0, 49.0% Y 27 ppm
TiO, 1.1 Rb 9
ALO; 153 Sr 109
FeO 12.9 Ba 79
MnO 0.2 Zr 89
MgO 7.7 Y 266
Ca0 11.5 Cr 349
Na,O 2.6 Ni 146
K,0 0.2 Cu 109
Zn 109

This dike is classified as one of the Arche-
an metadolerites of Prinz (1964), Group ! of
Mueller and Rogers (1973), and probably has
an age of 2.5-2.6 Ga (Baadsgaard and
Mueller, 1973; Wooden, 1975).

The Precambrian dikes of the Beartooth
Mountains have been more extensively stud-
ied than those of any other mountain range in

% TiO,

the Wyoming-Montana area. The earliest
studies were those of Prinz (1964, 1965).
These studies were followed by more regional
works of Condie and others (1969). Mueiler
and Rogers (1973), and Baadsgaard and
Mueller (1973) presented a detailed study of
the major element chemistry and K-Ar and
Rb-Sr systematics of the eastern Beartooth
dikes. Wooden (1975) extended the major ele-
ment and Rb-Sr studies to the central and
western Beartooth dikes and determined trace
element data for dikes from all three regions.
In the course of these studies, approximately
400 individual samples have been analyzed.
The agreement is good between the earliest
analyses done by wet chemical methods and
those done later by rapid instrumental
methods. Because so many data exist for the
Beartooth dikes, they can be used as the type
example for the Wyoming province dikes, al-
though they may not be typical in all respects.

There are numerous fracture sets in the
Beartooth Mountains, and dikes can be found
occupying most of the orientations repre-
sented by the fractures. A general classifica-
tion based on TiQ, and FeQ;/MgO (Figure
12) is used in the following discussion. The
2800-2500 Ma group {groups 1, 2, 3,4, 5, 8, 9,
11, 13, 16, 17), as might be expected from the
varied chemical groups found in it, shows the
most diverse set of orientations. The
2000-2100 Ma group (groups 6, 7, 12 ?) con-

20
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Figure 12—Plot of TiO, vs total Fe as FeO/MgO for a variety of mafic dikes of the eastern Beartooth Mountains.




tains 2-3 chemical types, but are all generally
oriented north-south. The 1300 Ma (14) and
the 740 Ma (15) groups have one chemical
type each and very consistent orientations of
N 30°W and N 75°W respectively. As a gener-
al rule, one chemical grouping is restricted to
a limited geographic area and consistently
oriented fractures. Only the 1300 Ma alkali-
olivine diabases have been found across the
entire Beartooth Mountains. Some chemical
groups are represented by a single-known
dike. {Although a large number of dikes have
been sampled, there still remain many that are
unsampled.} It is not unusual for different
chemical types to occupy the same fracture
with segments placed end-to-end, but not
side-by-side.

The variety of chemical groups and the
variously oriented fractures that they occupy
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suggest that the 2800-2500 Ma group repre-
sents a number of distinct magmas intruded
over a period of time during which the orienta-
tion of the stress field changed. The 2200-2100
Ma event encompasses 2 or 3 magma types,
but the stress field seems to have remained
constant. The two younger events represent
single pulses of magma. The pattern of intru-
sion in the Beartooth Mountains appears to
range from the complex to the simple with
decreasing age; a pattern that might be cor-
related with a gradual stabilization of crust in
the Wyoming province since 2800 Ma. The
extensive nature of the 1300 Ma event is pro-
bably related to the tectonics of the Belt basin
which was active between 1450 Ma and 900
Ma and the main axis of which is oriented
parallel to the trend of the 1330 Ma dike
swarm (Wooden and others, 1978).
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FIELD GUIDE TO PRE-BELTIAN GEOLOGY OF THE
SOUTHERN MADISON AND GRAVELLY RANGES,
SOUTHWEST MONTANA

Eric A. Erslev
Department of Earth Resources
Colorado State University
Fort Collins, Colorado 80523

Introduction

Southwest Montana exposes an unusual Arche-
an metasedimentary sequence which provides a new
perspective on the diversity of crustal processes and
environments during the Archean. Since the rock
record is biased by preferential recycling of vulner-
able tectonic environments (Veizer and Jansen,
1985), the study of anomalous Archean terranes,
such as are exposed in southwestern Montana, is es-
sential to understanding the full spectrum of Archean
petrogenetic environments.

As a whole, the northwestern Wyoming pro-
vince has many of the characteristics of intermediate
P-T gneiss belts, including kyanite-bearing amphibo-
lite and granulite facies rocks and a predominance of
quartzofeldspathic gneiss (Table 1). The region also
contains abundant carbonate-and pelite-rich meta-
sedimentary domains, an unusual sedimentary asso-
ciation in greenstone belts (Condie, 1981), but not
uncommon in gneiss terranes. These metasedimen-
tary domains are unusually well preserved and strati-

graphically coherent for an Archean gneiss terrane,
locally containing phyllitic slates with excellent tops
indicators.

This field guide will concentrate on the geology
of the least-metamorphosed region in the northwest-
ern Wyoming province—the southern Madison and
Gravelly ranges. These ranges expose a wide variety
of lithologies, from granulite facies tonalitic gneiss of
Middle Archean age to greenschist facies mylonites
and metasedimentary rocks of uncertain age. Excel-
lent, if discontinuous, exposures have been provided
by the combination of thrusting and uplift of base-
ment blocks during the Laramide orogeny followed
by the current phase of basin and range extension.
The superb quality and freshness of exposures give
unusually well-defined, three-dimensional geologic
control relative to most Archean shields. Figure 1
shows the general pre-Beltian geology of the area
traversed during the field day.

Road log

Mileage
0.0 West Yellowstone, Montana {north side of
town); proceed north on U.S. Highway 87.
8.3
8.3 Junction with U.S. Highway 191, turn left
(west} on U.S. Highway 287 toward Hebgen
Lake.
3.0
11.3  Turnout on right; view of Coffin Mountain to
southwest across Hebgen Lake.
10.2
Stop 1: Overview of the southern Madison
Range. The southern Madison Range pro-
vides a crucial link between the pelite-granite
association of the Beartooth Mountains and
the carbonate-dominated metasedimentary

rocks of southwest Montana. This vantage
point shows the southeastern margin of the
range. The Precambrian rocks of the Madison
Range to the west were thrust to the east over
the Phanerozoic section on the Cabin Creek
fault zone (Figure 2). Recent backsliding on
this fault has opened the Madison valley on
the west side of the range, splitting an origin-
ally coherent Laramide uplift into the southern
Madison and Gravelly ranges. This extension
continues today, forming the Hebgen and
Red Mountain faults on the northeast side of
the lake which slipped during the 1959 Heb-
gen Lake earthquake.

To the west, across Hebgen Lake, is a



Table 1—Provenance characteristics of Archean gneiss belts.

Sedimentary

Sequence Age(Ga) Grade(P&T) % Carbonate % Quartzite %Metapelite  %Volcanics Structure References
Western gneiss amp. & gran. Very preserved Blight, 1978
terrain, Western 3.6-3.4  (5-6.5Kb, 750- Present Present Abundant Trace x-beds Gee and others, 1981
Australia -840°C) Myers and Williams, 1985
Limpopo, amp. & gran. none Coward and others, 1976
South Africa 3.5-3.3 10Kb, 800°C) 15% 17% 50% 15% reported Eriksson and Kidd, 1985
Horrocks, 1983
Labrador predominately
3.8-3.6 amphibolite & Present Present Abundant Abundant none Collerson and others, 1976
granulite (<20%) (<50%) reported Windley, 1984
Atlantic granulite amp. & gran.
belt, Brazil 2.7 {4-7Kb, 780- Present Present Present Present none
850°C) reported Wernick, 1981
Napier complex, amp. & gran.
Australia/ Antarctic 3.8-3.3  (8-10Kb, 900°C) Trace Trace Present Abundant none
Territory {(<1%) (<3%) (10%) (<80%) reported Sandiford and Wilson, 1986
amp. & gran.
none Beckinsale and others, 1980
South India 3.4 (9-10Kb, 720- Present Present Abundant Abundant reported Harris and others, 1982
840°C) Weaver and others, 1978
Kapuskasing, amp. & gran. none
Canada 2826 (5.4-84, 600- None None Present Abundant reported Taylor and others, 1986
800°C)
Northwest Wyom- gs. & amp. .
ing province 3.4-26 (3-8Kb, 27% 3% 57% x-beds Gibbs and others, 1986
12% graded beds  Erslev, 1983

500-800°C)
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Figure 1—Basement map of part of southwest Montana showing field stop locations.

complete stratigraphic section through the
Cherry Creek metamorphic suite (Erslev,
1983). From south to north, a thick section of
biotite-garnet schist is followed by a three-
kilometer-thick unit of dolomite marble. This
unit is followed by more finely interlayered
marble, schist, greenschist/amphibolite and
quartzite. These rocks were deposited on an
older basement, the pre-Cherry Creek meta-
morphic complex, consisting of tonalitic mig-
matite-gneiss and intercalcated metasedimen-
tary rocks cut by granitic plutons. These units
form the rugged peaks to the northwest.

The biotite-garnet schist shows excelient
graded bedding with tops to the southeast.
Biotite-garnet geothermometry and assem-
blages containing staurolite and kyanite indi-
cate metamorphic conditions of 615°C and
greater than 6 kilobars. Accompanying defor-
mation resulted in minor duplication of the
stratigraphy on NW-vergent thrust faults.
OAr-*°Ar data from an amphiolite in the
schists give a metamorphic age of 2.7 Ga.
These rocks are cut by a 2.58 Ga granodiorite
sills {Schuster and others, 1987).

Strong textural and metamorphic similar-
ities between these schists and those in the
Jardine area further east suggest that they are
correlative (Figure 3). Recent rare earth
{(Gibbs and others, 1986) and major element
(Table 2) analyses of these rocks support this
correlation. Note that the average Ca0, K,0
and Na,0 contents of pelites from the south-
ern Madison and Beartooth ranges (Table 2)
fall outside of the 95% confidence limits given
by Taylor and McLennan (1985) for Archean
clastic rocks. This apparent compositional sin-
gularity further supports the idea of contigu-
ous sedimentation in the northwestern Wyo-
ming province during Late Archean Time. The
fact that the rare-earth chemistry of the
metapelites and the #Sr-®¢Sr isotopic compo-
sition of the marbles more closely resemble
post-Archean sequences than Archean se-
quences led Gibbs and others (1986) to sug-
gest that many of the proposed changes in
earth composition at the Archean-Proterozoic
boundary may be more a function of sampling
bias than true temporal changes.

21.5  Turnoff on left to Hebgen Dam.
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Figure 2— Generalized map of the Precambrian geology of part of the southern Madison Range (after Erslev, 1983).

0.6 Hebgen Lake earthquake (Figure 4). The

Stop 2: Hebgen Dam. The thickest dolomite Hebgen Dam was repeatedly overtopped by
marble unit in the Cherry Creek metamorphic seiches and the spillway was badly damaged
suite is exposed across the dam. The lack of {Figure B). The Hebgen fault scarp of 1959 is
calc-silicates in these dolomite + qtz (* exposed above the highway. Collapse
phlogopite + chlorite) marbles suggest rela- grabens and fissures immediately adjacent to
tively high P., during metamorphism (615°C, the fault suggest a curved fault plane at
> 6kb from associated pelites}. Retrograde depth.
meta'morphism .due to fluids circulating in the 22.1 Cabin Creek campground and earthquake
Madison mylonite zone to the north becomes scarp exhibit on right.
apparent here, resulting in abundant second- 20
ary chlorite. 24.1 Madison County line.

On the evening of August 17, 1959, this 3.4
portion of U.S. Highway 287 was severed by 27.5 Turn right (north) to U.S. Forest Service

landslides triggered by the 7.5 magnitude Earthquake Visitor's Center (Figure 6).
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Figure 3— Dip-corrected lithostratigraphic columns and depositional model of metasedimentary sequences in southwest Mon-
tana. No correction for internal strain has been attempted.

10.4 steepened by erosion prior to the landslide.
Stop 3: Upper parking lot of Visitor Center. The breakage of this wall caused the land-
The Madison Canyon landslide occurred due slide. The slide moved as a coherent mass,
to a combination of an over-steepened, un- preserving the relative stratigraphy of the
stable slope and the sudden acceleration of original bedrock. The stratigraphic coherence
the seismic event. Units on the southern side of the slide mass, its transport far up the
of the canyon consist of a phyllonitic schist northern slope, and reports of high-velocity
overlain by a thinner unit of dolomite marble. wind gusts adjacent to the slide, suggest that
This marble acted as a retaining wall for the the sliding was facilitated by a layer of trapped,

weaker schist, allowing the slope to be over- compressed air.
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Table 2 Compositions of clastic metasedimen-
tary rocks from the Wyoming province (weight
percent).

Southwest Montana Wyoming Worldwide

1 2 3 4 5 6
Sio, 65.4 59.7 66.6 66.6 65.6 65.9 = 2.2
Ti0, 07 08 05 05 0.6 0.6 + 0.1
Al0; 14.8 17.5 13.9 16.0 16.8 149 £ 1.3
Fel 69 82 69 76 6.0 64 + 1.5
Mg0 33 39 32 36 3.2 3.6 + 1.0
Cal 1.6 1.9 12 11 2.3 33 £ 1.1
Na,0 20 19 21 20 3.8 29 £ 05
K.0 26 3.0 25 28 2.5 22 + 03
K,0/Na,0 1.3 16 15 14 0.7 0.76
FeO+Mg0 10.2 12.1 10.1 1.2 9.2 10.0

1. Average of 14 schists, southern Madison Range, Montana

. Figure 4—Severed U.S. Highway 287 along north sh f
2. Average of 3 schists, western South Snowy block ghway g north shore o
9 Y Hebgen Lake, August 18, 1959. (1.J. Witkind photo, courtesy

3. Average of 13 schists, central South Snowy block, Mon- U.S. Geological Survey.)

tana (Thurston, 1986)

4. Average of 6 schists, central South Snowy block {Gibbs
and others, 1986)

5. Average of 23 greywackes, Wind River Mountains, Wyo-
ming (Condie, 1967)

6. Average Archean clastic sedimentary composition +95%
confidence limit (Taylor and Mclennan, 1985)

The unconformable, conglomeratic con-
tact between the Late Archean Cherry Creek
metamorphic suite and the Middle Archean
pre-Cherry Creek metamorphic complex is ex-
posed midway up the north canyon wall. This
contact is complicated by a zone of ductile
shearing and retrograde metamorphism sever-
al kilometers in thickness, the Madison mylon-
ite zone {(Figure 7). In this shear zone, folia- Figure 5— Spillway damage at Hebgen Dam. (Montana
tions are rotated about a horizontal, NE-trend- Power Company photo.)
ing axis until they dip at moderate angles to
the northwest. Rotations of foliation, stretch-
ing directions, fabric asymmetry, minor fold
axes and rock strain all indicate up-dip thrust-
ing in this ductile fault zone. This motion
brought older pre-Cherry Creek rocks over the
younger Cherry Creek units. “°Ar-**Ar horn-
blende analyses of mylonitic rocks show per-
vasive argon-loss at 1.9 Ga, with muscovite
WAr-33Ar totally reset to 1.9 Ga, the inferred
age of shearing.

Exposures along the road to the north
contain a variety of mylonitic schists and am-
phibolites. Amphibolitic rocks typically con-
tain hornblende augen surrounded by finer-
grained epidote, chlorite and needle-like actin-
olite. Some of these rocks have lenses of am-
phibolite stretched to a 20 to 1 axial ratio in

- o e Figure 6—View of Madison Canyon landslide area from
the vertical, XZ plane containing the dip direc- visitor's center. (U.S. Forest Service photo.)
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Foliation orientations within 1 kilometer of profile

Earthquake
I\ Lake
Pre-Cherry Creek Madison Mylonite

Metamorphic Complex

x
xxxxxxx
xxxxxxxxx

xxxxx
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Cherry Creek
Metamorphic Suite

Granitic rocks [ ] Mylonitic rocks

Tonalitic gneiss

0

{ L

2 kilometers

A

Mo vertical exaggeration

Dolomite marble

Schist and quartzite

Figure 7— Structure section through A-A’ in Figure 2 showing foliation orientations within 1 kilometer of the structure section.

tion. These pods may have originated as
pillow basalts. In the talus, fine-grained
quartzite, garnet-muscovite schist, partially
sheared gabbro and feldspathic gneiss can be
found.

While it is tempting to use this shear zone
as a suture, the excellent stratigraphic correla-
tion between the Cherry Creek sequences
south of the shear zone in the southern Madi-
son Range and north of the shear zone in the
central Madison and Gravelly ranges makes
this unlikely {(Figure 3). In addition, lithologic
units within the shear zone show remarkable
continuity, suggesting continuous, penetra-
tive ductile shearing during a Late Proterozoic
compressional event.

To the northwest, K-Ar analyses give
predominantly Proterozoic ages, indicating
that the southern Madison Range is on the
margin of a major Proterozoic orogenic belt
{(Giletti, 1966). The Archean rocks northwest
of the southern Madison and Gravelly ranges
become progressively more highly metamor-
phosed, suggesting that Proterozoic thrusting
has exposed successively deeper levels in the

37.9

39.9

52.6

53.4

55.4

56.7

Archean crust to the northwest. The docu-
mentation and differentiation of Proterozoic
and Archean events throughout southwest
Montana will be essential to the interpretation
of the northwestern Wyoming province.

Rest area on south side of U.S. Highway 287.

2.0
Pinedale moraine on north side of highway.

12.7

Turn left {west) on McAtee Road, just before
Indian Creek bridge.

0.8
Intersection with Ruby Creek campground
road (to south). Proceed straight ahead on
Johnny Gulch Road.

2.0
Cattleguard. Facilities on north side of road
owned by Cyprus Industrial Minerals. Turn
left (south) on dirt track. Please close gate!
Dirt tracks ahead; follow track between fence
rows.

1.3
Entrance to Wall Creek Wildlife Management
Area. (Be advised on seasonal closure to motor
vehicles.)
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0.5

57.2 Turn right (west) into Ruby Creek drainage

and park. Geologic traverse extends 3 to 4
kilometers up Ruby Creek drainge.

Stop 4: Structural repetition of Gravelly
Range metasedimentary rocks. To the east,
the rugged peaks of the Hilgard and Taylor
Peak areas of the southern Madison Range
expose the Middle Archean pre-Cherry Creek
metamorphic complex and associated intru-
sive granitic rocks. Cherry Creek rocks with
clearly correlative stratigraphy are exposed be-
low the distinctive Sphinx Mountain, which is
composed of a Laramide synorogenic con-
glomerate. The same stratigraphic sequence
is exposed north of Johnny Guich (Figure 8).
The large dolomite unit to the north, which is
correlative with the marble seen at Stop 2,
hosts the largest talc production in the west-
ern hemisphere in two mines operated by
Cyprus Industrial Minerals and Westmont
Mining Company.

The field trip ends with a walk to the
northwest through a mixed pelitic-psammitic-
iron-formation-carbonate sequence which is
duplicated by a series of thrust nappes. These
rocks differ from those of the pelitic sequence
in the southern Madison Range in several im-
portant ways. Lithologically, they are much
more varied, with abundant marble, trough
cross-bedded quartzite and iron-formation
lacking in equivalent strata. Structural fabrics
indicate a predominance of southeast-vergent
tectonic transport, a characteristic of the 1.9
Ga Madison mylonite zone. The occurrence of
low-grade phyllites recording only one stage
of metamorphism suggest that some of these
rocks may not have undergone Archean am-
phibolite-facies metamorphism. Either the
prograde event during the Proterozoic ex-
ceeded the Archean metamorphic imprint, or
this sequence may be Proterozoic in age. Cur-
rent investigations are attempting to unravel

the structural and metamorphic chronology of
this area.

Retrace route to U.S. Highway 287.
Turn left (north) to Ennis.
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oblique of the southern Madison Range, Montana. Madison Canyon landslide and Quake Lake are seen in lower right of photograph.
{Hugh Dresser photo.)
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FIELD GUIDE TO THE HIGHLAND MOUNTAINS,
SOUTHWEST MONTANA

J. Michael O'Neill
U.S. Geological Survey
Denver, Colorado 80225

Introduction

The basement rocks in the southern part of the
Highland Mountains are exposed in the Twin Bridges
15-minute quadrangle and adjacent Wickiup Creek
and Nez Perce 7%-minute quadrangles. This field
guide begins in Twin Bridges, located in the south-
east quarter of the guadrangle and proceeds north-
westward across the southern and northern parts of
the mountains to Butte, (Figure 1} . The purpose of
the field trip is: (1) to visit outcrops on the southeast

side of the Highland Mountain dome to examine
quartz-feldspar-biotite gneiss, garnetiferous gneiss,
and biotite gneiss; (2) make a 5-mile foot traverse
across the southwestern part of the dome; (3) make
an auto traverse across the uppermost biotite gneiss;
and (4) to view a complete section of metasedimen-
tary rocks of the Middle Proterozoic Belt Super-
group, as well as travel across the southern part of
the Boulder batholith.

Road log

Mileage
0.0 Twin Bridges. Intersection of Montana routes
287 and 41; proceed west on Montana
Route 41. Cross Beaverhead River.
0.6
0.6 Turn right on paved, non-designated county
(Melrose) road.
1.2
1.8 Cross Big Hole River.

Stop 1: Overview of the Highland Mountains.
Outcrops of crystalline rocks in the Highland
Mountains outline a roughly triangular area of
low-lying terrane, ranging in elevation from
5,000-8,800 feet. These crystalline rocks are
part of a partially collapsed, basement-cored
uplift of Laramide age. The uplift is a large,
doubly plunging, N-NW-trending lLaramide
anticline. The crystalline basement rocks are
bounded on the west mainly by homoclinally
dipping Paleozoic rocks that, on the north and
south, are folded into synclinal bends over-
turned to the west-southwest and faulted
against crystalline rocks along NW-trending
faults. On the northeast, the NW-trending,
SW-dipping Silver Star reverse fault with
structural relief near 8,000 feet has juxtaposed,
overturned and thrust-faulted Devonian
through Pennsylvanian sedimentary rocks
against basement crystalline rocks. Crystalline

rocks in the central part of the uplift are also
cut by conspicuous NW-trending faults that
first formed in Precambrian time and which
have been reactivated during the Mesozoic
and Cenozoic. On the north the cratonic rocks
are overlain by homoclinally dipping Protero-
zoic through Mesozoic sedimentary rocks.
The highest parts of the range, visible from
this point, are underlain by Belt quartzites and
siltites that are present near the base of this
sedimentary succession. The basement rocks
consist of penetratively deformed, amphibo-
lite-grade metamorphic rocks that define a
large, doubly plunging antiform that trends
northeast to east and herein is referred to as
the Highland Mountain dome.
0.8
2.6 Junction; bear right (northwest) on Roches-
ter road.
1.8
4.4 Junction; turn right and ascend steep incline
onto pediment surface cut on basement rocks
of the Highland Mountains.
1.1
b.b Stop 2: Southeast limb of Highland Moun-
tains dome. (After passing through gate, des-
cend about 20 meters into the first dry guich.)
Outcrops in this gulch are on the southeast



To Butte

RADER CREEK PLUTON

WICKIUP CREEK
|QUABRANGLE

CREEK -
Contact

Normal fault
Reverse fauit

A

Thrust fault

High-angle fault e “r‘
Shear zone 3
(e}
Anticline {antiform) %)
Syncline {synform} w .
nclin .

Y Y < i’
Monocline . \2 .
Diabase dike S [ Nl

ol Q L /‘5/ v
A 7 A5°
BN 7 45 37
‘ s s

Quaternary alluvium

Pliocene-upper Eocene
sedimentary rocks

Eocene basalt
Tertiary-Cretaceous igneous rocks
Mesozoic-Paleozoic sedimentary rocks

Middle Proterozoic Belt Sunergroup
sedimentary rocks

Archean biotite~garnet gneiss
Archean mylonitic biotite gneiss
Archean garnetiferous gneiss R N

, e Field trip route
Archean quartz-feldspar-biotite gneiss

Archean leucocratic gneiss « @« « &« ¢ ¢ FOOt traverse

F
112°
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limb of the dome. The rocks that overlie the
core of the dome consist principally of quartz-
feldspar-biotite gneiss and biotite gneiss.
These rocks are separated from one another
by a garnet-rich horizon of gneiss and schist
that includes anthophyllite-garnet gneiss,
mica schist, marble, amphibolite and magnet-
ite gneiss. Here, these three rock sequences
dip southeast, away from the axial part of the
dome. Note the very platy character of the
quartz-feldspar-biotite gneiss and the sheared,
augen-bearing character of the overlying bio-
tite gneiss. Small folds and rotated augen in-
dicate that tectonic transport was down dip to
the southeast.

Continue northwestward on narrow
dirt road.

153

gently folded into open synforms and anti-
forms and are strongly injected with pegma-
tite, augen gneiss, finely layered leucogneiss,
and foliated granitic gneiss. Minor folds and
rotated augen indicate relative tectonic trans-
port down dip to the northwest. At the end of
the traverse, in the northeast quarter of sec-
tion 28, a coarse-grained, vertical granitic
pegmatite intrudes quartz-feldspar-biotite
gneiss. The dike is associated with thin sills of
augen gneiss that appear to have been derived
from the pegmatite, and injected into the wall
rock; these sills thin and pinch out away from
the dike. The dike, 10-12 feet thick in its lower
parts, thins upward and terminates in pods of
leucoaugen gneiss.
4.8

15 11.9 Big Bonanza mine. Proceed southwest
6.5 Junction; bear right (northeast) on trail road downhill to Rochester road.
toward the ruins of Rock Springs Ranch. _0'9 ]
0.6 12.8 Junction; turn right (north).
7.1 Junction. Park vehicles on south side of 2.0 .
14.8 Stop 4: Dougherty Butte. (Myionitic biotite

gate leading to Rock Springs Ranch.

Stop 3: Begin 5-mile foot traverse which
commences along a dirt road from this point,
crossing through section 2, T3S, R7W.* The
traverse begins in the lower part of the quartz-
feldspar-biotite gneiss, through the rather
broad contact zone between these well-lay-
ered rocks and the underlying leucocratic
augen gneiss, across the axis of the dome,
and down the northwest limb of the dome.
Follow the road northward to the crest of the
high ridge. The best outcrops are west of the
road, along the south-trending spur that leads
to the ridge crest. The axial part of the dome
crosses the highest part of the traverse. South
of the ridge crest, the axis of the dome bifur-
cates, resulting in a complexly foided, medial
synform separating two antiforms exposing
core rocks along their axes. These folds
plunge gently southwest beneath the overly-
ing quartz-feldspar-biotite gneiss. At the west
side of the axis of the dome, core rocks con-
sist of massive, strongly sheared and folded
granitic gneiss to quartz-feldspar-biotite
gneiss. Foliation in these rocks is axial planar
and widely variable. The northwest side of the
dome is more complex than the southeast
side.

The quartz-feldspar-biotite gneiss and
amphibolite that rest above the core rocks are

gneiss and diabase dike). The biotite-rich
gneiss is the structurally highest metamorphic
sequence in the Highland Mountains. The
gneiss is divided into two mappable units—a
lower mylonitic biotite gneiss and an upper bi-
otite-garnet gneiss. The composition of both
units is essentially biotite, quartz, plagioclase
and garnet. Plagioclase porphyroblasts are
common in the biotite-garnet gneiss, but in
the mylonitic gneiss these crystals are anhed-
ral and broken, or may be sheared and drawn
out in the plane of foliation, or may occur as
augen. The mylonitic gneiss is also character-
ized by a very planar foliation, and focally con-
tains abundant boudins and tectonically
distended fragments of amphibolite up to 1
meter in diameter. In contrast, the foliation in
the overlying biotite-garnet gneiss is strongly
folded and contorted, and is not sheared. The
biotite-garnet gneiss is folded into a NE-trend-
ing synform that plunges gently southwest.
The trace of the axis of the fold lies directly
west of the mylonitic biotite and biotite-garnet
gneiss contact; however, the mylonitic biotite
gneiss does not reemerge on the opposite side
of the synform, as it should if these lithologies
were a part of a pre-existing layered se-
quence. The mylonitic gneiss is interpreted to
have formed synchronously with the Highland
Mountain dome and the adjacent synform,
and represents a major zone of shear along

* For pickup at end of traverse, vehicles should turn right at trail
road junction and proceed northwestward 4.5 miles to the Big
Bonanza mine (Figure 1}, At a dirt road junction, turn right for
1.5 miles to a cattle watering trough in the NE corner of section 28.

which rocks slid off the axis of the dome.
1.7
16.5 Stop 5: Low pass. Biotite-garnet gneiss.
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18.6

20.3

20.6

22.3

Camp Creek fault (0.3 miles to the north) sep-
arates biotite gneiss from coarse clastic facies
of the LaHood Formation of the Belt Super-
group (Figure 1, O'Neill and others, this vol-
ume).

2.1
Junction; turn right onto Camp Creek road.
{Road to left follows drainage of same name
that uitimately leads to Melrose.) The route in
this area traverses more that 8,000 feet of Pro-
terozoic Belt sedimentary rocks, passing
through the lowermost LaHood Formation into
Newland, Greyson, Spokane, and Helena
{middle Belt carbonate) formations, and
through a thin section of the Missoula Group
in the upper part of the Belt Supergroup.

0.2
Moffet Gulch to left.

0.3
Bear right (uphill).

1.7
Turn left; follow switchbacks uphill. (Note:
Road is not shown on Wickiup Creek 7 %2-min-
ute quadrangle.)

245

25.1

29.1

2956

37.5

51.1

2.2
Leave Wickiup Creek 7 '2-minute quadrangle

0.6
Pass. Camp Creek drainage basin to the
south, Moose Creek drainage basin to the
north. The route is situated on part of the
Spokane Formation at this location. Gold Hill
{11:00) is underlain by the Helena Formation
and a small stock related to the Boulder batho-
lith.

8.0
Junction; turn right on Benton Park/High-
land road.

0.4
Highland mine. Mine is in skarns associated
with fault wedges of metasedimentary rocks
surrounding the Burton Park pluton, satellite
of the Boulder batholith.

8.0
Junction with Montana Route 2; turn left.

13.6

Intersection with Harrison Avenue, southern
city limits of Butte.
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FIELD GUIDE TO MESOSCOPIC FEATURES IN THE
LAHOOD FORMATION, JEFFERSON RIVER CANYON
AREA, SOUTHWESTERN MONTANA

Sharon E. Lewis
Montana Bureau of Mines and Geology
Butte, Montana 59701

Introduction

The Jefferson River Canyon south of LaHood
Park in Madison County, Montana, is the site of
spectacular, scenic exposures of Proterozoic to
Mesozoic rocks, but perhaps the most distinctive
unit exposed in the canyon is the Middle Proterozoic
LaHood Formation of the Belt Supergroup. The dis-
tinctive and compelling well-exposed lithclogies have
attracted numerous geologists. The type section of
the LaHood Formation is at this locality (Alexander,
1955; McMannis, 1963), although within the larger
outcrop area of the formation, the rocks in the can-
yon may be somewhat anomalous. {See Schmitt,
this volume for a summary of interpretations of
LaHood Formation depaositional environments and
tectonic settings.)

This field guide is limited to observations of
three well-exposed outcrops along or near Montana
Route 2 in the LaHood Formation at the northwest
end of Jefferson River Canyon. Other field guide
coverages to the canyon and the LaHood Formation

include Schmidt and others (1987), and Hawley and
others (1982). Lithologies exposed here are sand-
stones; lithic sandstones; pebble, cobble, and
boulder conglomerates {the most immediate attrac-
tion); and sparse fine- grained siltstone or argilla-
ceous layers. Sedimentary features such as graded
bedding (both normal and reversed), cross stratifica-
tion, pebble imbrication, and channels and scours
{large and small scale) are readily observable in one
or the other of the three exposures. The conglomer-
ates are polymictic, and clast lithologies include
quartzofeldspatic gneisses and granitoids, amphibo-
lites (ranging from fine to coarse grained, occasion-
ally garnet bearing), limestone/marble (commonly
with light-brown weathering calc-silicate layers),
pegmatites, quartzites, and other minor lithologic
types. Inasmuch as the clasts are generally remini-
scent of southwestern Montana Archean lithologies
presently exposed to the south and west, the age of
the clasts is presumed to be Archean.

Road log

Mileage

0.0 LaHood Park: proceed south and east on
Montana Route 2. (Note: The field stops in
the narrow confines of Jefferson Canyon are
in hazardous locations along the highway.
Please use caution in parking and be advised
of traffic.)

0.5

0.5 Stop 1: Gulch on the east side of the high-
way. Parking is ample in the immediate area.
Stay Alert! In the appropriate season, the
rattiesnake population may locally exceed the
geologist population. Ticks are also seasonally

abundant.
This site is the second stop in the field

guide of Schmidt and others (1987) and adja-

cent to the gulch iocation of the original type
section of Alexander (1955) (Figure 1}. Bed-
ding dips very steeply to the east, and the
most prominent feature is a greater than 1
m-wide pegmatite boulder in a conglomerate
on the east end of the outcrop. Viewed from
the road, or slightly closer, another prominent
feature is a 10 m-thick, chaotically bedded,
boulder conglomerate layer. Its basal contact
is offset several meters in an apparently sin-
istral sense along the principal thrust of a
minor fault zone approximately 30 centimeters
wide. Subparallel faults which offset cobbles
and narrow argilliceous beds show a lesser,
but compatible movement sense. Fractures
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EXPLANATION
- A . - W )
-] Sandstone with finer grained o BoQ Coarse conglomerate; soiid black .\ s crommenag,
“if variably argitlaceous layers. patterns indicate specific boulders. RVi Vein-filled fractures. Fault.

Figure 1—Sketch of roadcut face at Stop 1.

Sandstone; may be coarse, arkosic
to sfightly conglomeratic.

veined with calcite (Figure 1) dip very steeply zones of deformation. The low-angle faults lo-
(parallel or subparallel} to bedding at this loca- cally parallel bedding, but more commonly are
tion. at some angle to the bedding. The lower-

Sedimentary features dominate this out- angle faults offset very steeply to vertically
crop. Two large cobble conglomerate beds, dipping, vein-filled fractures, in a sinistral
the easternmost of which contains the large sense as displayed in the offset shown in Fig-
pegmatite boulder, occur east of the above ure 2. En echelon vein-filled fractures are lo-
described chaotic boulder bed. Coarse sand- cally common in this exposure.
stone and conglomeratic sandstone form the 0.2
largest volume of the outcrop. Graded bed- 1.0 Stop 3: Roadcut; parking is adequate at
ding is observable in several layers. Zones either end of the cut. Coarse clastic rocks are
with thinner-bedded layers increase to the the major lithology at this location. Conglom-
west of the chaotic boulder bed, although a erates form a significant proportion, although
very prominent zone of thin-bedded sand- similar to the preceding locality, clasts larger
stones, silty and argillaceous sandstone than 30 centimeters are uncommon, Good ex-
wedges, occurs just east of the boulder bed. amples of pebble imbrication are present at
Three irregularly bedded conglomerates can the northwest end of the exposure. Large
be traced from exposure level up to the fault channels and graded bedding also may be
on the west end of the outcrop. observed here.

0.3

Mesoscopic structural features are much
more abundant at this stop than in the preced-
ing locations. Gently to moderately dipping
faults similar to those at Stop 2, and shown in
Figure 2, are much more numerous. Steeply
dipping, vein-filled fractures, and steeply dip-
ping shear zones also occur more frequently
at this location. One of the most intriguing
mesoscopic features to be seen along this cut
are offsets involving numerous cobbles within
the conglomerates. Some cobbles are simply
sheared off along faults with no remnant of
the matching portion, but a few show
movements of a few millimeters to several
centimeters with respect to the same cobble.
The cobbles are cut by both low-angle and
steeply dipping faults, in a few instances with-

0.8 Stop 2: Roadcut; parking space is available at
both ends of the cut. Although not as coarse
and obviously chaotic as the preceding loca-
tion, conglomerates are a significant feature
of this exposure. Toward the southeast, very
irregularly bedded conglomerates show inter-
digitating relationships with sandstones. The
northwestern end of the exposure is generally
finer grained and more regularly bedded than
the southeastern portion. Figure 2 shows
some of the few fine-grained argillaceous
layers interbedded with finer sandstone and
siltstone. This zone “feathers out” into the
coarser material up dip several meters west of
the view seen in Figure 2. Conglomeratic
lenses are also visible above the finer beds.

Compared to the previous exposure, in the same cobble. Lower-angle, E-dipping
mesoscopic structural features are also more faults consistently show an apparent sinistral
numerous at this location. Gently to moder- sense of offset, conversely W-dipping faults
ately dipping shear zones {an example of exhibit an apparent dextral offset (Figures 3,
which can be seen in the center of Figure 2) 4, 5). In most cases, higher-angle faults and
are interspersed throughout this roadcut. vein-filled fractures are offset or terminated by

Some of these shears have 15 to 30 cm-thick the lower-angle faults. At least two 1 m-wide
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Figure 2 Argillaceous (a) and congiomeratic (c) sandstone
of the LaHood Formation exposed in roadcut at Stop 2. Note
offset of vein (v} by bedding plane fault {f). View is toward
the northeast.

Figure 5—Zone of deformation along moderately dipping
fault, parallel or sub-paraliel to the thrust which places
LaHood Formation over Paleozoic rocks.

Figure 3—Marble clast showing dextral offset along zones of relatively significant offset are ob-

W-dipping fault. Pocket knife for scale rests on plane of off- servable along this cut. Both faults dip moder-
set. View is toward the northeast. )

ately to the northwest.

The zone of deformation along the west-
ernmost fault is shown in Figure 5. These
faults roughly parallel the main fault which
terminates the LaHood Formation exposures
on the far eastern end of the roadcut and dis-
places Middle Proterozoic rocks over Paleozo-
ic, and locally, Mesozoic rocks {Schmidt and
others, 1987). Near the eastern end of the cut,
a large vertically dipping shear zone, approxi-
mately one meter wide, shows some local off-
sets by lower-angle faults. This feature is
roughly parallel to, but much larger than, the
vein-filled fractures. Small veins within this
shear zone and the lower-dipping zone im-
mediately to the southeast contain talc, cal-

Figure 4— Quartzofeldspathic gneiss cobble showing sinis- cite and quartz (R. B. Berg, personal com-
tral offset along E-dipping fauit. munication, 1988).
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Discussion

A tentative sequence of formation of small-scale
structures in Jefferson Canyon can be derived from
the rocks exposed at the three field stops. Figure 6
shows an equal area plot of poles to bedding sur-
faces (measured, mostly at road level, from north-
west to southeast), which suggest that these rocks
have been folded. The fold axis would be approxi-
mately N4OE @ 20 NE. This is consistent with the
slightly variable fold axes trends depicted by Schmidt
and others (1987). Steeply dipping, vein-filled frac-
tures maintain a consistent orientation over all three

Figure 6 —Equal area plot of 33 poles to bedding measured
from road level between Stops 1 and 3. Contours are 3%,
6%, 9% and 12%.

locations, and, if they represent a single generation
of fracture filling, do not appear to have been af-
fected by the folding event. These fractures are dem-
onstrably offset by lower-angle faults, which are the
classic conjugate set which would be associated with
thrust faults (cf:, Ramsay and Huber, 1987). The
smaller-scale conjugate faults are probably related to
the major thrust which plots compatibly with the
lesser faults on an equal area plot. The fault which
displaces the steeply dipping chaotic boulder bed at
Stop 1 has the same movement sense (sinistral) as
the other E-dipping conjugate faults and is likely
related to them. The offset of the vertical bedding in-
dicates that the fault is post-folding, which may be
the case for the major thrust as well.

Although penetrative cleavage is common in
Belt Supergroup rocks throughout southwestern
Montana, it is rudimentary to nonexistent in these
outcrops. This is most likely a function of lithologic
composition because such a high percentage of
these rocks are phyllosilicate poor. Brittle fractures
abound, with minor brittle-ductile behavior occurring
along major shear zones. Most of the strain appears
to be accommodated by brittle fracturing and inter-
fault regions are likely zones of low to zero strain.
Pure shear (irrotational strain} is the dominant mode
of deformation. The few scattered vein-filled fractures
may serve as local pressure solution sinks, but that
process appears to be minor.

This preliminary study suggests that a consider-
able amount of interesting work could be accom-
plished, both by looking at a greater spectrum of the
LaHood Formation in the Jefferson Canyon area,
and by comparing minor structural features in the ad-
jacent Phanerozoic section with those in the forma-
tion.
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FIELD GUIDE
TO A SECTION THROUGH THE NORTHERN IDAHO
BATHOLITH AND SURROUNDING HIGH-GRADE
METAMORPHIC ROCKS*

Donald W. Hyndman and David A. Foster**
Department of Geology
University of Montana
Missoula, Montana 59812

Introduction

This field trip traverses a well-exposed cross sec-
tion of the northern Idaho batholith and briefly ex-
amines the broad aspects of this deep-seated grani-
toid body and its regional metamorphic country
rocks. It also considers the role of synplutonic mafic
magmas from the mantle in providing heat for melt-
ing of continental crustal rocks to form the more-
felsic main-phase units of the batholith. The route of
the field guide provides an opportunity to study the
following:

3.

Fine-grained synplutonic dikes of basaltic andesite
to andesite which cut the batholith and make up
about 20% of the total batholith volume; their
complex mixing relationships with the batholith
magmas.

. High- to medium-grade regional metamorphic

rocks and sheet-like intrusions of the western
border zone.

. Injection migmatites in the border zone rocks.

1. Low- to high-grade regional metamorphic rocks of 6. Some of the structures which relate to emplace-
the eastern border zone. ment of the batholith.
2. Main-phase granodiorite to granite of the batho-
lith. 7. Early western border zone tonalites.
Road log
Miieposts
90.1 Missoula, Montana to Lowell, Idaho via U.S. fault, a steep reverse fault with the south side

Highways 12 and 93. Bridge across Bitterroot
River at south edge of Missoula.

88.4 Roadcuts in red to pale-brownish to pale-
to  green, well-layered mudstones of Proterozoic
87.4 Missoula Group of the Belt Supergroup. These
rocks show rippie marks and mudcracks indi-
cative of deposition in shallow water, perhaps
a tidal flat or river flood piain. Similar, poorly
exposed rocks continue to the proximity of

Lolo.

83.4/ Junction: Lolo, Montana; turn right on U.S.
32.6 Highway 12. This route follows the Lolo Creek

*Modified from material prepared for the International Geological
Congress (1989) and International Association of Volcanology and
Chemistry of the Earth’s Interior (1989).

**Present address: Department of Geology, State University of
New York, Albany, New York 12222,

up. Wallace Formation {(underlies Missoula
Group) sedimentary rocks of the biotite zone
of the greenschist facies are on the north or
downthrown side; Ravalli Group quartzite
(underlies Wallace Formation) in the amphib-
olite facies is on the south or upthrown side.
Prichard Formation semipelitic metasedimen-
tary rocks of the lower Belt Supergroup, un-
derlying the Ravalli Group farther south, are in
the sillimanite zones bordering the northern
Idaho batholith. Along the highway (for 25
miles) between Lolo and Lolo Hot Springs,
are exposures of pale-gray to white, poorly
bedded quartzite of the Ravalli Formation al-
ternating with dark, rusty weathering, thin-
bedded dolomitic siltstone of the Wallace For-
mation.
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to
25.1
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to
8.1

7.5

0.0/
174.35

170.8

169.75

165.8

165.06

Lolo Peak (elev. 9,075}, visible on the skyline
to the south, is in sillimanite zone of Prichard
Formation metasediments (Wehrenberg,
1972). The northeast corner of the Idaho batho-
lith is 15 kilometers farther south.

Pale-gray quartzite of the Ravalli Group in
roadcut.

Roadcuts are mostly in thinly layered Wallace
Formation sedimentary rocks with variable de-
grees of rusty weathering.

Large exposure of the Eocene Lolo batholith
at Lolo Hot Springs {just inside contact of the
batholith). It is a shallow, hypersolvus, A-type
granite with miarolitic cavities.

Lolo Pass. Montana-ldaho border (elev.

5,233').

Small metamorphosed gabbroic layered intru-
sion in roadcut; studied by Jens {1974). The
black ultramafic layers of diopside and horn-
blende alternate with gray mafic layers of fol-
jated amphibolite. The intrusion is faulted and
cut by many discordant pegmatites, but its
age, though pre-metamorphic, is uncertain.

Immediately northeast of bridge across
Crooked Fork Creek, exposure of quartz dior-
ite or granodiorite of the Brushy Fork stock
{Nold, 1974}, is cutting metaBelt quartzite. It
is a medium-grained biotite quartz diorite or

tonalite with about 20% biotite. The foliation

is oriented about 113°/71°NE. The granitoid
rock is cut by a discordant muscovite granite
pegmatite/aplite dike. A T m-long xenolith of
muscovite-biotite quartzite has foliation and
layering concordant to the contact and to the
foliation in the granitoid intrusion. Crosswarps
of the schistosity are at about 90°.

Calc-silicate paragneiss, probably meta-Wal-
lace Formation of the Belt Supergroup, has
been regionally metamorphosed to the am-
phibolite-facies. Layering oriented 074/45°N
is cut by a concordant muscovite-biotite-
quartzofeldspathic alaskite dike about 15 cen-
timeters thick and a discordant dike 45 centi-
meters thick. A vertical granite dike 3 or 4
meters thick, has reacted with diopside to
form black hornblende. Several fine-grained
mafic dikes about 60 centimeters to 1 meter
thick dip gently northeast. These are internally
foliated and contain small biotite porphyro-
blasts.

A rockslide made up of large blocks of well-
layered meta-Wallace Formation with actino-
lite-diopside-plagioclase layers and biotite
quartzite layers. The largest block above the

159.5
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highway shows a well-developed dilational
pegmatite with thin aplite and pegmatite bor-
ders. Smaller blocks just below highway and
slightly east show a rippled-looking surface:
Are these preserved ripple marks or the inter-
section of a spaced cleavage cutting layering
and schistosity?

Papoose Creek. Located 0.1 miles to the
northeast, nearly vertical dark-gray synpluton-
ic mafic dikes cut granite and metasedimen-
tary rocks of the Idaho batholith border zone.
The dikes trend nearly parallel to the roadcut.
The dikes are metamorphosed and now con-
sist of biotite-plagioclase rock. Strong folia-
tion and slight lamination in the dikes are es-
sentially parallel to the dike walls. Granite and
pegmatite dikes up to 1.2 meters thick cut the
mafic dikes.

Stop 1: Park in smali turnout just east of
curve on south side of highway. Megacryst-
rich biotite granodiorite, apparently an early
complexely deformed phase of the Idaho
batholith, shows complex veining by granitic
dikes; the most-photogenic exposures are in
blocks below highway and slightly east of
turnout. K-feldspar megacrysts average about
2.5 x 4 centimeters, and have white plagio-
clase rims. They are subhedral and make up 5
to 10% of the rock, though locally they make
up 15 to 20 cm-zones with up to 35% mega-
crysts. The groundmass contains no K-feld-
spar. Considered alternative origins for the
K-feldspar megacrysts are:

a. Early-formed phenocrysts? Consider
magma/rock composition on an An-
Ab-Or ternary (no apparent peritectic
relationship to eliminate K-feldspar)?

b. Are late-magmatic grains (crystalliza-
tion order plausible from experimen-
tal T-X,,, diagrams of Whitney, 1975)
large because of higher water content
of magma in late stages? Consider
why they are subhedral and some
have concentrically enclosed inclu-
sions of other minerals in the rock.
Are they a replacement of a pre-exist-
ing groundmass?

c. Post-magmatic porphyroblasts. Note
that one or two straddle granodiorite/
country rock contacts. If isochemical
metamorphic porphyroblasts, why is
only the K-feldspar so coarse? Why
the concentric inclusions? If
metasomatic porphyroblasts, why are
K-feldspar porphyroblasts essentially
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confined to the granodiorite and not
in the country rocks?

Foliation is oriented 140°/74°SW and is
marked by K-feldspar megacrysts, plagioclase
and biotite. Irregular criss-crossing veins of bi-
otite-quartz-feldspar pegmatite and alaskite
are 1 to 10 centimeters thick. Dikes of layered
medium-grained granite are up to 1 meter thick
and locally up to 6 meters thick. The subtly
graded layers have variable mafic content and
grain size with tops up.

A large roadcut in dark gray, biotite-rich
quartz diorite orthogneiss is cut by many
criss-crossing pegmatite and alaskite dikes 1
to 60 centimeters wide. Plagioclase making up
about 40% of the rock occurs as 4 to 7 mm-
subhedral, white grains. Scattered transiu-
cent megacrysts of K-feldspar have more opa-
que white rims of plagioclase 1 or 2 millimeters
thick. Quartz diorite orthogneiss cuts layered
paragneiss (metaBelt?). One planar, subhori-
zontal fine-grained mafic dike 30 to 60 centi-
meters thick cuts the other rocks.

Main-phase biotite granite with 1 to 2%
K-feldspar megacrysts. A few faint schlieren
are at N 56° W/37° NE. Very fine-grained,
dark gray mafic dikes 15 to 30 centimeters
thick cut the granite. The mafic dike at south-
west end of outcrop {near milepost 141.85)
shows foliation oblique to its borders.

Essentially massive megacryst-bearing, main-
phase granite. Faintly visible are 2 to 5 cm-
schlieren which are oriented N40°W/45°NE.
Very irreguiar 15 to 60 cm-mafic dikes cut the
granite on curved fractures. One mafic dike
contains a 2 x 5 cm-xenolith of medium-
grained granite,

Exposed granodiorite complex shows com-
plex interactions between magmas. Medium-
grained biotite granodiorite is inhomogene-
ous, has more felsic zones, more mafic zones,
and granitic pegmatites. Zones rich in pink
K-feldspar appear to be associated with cross-
cutting joints and are probably alteration
zones imposed in Tertiary time. The granodi-
orite is cut by a mafic dike and contains angu-
lar mafic xenoliths resembling the dike. The
granodiorite, in a curving, irregular contact
with a finer-grained more-mafic phase, is in
turn cut by pod-shaped masses and dikes of
granite. The more-mafic phase contains angu-
lar xenoliths of fine-grained mafic dike materi-
al that are, in turn, cut by fine-grained, light-
gray felsic dikelets 1 to 6 millimeters thick.
The granodiorite has more mafic areas, swirled

134.3
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more-mafic granodiorite, and granitic patches
{some rounded and some swirled with grano-
diorite).

Another sheet of mafic rock less than 1
meter thick and 5 meters long, is cut by
pegmatites higher in the outcrop. Masses of
mafic rock and granitic areas become larger
and more defined: most of the mafic xenoliths
are cut by ptygmatic veins of granite. Below
the highway, at the stream edge (behind
“anglers” sign), a large, light-colored block
about 2 meters across, shows white, medium-
grained granite cutting 15 cm-layers of meso-
type medium-grained biotite granodiorite that
is foliated obliquely to the granite. The granite
is also weakly foliated subparallel to layers in
the granodiorite. Both granite and
granodiorite are cut by planar joints oriented
about 80° to the foliation, that show pink
medium-grained K-feldspar alteration zones
about 2 centimeters wide. This alteration was
probably associated with Tertiary intrusions
nearby. Oblique diffuse shears about 30° to
the layers, combined with the foliation
resemble mylonitic S-C surfaces.

Stop 2: Park in turnout on south side of
highway. A sample of quartz monzodiorite at
milepost 134.15 has been dated at 66 Ma.;
U-Pb zirconlower intercept of 66 Ma. (Schuster
and Bickford, 1985).

There are three dikes in the roadcut that
show synplutonic mafic-dike relationships.
The dike to the southwest is thin, poorly ex-
posed, and mylonitic. The thick (3.2 m) dike in
the center of the roadcut is fine-grained, gray
basaitic andesite to andesite with some areas
containing 1 to 2 mm-mafic spots. The dike is
very inhomogeneous, consists of many
rounded inclusions, or blobs of andesite, with
thin rims of felsic material and a matrix of an-
desite. It contains one 5 cm-rounded inclusion
of granite. The mafic dike to the northeast
curves and steepens upward into a thick sheet
or sill which shows clear synplutonic relation-
ships with the host granite. It is somewhat
finer-grained and chilled against the intruded
granite. Numerous granitic dikes and ptyg-
matic granitic pods injected into the thick
mafic sheet are contorted, pinch and swell,
and some seem to surround blobs of andesite.
Below the mafic sheet, the granitic rock is
contaminated to a very inhomogeneous gran-
odiorite to quartz diorite with many felsic and
mafic inclusions. The more mafic granitoid
rocks from high on the outcrop can be sampled
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to
128.7

128.45
125.0

in the loose material in the borrow pit. A loose
block halfway down to the river and 5 or 6
meters downstream from the thickest dike,
shows fine-grained dark-gray dike rock laced
with medium-gray more-felsic dikelets. Sever-
al other blocks nearby show the same rela-
tionship.

Synplutonic gabbroic/peridotite complex.
The brownish weathering peridotite or horn-
blende pyroxenite in the central part of the
long exposure may be a differentiated magma
chamber of the “mafic dike magma” (?). Also
hornblende-rich {(50%) metagabbro.

To the southwest is a hornblende diorite
to biotite granodiorite injection zone, probably
a zone of mixing between mafic and felsic
magmas. It possesses a highly variable mafic
mineral content, and the lighter-colored phases
contain darker inclusions. Sharply bounded
xenoliths of more-mafic diorite are enclosed in
a nearly massive hornblende diorite. Farther
to the southwest these rocks are cut by gran-
odiorite to granite.

State of Idaho highway maintenance shop.

Stop 3: Park in turnout on south side of
highway. Walk from milepost 125.0 to 124.9
and consider the total percentage of mafic
dike material. There are numerous dikes and
many dike-granite relationships. The mafic
dikes show sharp to moderately sharp, but ir-
regular to planar contacts with the granitoid
rock. Some dikes are foliated and veined at a
large angle to the contacts; the 3 mm-mafic
“phenocrysts” are now altered. The granodi-
orite is inhomogeneous. Some dikes are line-
ated, have streaks of granitoid material, and
numerous small mafic spots— pseudomorphs
of small mafic phenocrysts. Angular xenoliths
of meta-andesite contain 1-2 mm-mafic spots
in the granodiorite. Some dikes show inter-
mingling of andesite and granite. Granitoid
areas in some dikes are more mafic— contami-
nated by mafic dike magma. One dacite dike
shows veins, streaks, spots, megacrysts, in-
clusions of felsic material, and a xenolith of a
mafic dike. One area of small dikes grades out
into schlieren. Note that boulders near the
river at milepost 124.95 show mafic dikes that
grade into rounded blobs and schlieren.

About 400 meters downstream from mile-
post 125 (23 m downstream from a tributary
creek flowing beneath the highway in a large
pipe) and below road level, is a loose block
showing medium-grained granite in contact
with fine-grained, dark gray, elongate inclu-

122.4

118.6
to
116.0

112.5

sions of mafic dike material, which are sur-
rounded by a “mixed zone” of intermediate
composition and grain size.

Stop 4: Near big pine tree on outside bend of
highway); park in turnout on south side of
road at milepost 122.5. This large area of
mafic dike rock is marginally exposed, but
shows much interaction with the granite. Up-
slope (approximately 8 m) are some good ex-
posures of comingled mafic and felsic mag-
mas. The granite contains a few 2 to 10 cm-
subrounded xenoliths of mafic dike rock.
Many excellent (clean) exposures are in loose
blocks on the midslope between the highway
and river— particularly 30 meters upstream to
45 meters downstream from the big pine tree.

Mafic dikes with xenocrysts(?). Massive, in-
termediate-composition mafic dikes have very
small gabbroic xenoliths, now altered white.
One dike has chilled margins. The mafic dikes
cut biotite granite with some K-feldspar
megacrysts. Country rock to the west across
a steeply dipping fault is a foliated migmatitic
calc-silicate gneiss containing much diopside.
Alaskite dikes 1 to 8 centimeters thick criss-
cross the outcrop of gneiss, the most promi-
nent set dipping 15° to the northwest.

Exposure of massive main-phase granite
at milepost 116.0. A large, irregular xenolith of
contorted biotite-rich gneiss is enclosed in the
granite which also shows faint but distinct
schlieren. A few gently dipping pegmatite
dikes 2 to 45 centimeters thick cut the granite
and are discordant to the mafic schlieren. A
steeply dipping, dark-gray, fine-grained ande-
site dike 8 to 12 centimeters thick cuts the
granite. Another basaltic dike appears as a
large angular “patch,” with a chilled border on
one side and sheared on the other side. A pod
of fine-grained rhyolite (Eocene?), about 2
meters thick dips, 10 to 20°NE and has a wavy
contact with the granite.

Biotite quartzofeldspathic gneiss and veined
gneiss with foliation oriented 107°/78°NE is
cut by a subhorizontal layered granite sheet.
The sheet shows grading with mafic grains
concentrated towards the base of each 2 to 30
cm-thick layer. The sheet extends from mile-
post 112.4 to 112.75 and is about 1 to 3 meters
thick and cuts main-phase granite. It may rep-
resent movement on a subhorizontal shear in
the late stages of crystallization of the granite
(a late-magmatic “mylonite zone”). At mile-
post 112.65 the layered granite sheet is cut by
a gently dipping 2 to 5 cm-thick muscovite-
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quartz-feldspar pegmatite. A fine-grained
greenish white rhyolitic dike about 5 meters
thick cuts both the layered granite sheet and
the thin later pegmatite at milepost 112.70.

Main-phase granite of the Idaho batholith
contains about 10% megacrysts of K-feld-
spar; most of the megacrysts are about 1 x 2
or 3 centimeters. The rock is rather inhomo-
geneous in places; some gneissic schlieren
contain steeply plunging folds (milepost
110.5) intruding breccia at pluton contact of
granodiorite cutting biotite-rich country rock.
The country rock has somewhat contorted,
near-vertical foliation; the foids plunge on
very steep axes. A gently SW-dipping pegma-
tite dike about 2 meters thick cuts the intru-
sion breccia. Just to the east is a massive fine-
to medium-grained granodiorite containing
many wavy, streaky xenoliths and schlieren.
Several pegmatite dikes 5 to 75 centimeters
thick dip gently to the northwest.

Calc-silicate gneiss of the Wallace Forma-
tion(?) metaBelt with steep foliation is cut by
subconcordant, irregular, veins of streaky
hornblende granodiorite and a few 8 cm-thick
veins of aplite.

Stop 5: Early megacryst-rich tonalitic unit.
The best exposures are in blocks between the
highway and river. This megacryst-rich biotite
granodiorite is a tonalitic rock with K-feldspar
megacrysts. K-feldspar megacrysts also exist
in some granitic dikes that cut the megacryst
granodiorite. This unit cuts and locally con-
tains xenoliths of biotite-quartz schist that
may be metaBelt. Megacrysts and biotite de-
fine a steep foliation; small folds in the schist
plunge 63° — 125°. Foliation of megacrysts is
crenulated on a decimeter scale and becomes
strongly sheared and even mylonitic on some
limbs; the megacrysts become augen in the
sheared areas. Undeformed discordant gran-
itic dikes up to 40 centimeters thick cut the
megacryst granodiorite parallel to the axial
planes of the crenulations. A few mafic dikes
show mutually crosscutting relationships with

103.4

103.15

102.1

96.85
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megacryst granodiorite and approximately
parallel {most-attenuated or sheared limbs) of
crenulations of granodiorite. The mafic dikes
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Eocene dikes containing euhedral pheno-
crysts of quartz.

Foliated biotite-tonalitic orthogneiss shows
mafic schlieren, xenoliths and diffusely
bounded pegmatitic phases.

High-grade migmatite. A medium-grained
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cordant biotite-quartz-feldspar pegmatite 2
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FIELD GUIDE TO DEFORMATION AND SENSE OF
DISPLACEMENT IN MYLONITIC ROCKS NEAR
OROFINO, IDAHO

Luther M. Strayer, 1V

Department of Geology

University of Montana
Missoula, Montana 59812

Introduction

Kinematic analysis of strained synplutonic dikes
in the mylonitic Kamiah pluton documents large
scale (top-to-the-southwest) thrusting along the west-
ern Idaho suture zone (WISZ). Dip-slip movement of
at least 85 kilometers placed mid-crustal levels of
North America over the Kamiah pluton {Strayer and
others, 1987) along a 1.5 km-thick, NE-dipping my-
lonite zone (Figure 1), which coincides with the
boundary between Sr isotope initial ratios of about
0.704 or less to the west and 0.706 or greater to the
east (Armstrong and others, 1977; Fleck and Criss,
19856).

The Kamiah pluton is a 83-81 Ma (Snee and
others, 1987) tonalite/quartz diorite body laced with

synplutonic mafic and pegmatitic dikes. It apparently
intruded along a pre-existing boundary between con-
tinental North America and the Wallowa/Seven
Devils terrane (Manduca, 1987): it was mylonitized
near magmatic solidus temperatures.

Shear within the mylonite zone translated the
synpiutonic dikes into virtual parallelism with the my-
lonitic foliation (cf., Strayer and others, 1987; Strayer
and others, 1988). Offset of late-stage pegmatite
dikes across the concordant mafic dikes shows that
shear was concentrated in the mafic dikes, and large-
scale symmetry relationships indicate that displace-
ment was dominantly down plunge at least for this
section of the WISZ.

Road log

Proceed north from Kamiah on U.S. Highway 12
to historical markers for Long Camp and Asa Smith
Mission (milepost 65.8). This is 1.8 miles from the
bridge across the Clearwater River on the east side of
Kamiah.

Stop 1: Located here is the southernmost expo-
sure of the Late Cretaceous Kamiah pluton. From
this point, and continuing to about the town of
Greer, are numerous synplutonic mafic dikes; from
Greer to Orofino the pluton becomes increasingly
more foliated and the mafic dikes become less obvi-
ous. These dikes tend to be nearly vertical through-
out the host quartz diorite and tonalite of the Kamiah
pluton, but are without any regular trend {Hietanen
1962}). Other excellent examples of these mafic dikes
can be seen at mileposts 63.5, 62.5 and 61.8.

At this location, in outcrop and float, the mafic
dikes and quartz diorite can be seen to be mutually
crosscutting, indicating that both lithologies were
emplaced at the same time. Undeformed plutonic
rock along this portion of the highway consists of pla-
gioclase, quartz, blue-green amphibole euhedral epi-

dote (often with allanite cores) * biotite. The euhed-
ral nature of the epidote in isolation from plagioclase
indicates the epidote may be of magmatic origin.
Magmatic epidote can crystallize only at depths
greater than about 25 kilometers (Zen and Hammar-
strom, 1984; Zen, 1985). The mafic dikes are basaltic
in composition with local grains of biotite. Extensive
networks of pegmatitic dikes lace the undeformed
quartz diorite pluton and mafic dikes. These pegma-
tites appear to be randomly oriented and are com-
posed primarily of variable amounts of plagioclase,
orthoclase, guartz and biotite, These are assumed to
be the latest-stage differentiates of the Kamiah
pluton. Observations within the shear zone {Stops 2,
3) indicate that injection of the pegmatites overlap
the later stages of mylonitic deformation.

Continue on U.S. Highway 12 to Qrofino.

Mileage
0.0 Turn right into Orofino, crossing bridge over
Clearwater River. Turn left onto Idaho State
Route 7 at “T” intersection and continue west
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along north side of Clearwater River (Figure
2).
4.0
4.0 Cross North Fork of Clearwater River; turn
right at first intersection past bridge.

0.2
4.2 Stop 2: Pull off the highway to right in park-
ing area beneath power lines.

This exposure is typical of the 1.5 km-
thick body of mylonitized quartz diorite/tonal-
ite of the area. The mineralogy of the un-
sheared and sheared quartz diorite in and ad-

jacent to the suture zone are identical as de-
termined by microprobe analysis, although
the sheared quartz diorite is completely re-
crystallized in most samples. The stable meta-
morphic mineral assemblage is hornblende-
plagioclase- + biotite-quartz. Rare mica ‘fish’
have the stair-stepping asymmetry of a type |i
S-C mylonite (Lister and Snoke 1984). These
show top-to-the-southwest sense of displace-
ment. In samples where the plagioclase has
not been completely recrystallized, asym-
metric composite tails of recrystallized plagio-
clase show a similar sense of displacement.
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Figure 1— Geologic sketch map of northern part of the western Idaho suture zone (WISZ). Stereonet shows NE-plunging linea-
tions (points) and the NW-SE-striking foliations (poles plotted as +) in the area of Ahsahka, northwest of Orofino. The ’Sr/**Sr
initial isotopic ratio line is coincident with the boundary between Precambrian North American (white) and the western ac-
creted terranes (patterned). Miocene Columbia River Plateau Basalts not shown.



Hi
Dworshak
R§§eg%oi(
Marina Ay

Figure 2— Sketch map of location of Stops 2 and 3 within the
shear zone northwest of Orofino.

This outcrop also contains all of the fea-
tures necessary to model the displacement
that has occurred on this segment of the su-
ture zone.

The most obvious feature of the outcrop
is the mylonitic foliation. It has a mean strike
and dip of 116°/b4°NE, although this has
probably been over-steepened by the perva-
sive latest-stage, SW-dipping, high-angle-re-
verse shear zones that are evident throughout
this area, especially in the quarry at Stop 3.

Lying upon the foliation surface is a vari-
ably developed mylonitic lineation made up of
aligned amphibole, biotite, or feldspar augen
{the latter from sheared pegmatites). The
mean lineation direction is 49°/055°, which in
mylonites, is the direction of movement
{(Hanmer, 1982).

The synplutonic mafic dikes from outside
the shear zone are observed here as sheared
bodies, essentially concordant to the mylonitic
foliation (Figure 3}. The large-scale displace-
ment can be modelled here by transposing the
originally sub-vertical synplutonic mafic dikes
from outside the shear zone to within virtual
paralielism of the mylonitic foliation within the
shear zone. For example; transposition of an
initially vertical dike, to within 1° of the my-
lonitic lineation plunging at 49°, vields a very
large shear strain v of 56 by the equation of
Ramsay (1967).

v = cot{a’) - cotla)

where: « is the initial orientation of the dike
with respect to the shear zone, and o’
is the final orientation {Figure 4).
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Figure 3—Outcrop photograph of transposed mafic dikes
{dark material) that is virtually concordent to the mylonitic
foliation. The two dark bands are actually from one folded
mafic dike, now seen as two limbs of a northeast (right}
plunging isocline. A later stage pegmatite dike (white mate-
rial) crosscuts the transposed mafic dike and is offset in a
top-to-the-southwest (left} sense. The pegmatite dike is ap-
proximately 3 centimeters across. {D. W. Hyndman photo.)

Shear strain y = cot{a’) ~ cot{a)

Displacement =ij'ydx

afic dike

Thickness of
shear zone

Figure 4—large-scale displacement model shows an un-

sheared, nearly vertical mafic dike, transposed to within a

small angle o’ of the shear zone. Shear strain vy is calculated
using « and o', Displacement is calculated by integrating v
over the thickness of the shear zone.

Displacement can therefore be estimated
to be about 85 kilometers by integrating over
v the 1.b-kilometer width of the shear zone
{Ramsay and Graham 1970). Due to the large
errors that can occur with small vaiues of o’ in
the above equation, it is important to establish
that the value of 1°is valid. Using a chalk line
to accurately measure the angle between the
dike and foliation, it was found that a maxi-
mum angle of 3°, and in most cases it was
less than 1°, and too small to measure. Since
the shear strain y approaches infinity as o' ap-
proaches zero, the 1° angle used in the dis-
placement calculation yields a conservative
minimum estimate of displacement.
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In this outcrop the sense of displacement
is readily determined. Pegmatitic dikes that
appear to be the latest-stage differentiates of
the pluton are present within the shear zone;
they range from undeformed, to boudinaged
into series of discrete augen trains. Here,
along the lower road and in the quarry at Stop
3, relatively undeformed pegmatites are seen
to crosscut the sheared mafic bands where
they display a top-to-the-southwest sense of
shear {Figure B). Also visible along this lower
road are NE-plunging isoclines made up of
transposed mafic bands and pegmatites that
have been progressively deformed with the
mylonitic foliation. In some locations, and es-
pecially in the quarry at Stop 3, these ap-
proach the geometry of sheath folds with
plunges that plot on a stereonet paraliel to the
mineral lineations. This is consistent with the
large shear strains previously determined.

Stop 3: Dworshak Dam quarry, near the
east end of the dam. (NOTE: Access to this
quarry is restricted and prior permission is ne-
cessary.)

This Stop affords a 360° view of the my-
lonitic deformation. The northeast wall of the
quarry strikes almost perpendicular to the
plunge direction and therefore gives an excel-
lent down-plunge view of the mylonite. The
large southeast wall of the quarry shows well-
developed mylonitic foliation that is also vis-
ible at Stop 2. Symmetry relationships exhib-
ited here show clear evidence of displacement
along the plunge. Viewed along strike of the

Figure 5—Tracing of outcrop photograph of transposed
mafic dike. The dike is virtually parallel to the mylonitic foli-
ation and contains a stretched quartz diorite inclusion. Late-
stage pegmatitic dikes are shown crosscutting sheared
mafic dikes and are consistently off-set in a top-to-the-
southwest sense by simple shear. Shear strain v is calcu-
lated using « and o’ with the average = 3.2. Note the com-
petency contrast between the mafic (M) and plutonic mate-
rial (Qd) indicated by the less intense shearing of the peg-
matite {P) within the guartz diorite inclusion.

mylonitic foliation, deformed synkinematic
pegmatites show strong overali monoclinic
symmetry, with the mylonitic lineation lying in
the plane of symmetry (Figure 6). Viewed
down plunge however, the pegmatites are
poorly oriented {Figure 7). In this direction
the pegmatites, which act as passive markers,
have been stretched in the plunge direction. A
small granodioritic mass about 10 meters in di-
ameter at the northeast end of the quarry (up-
permost level) shows an almost rounded cross
section when viewed down plunge, but ap-
pears streaked out into the foliation when
viewed normal to the plunge. The combina-
tion is compatible with monoclinic symmetry
and indicates that recorded shear along this
segment of the suture was dip slip.

Figure 6— Qutcrop photograph showing symmetry relation-
ships of pegmatitic dikes from the guarry adjacent to Dwor-
shak Dam. Viewed perpendicular to the mylonitic lineation
direction, the well-developed NE-dipping foliation is marked
by transposed late-stage pegmatitic dikes (white material)
showing monoclinic symmetry. The vertical lines are 9 cm-
diameter drill holes used in excavation. {(D. W. Hyndman
photo.)

Figure 7— Qutcrop photograph showing down-plunge direc-
tion (30° from Figure 6). The foliation is poorly defined and
the pegmatites are pootrly orientated in this exposure in the
quarry adjacent to Dworshak Dam. In this view some of the
pegmatites appear to have been passively deformed into
folds which approach the geometry of sheaths. The vertical
lines are 9 cm-diameter drill holes used in excavation. {(D. W.
Hyndman photo.}
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Conclusions

Since the pegmatites are variably deformed in
the mylonite zone and are the latest phase of the
pluton, mylonitic deformation must have occurred as
the pluton was at magmatic solidus temperatures.
The pluton was emplaced into the Wallowa/Seven
Devils terrane, as it was underthrust northeastward
beneath continental North America. Kyanite- and sil-
limanite-bearing migmatites in the lower part of the
Precambrian Belt Supergroup northeast of the suture
{Hietanen, 1962), and apparently magmatic epidote
in the Kamiah pluton, indicates that this part of the
WISZ may be the deepest exposure of a structural
and metamorphic culmination formed by under-
thrusting. The Rapid River and associated thrusts
may be shallow level splays, rooting from the WISZ
mylonites (Figure 8).

Rise of arc basaltic magmas, presumably from the
evolving Kamiah pluton, may have initiated melting
of hanging-wall continental crust and caused the sub-

sequent formation of the Idaho batholith {Hyndman
and others, 1988; Hyndman and Foster, 1988).

WISZ
Rapid River
-Thrust ‘

=
=N P N
Precambrian
North™

P

"~ Kamiah Pluton

Figure 8—Simplified block diagram shows underthrusting
of the western Wallowa/Seven Devils terrane beneath Pre-
cambrian North America along the western Idaho suture
zone (WISZ).

References

Armstrong, R. E., Taubeneck, W. H., and Hales,
P. 0., 1977, Rb-Sr and K-Ar geochronometry of
Mesozoic granitic rocks and their Sr isotopic com-
position, Oregon, Washington and Idaho: Geolog-
ical Society of America Bulletin, v. 88, p. 397-411.

Fleck, R. J., and Criss, R. E., 1985, Strontium and
oxygen isotopic variations in Mesozoic and Ter-
tiary Plutons of central Idaho: Contributions to
Mineralogy and Petrology, v. 90, p. 291-308.

Hanmer, S. K., 1982, Microstructure and geochem-
istry of plagioclase and microcline in naturally de-
formed granite: Journal of Structurai Geology, v.
4, no. 1, p. 197-213.

Hietanen A., 1962, Metasomatic metamorphism in
western Clearwater County Idaho: U.S. Geologi-
cal Survey Professional Paper 344-A, 116 p.

Hyndman, D. W., and Foster, D. A, 1988, The role
of tonalites and mafic dikes in the generation of
the ldaho batholith: Journal of Geology, v. 96, p.
31-46.

Hyndman, D. W., Strayer, IV, L. M., and Sears,
J. W., 1988, The western Idaho suture zone (ll):
Implications from the Kamiah pluton: Geological

Society of America Abstracts with Programs, v.
20, no. 6, p. 422.

Lister G. S., and Snoke A. W., 1984, 5-C mylon-
ites: Journal of Structural Geology, v .6, no. 6, p.
617-638.

Manduca, C. A., 1987, Multi-stage formation of
arc-continent boundary in western ldaho: Geolog-

ical Society of America Abstracts with Programs
1987, v. 19, no. 7, p. 758.

Ramsay, J. G., 1967, Folding and Fracturing of
Rocks. McGraw-Hill, New York, 568 p.

Ramsay, J. G., and Graham, R. H., 1970, Strain
variations in shear belts: Canadian Journal of
Earth Science, v. 7, p. 786-813.

Snee, L. W., Lund, K., and Davidson, G., 1987,
Ages of metamorphism, deformation, and cooling
of juxtaposed oceanic and continental rocks near
Orofino, ldaho: Geological Society of America
Abstracts with Programs, v. 19, no. 5, p. 335.

Strayer, IV, L. M., Hyndman, D. W., and Sears,
J. W., 1987, Movement direction and displace-
ment estimate in the western ldaho suture zone
mylonite: Dworshak Dam/Orofino area, west-cen-
tral Idaho: Geological Society of America Ab-
stracts with Programs, v. 19, no. 7, p. 857.

Strayer, IV, L. M., Sears, J. W. and Hyndman,
D. W., 1988, The western Idaho suture zone (1}
Evidence for a structural and metamorphic culmi-
nation: Geological Society of America Abstracts
with Programs, v. 20, no. 6, p. 471.

Zen, E., 1985, Implications of magmatic epidote-
bearing plutons on crustal evolution in the ac-
creted terranes of northwestern North America:
Geology, v. 13, p. 266-269.

Zen, E., and Hammarstrom J. M., 1984, Magmat-
ic epidote and its petrologic significance: Geol-
ogy, v. 12, p. b15-518.



170

e
P
N N
gqu,f‘-g S
'i\f Y

X
8

S

B

o

-',,,\{@i

hes

\/ |

5
£ 'S

2
Ui

?" ‘fé’j‘% '» : \\alé\i;.._ - '\\\\\'\ ‘/‘/ ,' v,“~—==e-=‘- *‘ ) ; 7.7 7 W JV L//J ' / )

MW g ;' T e B - ) WS _:??’”_h Rele ’ ,: WW
;ﬂ'f" \ M;/r_ Q?;l‘:,/} 2 - 3 w \ "z e = il_.,_,/'—; 'A:"%‘//@”‘M )
e i = = = = — ‘:i<—¢=

T L

¢
w;& ‘\“",‘fz Wit
A\l o=
AN o L7
i -~ & .
e\(\\?-fm:‘\\"‘ porttacs
; g
i SRS U P G
L“"{\ @\\\Wu‘ R
AL I LMo
27255 1, e AL R PAE )
) //7 e S ““‘W’Q?s\
/ ) e 7
R = ’////% . AT T
i i i "’z ' R L<_ 7 ;

BRI 7

v A

TR
e e

e e il —

e ——

Omans nueswTiaag




171

FIELD GUIDE TO MYLONITIC ROCKS
WEST OF OROFINO, IDAHO

Gary F. Davidson
Department of Geology
Oregon State University
Corvallis, Oregon 97331

Introduction

In the Orofino area, the oceanic island arc-con-
tinent boundary occurs as a W-trending zone defined
by strontium initial ratios {Armstrong and others,
1977; Fleck and Criss, 1985) in deformed plutonic
rocks along the lower part of the North Fork of the
Clearwater River. Metamorphic rocks in the area can
be divided into three distinct lithologic domains. To
the north, aluminosilicate-rich schist and quartzite
have been correlated with continentaily-derived Mid-
dle Proterozoic rocks of the Belt Supergroup
(Hietanen, 1962). In the southwestern part of the
area, near Peck, amphibolite and biotite and biotite-
hornblende schist and gneiss are probably island arc-
derived metavolcanic or metavolcaniclastic rocks
(Hietanen, 1962). Separating these rocks, and over-
lapping the boundary as defined by strontium intitial
ratios, is a mixed sequence of biotite and hornblende
schist and gneiss, amphibolite, calc-silicate rocks
and marble called the Orofino series (Anderson, 1930;
Hietanen, 1962). The age and origin of the Orofino
series rocks are unknown. It has been suggested that
these rocks may correlate with Middle Proterozoic
rocks of the Belt Supergroup, or they may be much
younger, possibly Paleozoic or Mesozoic in age
{Anderson, 1930; Johnson, 1947; Hietanen, 1962).
Alternatively, the Orofino series may represent a se-
quence of high-grade metamorphic rocks of differing
origins that were tectonically juxtaposed and mixed
along the boundary.

Several scattered bodies of quartz diorite and

tonalite intrude the metasedimentary rocks in the
northern part of the area. Most of these plutonic
bodies crosscut structures in the metasedimentary
rocks indicating that intrusion generally post-dates
deformation of the country rocks (Hietanen, 1962).
To the south, metasedimentary rocks of the Orofino
series and metamorphic rocks near Peck are strongly
disrupted by plutonic rocks, the most abundant be-
ing quartz diorite and tonalite. These plutonic rocks
are variably deformed. Within the boundary zone
near Ahsahka, quartz diorite, tonalite and
granodiorite contain a pentrative mylonitic foliation
and lineation with nearly complete transposition of all
early formed structures (Strayer and others, 1987). In
contrast, deformation in the plutonic rocks along the
Clearwater River west of Ahsahka is characterized by
discrete ductile shear zones, ranging from 1-2
millimeters up to ten’s of meters in thickness, which
cut parts of the rock containing only a weak, com-
monly linear fabric. In some places, these shear
zones appear to have undergone later brittle defor-
mation with the formation of fault gouge.

The objectives of the following field trip are to:
1) observe the complex structural relationships and
lithologies in rocks of probable island arc origin; 2)
contrast lithologies and possible origins of island arc
metamorphic rocks with metasedimentary rocks of
the Orofino series; 3) contrast the style of deforma-
tion in plutonic rocks outside the boundary zone with
that in plutonic rocks within the zone,

Road log

Mileage

0.0 Orofino City Park, located at west end of town
across the bridge (Clearwater River) from
U.S. Highway 12. Drive west on U.S. High-
way 12 towards Lewiston {Figure 1). Out-
crops along the highway are primarily variably
deformed hornblende and biotite-hornblende
quartz diorite and gabbro/diorite.

7.5
7.5 Stop 1. Pull off the highway and park at
turnout on right side of road in the middle of a
large curve about 400 meters past Snelis Island
(large island in the river) and just east of house
with yard art. On foot, cross the highway and
walk approximately 400 meters to the west to



172

y
N =
T \>
/ %
AN “\
(\\_\—_/'@' \-\v)\_ﬁ\
(_\\\—\ I{\
CLEARWATER ~= /,/"—"\@n_\\:»
TRt e—===""_ STOP 1 h
/ (STOP 2
4 \
\
\.
\‘.
'\‘. [aowm— . e— OROFINO ¢ ¥
PECK*-) N
A\
Figure 1—Route map showing location of field stops.
a small culvert in the ditch (Yes, there are gabbro, an early formed fabric (dipping to the
rocks at this stop—don’t give up!). west) is cut by thin (1-2 mm) discrete, E-dip-
Although the exposure is poor, for the ping, planar shears. The W—dippi_ng foliation,
next 400 meters to the west, outcrops of gab- found only rarely, is distinctly discordant to
bro/diorite contain structures typical of the the dominant NE-dipping foliation in the area.
plutonic rocks outside of the mylonite zone Work is in progress to examine the possibility
near Ahsahka. Weakly to moderately foli- that these discordant early-formed structures
ated/lineated plutonic rock are cut by dis- may represent remnants of an earlier deforma-

tion event that has been largely obscured.
Such evidence for possible early deformation
events is critical in determining whether or not

crete, commonly anastomozing, mylonitic
shear zones. Locally developed S-C fabrics,
an approximately down-dip hornblende linea-

tion (to the northeast), and bending of an earl- the northeast-over-southwest sense of mo-
ier-formed fabric towards parallelism with tion on late-stage structures actually repre-
shear zones suggest a northeast-over-south- sents the relative motions between the island
west sense of motion. However, more de- arc and continental terranes during their early
tailed work is needed (in progress) before it interaction.

can be confidently stated that this represents 2.1

the overall sense of motion across these shear 9.6 Stop 2: Pull off the highway at the grain
zones. silo, at the mouth of Big Canyon Creek. The

large roadcut across from the grain silo pro-
vides an excellent view of the complex struc-
tural relations and lithologies in rocks of prob-
able island arc affinity. Rocks at the west end
of the outcrop are thinly interlayered biotite
schist and amphibolite in which compositional
layering has been transposed into parallelism
with the foliation. More massive amphibolite
structurally overlies the layered rocks. Based
on the lithology and layering in the biotite
schist/amphibolite section and the lack of
compositional layering in the massive amphib-

Approximately 150 meters west of the
culvert, a larger shear zone {uphill) contains
schistose rocks and asymmetrically folded
and sheared pegmatite veins. Within this
zone, very non-resistant rock gives the ap-
pearance that the ductiley sheared rocks may
have been overprinted by brittle faulting.
Whether the brittle deformation represents
changing conditions during the same event
that produced the ductile structures or a later
superimposed event is not clear.

Continue walking west along the high- olite, these rocks are interpreted to be meta-
way to the first well-exposed massive out- morphosed volcaniclastic and volcanic rocks,
crop. The sheared eastern margin of the out- respectively. Moving east along the outcrop,
crop represents the western margin of the coarse-grained metagabbro and garnet-bear-
section of discontinuously sheared gabbro ing biotite tonalite are in sheared contact with
that has been observed enroute to this point. the amphibolite. The occurence of sheared

On close inspection of the massive-looking lenses of gabbro within the tonalite suggests



that the tonalite intruded the gabbro and that
both were subsequently ductilely deformed.
At the east end of the outcrop, biotite schist
structurally overlies the gabbro and tonalite.
All of the above rocks are cut by both low and
high-angle faults. Also present is a nearly ver-
tical light-colored dike composed primarily of
quartz, plagioclase, muscovite and epidote.
Although the dike clearly cuts across the earl-
ier ductilely deformed rocks, it contains a
strong foliation and lineation parallel to its
margins, suggesting that it may have intruded
along a fault/shear zone.

Preliminary Ar*®/Ar®® age-spectrum dat-
ing of hornblende from the amphibolite and
gabbro indicates that the rocks have under-
gone at least two periods of deformation
{Snee and others, 1987; Davidson and others,
1988). A plateau age on synkinematic horn-
blende from amphibolite indicates that the
amphibolite and biotite schist underwent
metamorphism and deformation at about 121
Ma. A 114 Ma plateau age (an intrusive age ?)
on hornblende from the gabbro suggests that
the gabbro was emplaced after the 121 Ma
event, with subsequent intrusion of the tonal-
ite followed by a second episode of ductile de-
formation. Dating of muscovite from the felsic
dike (in progress) should give a lower limit for
the age of this second deformation event.

After completion of this stop, return to
Orofino via U.S. Highway 12,

0.0 At the first intersection after crossing the rail-
road tracks, turn left onto Idaho Route 7. Im-
mediately after turn, turn right toward Dent
Bridge. Route passes through poorly exposed
tonalitic and quartz dioritic gneissic plutonic
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rocks, as well as biotite schist and calc-silicate
gneiss; layers of white marble are also present
in places. The metasedimentary rocks are part
of the Orofino series as mapped by Hietanen
(1962).
1.0
1.0 Sharp switchback just after passing power
substation, turn left onto dirt road that leads
to top of ridge.
1.9
2.9 Turn left at the ridge summit and follow dirt
road downhill to the picnic area at Merry's
Bay on Dworshak Reservoir. Caution: This is
a 14% grade and muddy during wet weather.
0.9
3.8 Stop 3: Parking is available at picnic area.
Walk south and west along shoreline of
Dworshak Reservoir. Exposed along the shore
between the picnic area and the first point is a
sequence of layered metasedimentary rocks
of the Orofino series, including white marble,
calc-silicate gneiss, biotite schist and biotite
gneiss interlayered with amphibolite. These
rocks are intruded by abundant pegmatites.
Near the point, three sets of smail-scale folds
are visible; isoclinal F1 folds are themselves
isoclinally folded, with a later set of close folds
superimposed on the earlier formed folds.

Rocks of the Orofino series differ from
the metamorphic rocks near Peck, in the south-
western part of the area {Stop 1), primarily by
the abundance of carbonate-rich lithologies in
the Orofino series. They also distinctly differ
from the metamorphosed Belt rocks to the
north (Anderson, 1930; Hietanen, 1962) by
the abundance of biotite and hornblende
gneiss and lack of aluminosilicate-rich rocks in
the Orofino series (Hietanen, 1962).
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FIELD GUIDE
TO A TRAVERSE (SLATE CREEK) ACROSS THE
SALMON RIVER SUTURE ZONE, WEST-CENTRAL
IDAHO

Karen Lund
U.S. Geological Survey
Denver, Colorado 80225

Introduction

The objectives of this traverse are to: 1) observe
the stratigraphy of metamorphic rocks across the
Salmon River suture; 2} view the metamorphic grade
and structural complexity near the suture; 3} consid-
er the problems of stratigraphy vs. dynamothermal
features in the creation and use of map units; 4) dis-
cuss the origin of the dynamothermal processes; and

5) consider the relationship between plutonism and
dynamothermal processes. The road log begins at
Slate Creek Ranger Station on U.S. Highway 95 ap-
proximately 26 miles south of Grangeville, Idaho
(Figure 1). From Grangeville to Slate Creek, road-
cuts are in rocks of the Miocene Columbia River
Basalt Group.

Road log

Mileage

0.0 Proceed south on U.S. Highway 95 from
Slate Creek Ranger Station and enter Box
Canyon which cuts greenschist-facies meta-
volcanic rocks of the Permian to Triassic
Seven Devils Group (part of the Wallowa ter-
rane}. Greenschist-facies tonalite dikes, sills
and small stocks cut the metavolcanic rocks,
particularly at the southern end of Box Can-
yon.

3.0

3.0  Turn left onto road that leads around oxbow
lake (just past sign indicating geological site).
At the turn, metatonalite is exposed in road-
cut on left; the isotopic age of this pluton is
about 269 Ma as determined by U/Pb zircon
methods on 2 splits (Walker, 1986). Turn left
and pass through gate and continue up Long
Gulch.

0.5

3.6 Stop 1: The outcrop on the south side of the
road is greenschist-facies metavolcanic rocks
of the Seven Devils Group interbedded with
calcareous slate of probable Triassic age,
which is traceable continously along strike
from type locality of the Triassic(?) Lucile
Slate of Hamilton (1963), but probably is cor-
relative with the Martin Bridge Limestone of

the southern Wallowa Mountains of Follo
(1986). Uphill to the south, McCollough
(1984) showed that a thick marble band,
which is visible from this point, stratigraphi-
cally interfingers with and overlies the slate.
These primary layering characteristics illus-
trate the complex stratigraphic relationships in
this volcanic arc and point out problems with
stratigraphy in the higher-grade metamorphic
rocks to the east.

These low-grade metamorphic rocks are
the farthest from the suture zone to be seen
on the Slate Creek traverse. They are at the
lowest structural level, are the lowest meta-
morphic grade, and are the least deformed.
Metavolcanic rocks that crop out about 10
miles to the south are approximately the same
grade; in these rocks non-lineated hornblende
reveals “Ar/*Ar dates of about 118 Ma. This
date is probably near the age of onset of meta-
morphism because the hornblende should
have formed near the lower limits of horn-
blende stability and had little or no cooling his-
tory (Lund and Snee, 1988; Snee and others,
1988).

Retrace route, to U.S Highway 95, and
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Mesozoic -Late Paleozoic rocks ot Rapid River plate, age uncertain

Mesozoic-Late Paleozoic rocks of North Fork plate, age uncertain
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Middie Proterozoici?) metasedimentary rocks

CONTINENTAL
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a4 Thrust fault - dashed where approximately located

B

Normal fault - dashed where approximately located

Axis of anticline or antiform

———  Axis of syncline

Figure 1—Generalized tectonic map of the Slate Creek area showing location of stops discussed in text. Compiled from Lund
(1984} and McCollough (1984)}.

0.0

2.5

continue north to the mouth of Slate Creek.

Turn right at ranger station on Forest Service
Road 354 and continue up Slate Creek through
rocks of the Miocene Columbia River Basalt
Group. (VOTE: Roads in the Slate Creek tra-
verse are passable by car up to Windy Saddle
{between Stops b and 6). The road beyond
Windy Saddle is extremely rough and travel
by four-wheel drive vehicles is advised.)
2.5

Road crosses into pre-Tertiary rocks. A thin
sliver of calcareous schist {metamorphosed
volcaniclastic sedimentary rock of the Wal-
lowa terrane, probable equivalent to the Trias-
sic slate at Stop 1) is structurally overlain by
hornblende-biotite schist and gneiss (meta-
morphosed volcanic rock that is probably
equivalent to the Lightning Creek schist of the
Riggins Group of Hamilton (1963}, or possibly
a high-grade equivalent of the Seven Devils
Group) that is part of a structurally overlying
slice of higher-grade metamorphic rocks called

3.0

3.5

the Rapid River plate. The concealed fault be-
tween these slices is a post-metamorphic thrust
fault that is probably equivalent to the Rapid
River thrust fault to the south (Hamilton, 1963;
Aliberti and Manduca, this volume).

Canyon narrows; beyond the cattleguard
a pre-metamorphic pluton that cuts the horn-
blende-biotite gneiss and, locally, muscovite
schist is exposed on the left. The pluton is al-
tered biotite tonalite with accessory apatite
and secondary pyrite, calcite, muscovite and
epidote. Foliations in the metavolcanic rocks
and the pluton are parallel, but the intrusive
contact is discordant to the fabrics.
3.0
Slate Creek Canyon broadens slightly. Road
crosses back into hornblende-biotite gneiss
and schist.
0.5
Road crosses unexposed post-metamorphic
Rapid River thrust fault where the horn-
blende-biotite gneiss (Rapid River plate) struc-




5.0

turally overlies marble (Wallowa terrane,
probably part of the Triassic Martin Bridge
Limestone). A small outcrop of marble is ex-
posed in the hillside on the north side of the
road, but the majority of this large unit lies on
the south side of the creek.

1.5
Stop 2: Pull off road after bridge to aban-
doned Slate Creek guard station. Walk up
creek on main road to first roadcut. Dark gray,
hornblende-biotite gneiss (Rapid River plate),
which contains plagioclase-rich, lighter col-
ored, elongated patches is exposed. This rock
is interpreted to be a metavolcaniclastic con-
glomerate.

The second roadcut is mostly metavol-
caniclastic conglomerate, but in the lower
west corner of the roadcut, the clast-bearing
hornblende-biotite gneiss of the metavolcani-
clastic conglomerate structurally overlies bio-
tite calcareous schist of the Wallowa terrane
(Triassic Martin Bridge Limestone of Folio,
1986, or Triassic{?) Lucile Slate of Hamilton,
1963). The hornblende-biotite gneiss has an
overprinting, retrograde chlorite fabric. Bio-
tites in the calcareous schist are randomly
oriented. *°Ar/3°Ar age-spectrum dates on the
metamorphic hornblende (from the biotite-
hornblende gneiss) show argon loss from 109
to 94 Ma, and dates on biotite give cooling
ages of about 90 Ma (Lund and Snee, 1988;
Snee and others, 1987). Both the age of pro-
grade metamorphism that formed the horn-
blende fabric (about 110 Ma as determined
from other samples) and a later reheating
event (about 94 Ma), probably retrograde, are
shown by these dates. About 2 miles east of
this stop, the randomly oriented biotite por-
phyroblasts from the calcareous schist of the
lower plate give dates of about 84 Ma, indicat-
ing still later reheating at that time.

The W-vergent thrust fault in this out-
crop is part of the post-metamorphic Rapid
River thrust fault (Figure 2). The thrust fault
can be traced discontinuously from this road-
cut on the western limb of the Slate Creek an-
tiform, around the nose of the fold; therefore,
the fault must have pre-dated folding. This ex-
posure illustrates the relative timing of: 1) am-
phibolite facies metamorphism during which
the foliation was formed, 2) thrust faulting
that cut metamorphic fabrics, and 3} macro-
scopic folding of the thrust fault in the Slate
Creek area; “°Ar/3Ar dating shows that the
thrust faulting and foiding are younger than
109 Ma.

177

Slate Creek road continues into the core
of the Slate Creek antiform, through the
structurally lowest unit (calcareous biotite
schist from Stop 2). Tonalite seen in some
roadcuts is part of a major plutonic suite dated
about 93 to 87 Ma. Tonalite cuts the prograde
metamorphic fabric, Rapid River thrust fault,
and Slate Creek antiform; therefore, macro-
scopic structures (Rapid River thrust fault and
Slate Creek antiform) formed before 93 Ma,
but after 109 Ma.

4.5

9.5 Stop 3: Turn into North Fork campground at
the mouth of North Fork of Slate Creek. Walk
back (downstream) to roadcut in rocks on the
east limb of the Slate Creek antiform. Coarse-
grained, pyrite-phlogopite marble (probably
part of Triassic Martin Bridge Limestone)
forms the majority of the exposure, but the
east corner of the roadcut is in hornblende
schist (metavolcanic rock) that is structurally
above the post-metamorphic, pre-folding thrust
fault (Rapid River thrust fault) seen at Stop 2.
Tonalite dikes cutting the marble are younger
than the Slate Creek antiform, but some dikes
are deformed along reverse faults that cut the
antiform.

In outcrops and in the roadcut on the
west side of North Fork, weakly deformed
granodiorite and tonalite cut the Rapid River
thrust fault and Slate Creek antiform. The
North Fork fault, a major high-angle reverse
fault along the North Fork and Waterspout
Creek {across Slate Creek to the south), is the

Figure 2—Rapid River thrust fault at Stop 2. Rapid River
plate (hanging wall) is amphibolite-facies volcaniclastic
conglomerate (hornblende-biotite gneiss with retrograde
chlorite possibly correlative with the Permian to Triassic
Seven Devils Group) and footwall is calcareous biotite
schist (correlative with the Triassic Martin Bridge
Limestone of the Wallowa terrane). Fault plane indicated by
person’s hand.
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13.0

western boundary of the North Fork plate, a
structural wedge composed of amphibolite-
facies metamorphic rocks and strongly de-
formed tonalite, that structurally cuts out the
Slate Creek anticline and less deformed, cross-
cutting plutonic rocks.

Continue on the Slate Creek road
through complexly deformed Upper Creta-
ceous tonalitic to granodioritic and metavol-
canic rocks of the North Fork plate. These
rocks are characterized by a strong N-NE-
trending steep foliation and near-vertical
lineations that were superposed on pre-exist-
ing fabrics. Some of the deformed plutonic
rocks are L-tectonites indicating intense unidi-
rectional flow (in this case, vertical flow) dur-
ing deformation.

3.5

Stop 4: Pull off road at the mouth of Little
Slate Creek. This location, in the North Fork
plate, is approximately where initial strontium
isotope ratios from plutonic rocks change
from oceanic values of <0.704 to continental
values of > 0.706 (Fleck and Criss, 1985).
Along Slate Creek, the transition from ocean-
ic initial strontium ratios to continental ratios
occurs across an interval of less than 0.5 miles
{R.J. Fleck, personal communication, 1982},
although xenoliths of possible metavolcanic
rocks are found up to 2.5 miles east of this
stop.

This roadcut illustrates the concordant
deformation of tonalitic and metamorphic
rocks in the North Fork plate; foliation in both
igneous and metamorphic rocks is parallel.
Steep foliation and lineation in tonalite are de-
formational fabrics. A complex paragenetic
sequence of metamorphicmineralsis preserved
in metavolcanic screens and xenoliths; many
samples have ragged hornblende porphyro-
blasts that were rolled during formation of the
new foliation that contains younger medium-
grained hornblendes. “°Ar/%Ar dates from
this area suggest that the tonalite was em-
placed about 93 Ma (Snee and others, 1988);
dates on hornblende from deformed tonalite
are about 90 Ma and indicate the age of defor-
mation {Lund and Snee, 1988; Snee and
others, 1987). *°Ar/3Ar age-spectrum dates
on hornblende from the metavolcanic rocks
exhibit argon loss from about 101 to 90 Ma or
reset ages of about 90 Ma. These data indi-
cate that the metavolcanic rocks cooled to
below 530°C by 101 Ma and were subse-
quently reheated and then deformed and
cooled together with the tonalitic plutons at

17.5

18.5

23.5

about 90 Ma (Lund and Snee, 1988).
Continue on the main Slate Creek road

through poor exposures of deformed tonalite
and probable metavolcanic xenoliths. Some
Miocene Columbia River Basalt Group occurs
at milepost 15.

45
Turn right onto main gravel road, Forest Ser-
vice Road 221.

1.0
Stop b: After crossing Slate Creek, turn left
onto road that leads to Rocky Bluff camp-
ground. Primary epidote-bearing, sphene-
hornblende-biotite tonalite that crops out here
is only weakly foliated. Muscovite-biotite
granite dikes in roadcut south of creek are
part of a large granite pluton that is exposed
about 2 miles to the east. U/Pb dates on the
tonalite are concordant at 90.4 + 3.0 Ma (5
zircon splits and 1 sphene split); “°Ar/3Ar
age-spectrum dates on hornblende form a pla-
teau at 84 Ma, on biotite form a plateau at 81
Ma, and on microcline show slow cooling
from 78 to 75 Ma. “°Ar/3°Ar dates on muscov-
ite from the granite piuton are about 78 Ma
(Snee and others, 1987). Data on the tonalite
indicates that the pluton was emplaced at
deep crustal levels—from primary epidote,
Zen (1985); from hornblende geobarometry,
Hammarstrom and Zen, {1988); and from
©Ar/®Ar cooling information, Snee and
others (1987), but the pluton was uplifted and
cooled by 81 Ma. The microcline data from
the tonalite indicate that the crosscutting
granite was emplaced after the tonalite had
cooled below 150°C and that the granite
magma did not significantly heat the country
rocks (Lund and Snee, 1988; Snee and others,
1987).

Turn around and retrace route on Forest

Service Road 221.

5.0
Turn right on Forest Service Road 444 to
Gospel Peaks and the Gospel-Hump Wilder-
ness Area. Proceed about 4 miles (through
granodiorite and quartzite float) to the Sawyer
Ridge lookout road. At this junction, road
crosses into the Gospel Peaks roof pendant
and into a well-preserved sequence of North
American continental rocks. Coarse-grained
sillimanite quartzite (possibly Late Proterozoic
to Paleozoic) is exposed from here to top of
ridge (Figure 3). At Windy Saddle, the road
crosses a covered, E-vergent post-metamor-
phic thrust fault that cuts the Gospel Lakes
anticline. Rocks in the saddle are muscovite-
biotite schist of probable Middie Proterozoic



Figure 3— Stretched and folded quartzite pebble conglomer-
ate of probable Late Proterozoic to Paleozoic age located
about 2 miles south-southeast of Stop 6. Lens cap for scale.

age that are on the west limb of the Gospel
Lakes anticline {(Figure 4). Continue up the
ridge into well-layered sillimanite-muscovite
quartzite (also probably Middle Proterozoic).
Note lithologies of rocks on east side of route;
“don’t look out west side at 3,000-foot drop
into oceanic rocks.”
6.5

30.0 Stop 6: Pull off road at the saddle overlook-
ing Upper Gospel Lake. Layered sillimanite-
muscovite quartzite is at the core of the Gos-
pel Lakes anticline. This fold is part of an anti-
cline-syncline pair in which more than 5 kilo-
meters of stratigraphic section are preserved;
younger rocks (possibly Late Proterozoic to
Paleozoic) in the syncline to the east contain
primary sedimentary features that determine
stratigraphic facing. As in the island arc rocks,
metamorphic grade is highest in rocks near
the suture zone; quartzite units in this location
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Figure 4 — Conjugate kink-band folding in probable Late Pro-
terozoic to Paleozoic thrust plate in Gospel Peaks about 3
miles south-southeast of Stop 6. Hammer for scale.

contain sillimanite whereas the same units
only a few miles to the east do not.

Undeformed muscovite-biotite granite of
the core of the Idaho batholith cut the folded
rocks after metamorphism and deformation,
but before the metasedimentary rocks had
cooled significantly. Retrograde or contact
metamorphic effects are rare.

Retrace route back to U.S. Highway 95
and then south for approximately 52 miles to
Riggins.
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Introduction

One of the most striking paleogeographic ano-
malies of the western United States cordillera is ex-
posed in west-central ldaho where Permian and Tri-
assic island arc volcanics of the Wailowa terrane are
juxtaposed against rocks with cratonic affinities
across a narrow transition zone of metamorphic and
plutonic rocks. In this area much or all of the Paleo-
zoic miogeoclinal section present elsewhere along
the western edge of the craton is missing, as are
commonly intervening belts of melange and eugeo-
clinal sedimentary rocks of mixed provenance be-
tween the oceanic arc terrane and the cratonic mar-
gin {Davis and others, 1978; Hamilton, 1978; Lund,
1984). The preserved transition zone records an Early
to Middle Cretaceous period of compressional defor-
mation. This event appears to postdate the trunca-
tion of the Paleozoic miogeoclinal section and the
removal of transitional assemblages between the arc
and continental margin.

The original nature of the boundary between ac-
creted arc material and the continental margin has
been obscured by Cretaceous compressional defor-
mation and by the emplacement of voluminous intru-
sives. No evidence of the event that truncated the
continental margin and removed the transitional as-
semblages is preserved. The boundary is recognized
by an abrupt change in the lithology of metamorphic
pendants within the plutonic rocks. Pendants of
metavolcanic and volcaniclastic schists and gneisses
give way to quartzites and metapelites of continental
affinity suggesting the plutons were emplaced across
a steeply dipping boundary between arc and conti-
nent (Lund, 1984; Manduca and Kuntz, 1987). Geo-
chemical studies in this area have revealed a rapid
change in the strontium and oxygen isotopic ratios of

*Reprinted and modified from Aliberti and Manduca, 1988.

the rocks, which generally corresponds with the
change in abundance of pendants (Armstrong and
others, 1977; Fleck and Criss, 1985; Manduca and
others, 1986).

The transition zone between rocks of the Wal-
lowa terrane and the continental margin as preserved
within the Cretaceous intrusives of the Idaho batho-
lith is illustrated schematically in (Figure 1). The
transition zone consists of a series of lithotectonic
packages which are, from west to east: The Wallowa
terrane, the Rapid River thrust plate, the Pollock
Mountain plate, the Little Goose Creek complex and
the Payette River complex. The Wallowa terrane
consists of Permian and Triassic Seven Devils Group
arc volcanics, and overlying limestone of the Martin
Bridge Formation and slate of the Lucile (or Hurwal)
Formation. These rocks have been relatively unaf-
fected by deformation and metamorphism along the
transition zone. The Rapid River thrust system em-
places Riggins Group schists and lesser amounts of
Martin Bridge, Lucile and Seven Devils lithologies
over the Wallowa terrane. The Riggins Group is an
assemblage of metavolcanic and volcaniclastic
schists thought to represent a portion of an island arc
terrane. These schists have been correlated with
either the Wallowa terrane or the Olds Ferry terrane
and adjacent flysch and melange sequences in east-
ern Oregon (Hamilton, 1978; Brooks and Vallier,
1978; Lund, 1984; Silberling and others, 1984). The
Rapid River thrust plate increases in metamorphic
grade from lower greenschist facies in the west to
uppermost greenschist or lower amphibolite facies in
the east, and is penetratively deformed throughout.
The Pollock Mountain fault emplaces the Pollock
Mountain Amphibolite and the Hazard Creek com-
plex over the Rapid River thrust plate. Both the Rapid
River thrust system and Pollock Mountain fault are
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Figure 1— Schematic cross section of the transition zone: (WT), Wallowa terrane; {(RG), Riggins Group; (PMA), Pollock Moun-
tain Amphibolite; (HCC), Hazard Creek complex; {LGCC), Little Goose Creek complex; (PRC), Payette River complex; {IB},
two-mica core of the ldaho batholith; {(RRTS), Rapid River thrust system; (PMF), Pollock Mountain fault; {RRTP), Rapid River
thrust plate; (PMP), Pollock Mountain plate; {Ri}, calculated initial *’Sr/**Sr values (Manduca and others, 1986).

shallowly dipping, NW-directed thrusts at high struc-
tural levels, which steepen into vertical shear zones
at depth.

The Hazard Creek complex, Little Goose Creek
complex and the Payette River complex are all com-
posed primarily of Cretaceous plutonic rocks. The
Hazard Creek complex consists of variably deformed
epidote-bearing intrusives and gneissic country rocks
emplaced during the Early to Middle Cretaceous
compressional deformation. The westernmost plu-
tons in the Hazard Creek complex intrude metamor-
phosed island arc volcanics of the Pollock Mountain
Amphibolite. The Little Goose Creek complex con-
sists primarily of strongly mylonitized porphyritic
granodiorite orthogneiss. This mylonitization is the
youngest penetrative deformation in the area, post-
dating the emplacement of all three intrusive com-
plexes. It affects the eastern margin of the Hazard

Creek complex and the western margin of the Pay-
ette River complex, obscuring the original nature of
these contacts. The transition in wall rocks from arc-
related to continentally derived material, and the
rapid change in strontium and oxygen isotopic ratios,
occur within the Little Goose Creek complex. The
Payette River complex consists primarily of unde-
formed tonalite, containing abundant screens and in-
clusions of continentally derived metamorphosed
sedimentary rocks.

This field trip traverses the transition zone from
west to east, beginning in rocks of the Wallowa ter-
rane and ending in rocks of the continental margin
preserved as pendants within the Cretaceous Payette
River complex (Figure 2). Although the transition
occurs within a 256 mile (40 km)-wide zone, roads that
are nearly parallel to the strike of the transition zone
require a longer trip.

Road log

Mileage

0.0 Salmon River Inn at Riggins, ldaho. Drive
south on U.S. Highway 95 to Rapid River turn-
off.

4.4

4.4 Junction; turn right on Rapid River Road.
Outcrops along the road comprise the type
section of the Squaw Creek Schist member of
the Riggins Group. The Squaw Creek Schist

is a gray, compositionally layered schist which
typically weathers rusty brown. The schists
are dominantly composed of sodic plagioclase
and quartz with abundant carbonate, biotite,
muscovite, and carbon dust with minor
amounts of epidote, clinozoisite, garnet,
hornblende and chlorite. Compositional layer-
ing of the schists has been transposed by per-
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5.2

6.6

7.0

A

vasive deformation of this unit. Hamilton
(1963) described the schists as marine sedi-
ments with a volcanic provenance.

0.8
Junction; continue straight ahead on un-
paved Rapid River Road.

1.4
Junction; stay left on main Rapid River
Road.

0.4
Stop 1: Park near the Rapid River fish hatch-
ery dam. At this locality one can view a por-
tion of the Rapid River thrust system. The
Rapid River thrust was originally mapped by
Hamilton (1963, 1969} as a major post-meta-
morphic thrust which emplaces Riggins
Group schists over the Seven Devils Group
volcanics and the overlying Martin Bridge For-
mation and Lucile Slate. The Rapid River
thrust actually consists of a system of faults
which dip shallowly to the east at high struc-
tural levels, but steepen rapidly into a vertical
shear zone with depth (Aliberti and Wernicke,
1986a). Here the basal thrust of the Rapid
River thrust system emplaces Riggins Group
schists, as well as blue-gray calcite marbles of
the Martin Bridge Formation and black phyl-
lites of the Lucile Slate, over Seven Devils
Group volcanics.

Walk up the Rapid River trail to look at
basal thrust of the Rapid River thrust system.

N

Rattlesnakes, poison ivy, and steelhead sal-
mon are seasonally abundant in the vicinity of
the trail. Steep outcrops in the canyon consist
of pervasively deformed marbles of the Martin
Bridge Formation above the basal Rapid River
thrust. Approximately 0.25 mile (0.4 km)} up
the trail (on the right side) there is a shallow
cave in blue marble. The lower slab of marble
shows excellent calcite stretching lineations
{Figure 3A). Mineral stretching lineations col-
lected above the Rapid River thrust south of
Riggins indicate northwest movement along
the Rapid River thrust system (Figure 3B;
Aliberti and Wernicke, 1986a). The Martin
Bridge Formation and the Lucile Slate inter-
calated with Riggins Group schists above the
thrust suggest that all three units were tecton-
ically interleaved before or during thrusting.

Continue west along the Rapid River
trail to an unsigned trail junction; bear left on
lower trail. Small-scale duplexing in the Mar-
tin Bridge Formation is observed in the cliff
face across the river. The Seven Devils Group
metavolcanic tuffs and breccias crop out at
the top of the next small hill approximately 0.5
mile (0.8 km) from the parking area. The mot-
tled green and red colors are characteristic of
these volcanics below the thrust. Steep folia-
tions typical of the lower plate volcanics are
present. Locally, tectonic slivers of Seven
Devils Group volcanics are incorporated along

N

Figure 3—Equal-area projections of mineral stretching lineations. (A}, calcite-stretching lineations from Stop 1; (B}, compila-
tion of mineral stretching lineations above the Rapid River thrust system south of Riggins, indicating northwest movement
along the thrust system.




7.4

9.4

9.5

11.8

the basal thrust. Looking back down river, the
fow-angle thrust contact between the Martin
Bridge Formation and the Seven Devils Group
is clearly visible where the Rapid River crosses
it.

Return to parking area. Along the edge
of the pooi above the dam there are a few
boulders of deformed volcanic breccias.
These are typical of the Seven Devils Group
volcanics, deformed in the root zone of the
Rapid River thrust system upstream. Strain
analysis of oriented breccias within the root
zone shows that they have been flattened by
pure shear and pressure solution along verti-
cal foliation planes, which strike approxi-
mately N15°E. The subparaliel attitude of the
plane of flattening to the arc-continent
boundary at this latitude suggests that the
maximum shortening direction was at a high
angle to the continental margin {(Aliberti and
Wernicke, 1986b). Retrace route on Rapid
River Road toward U.S. Highway 95.

0.4

Stop 2: Intersection of Shingle Creek and
Rapid River roads. A silicified talc schist tec-
tonite pod is present on the contact between
the Lucile Slate and the Lightning Creek
Schist. Such pods are volumetrically very
minor, but they are the only material within
the transition zone that may represent ocean
floor or oceanic crust.
2.0

Qutcrops along the road expose the Lightning
Creek Schist member of the Riggins Group,
unconformably overlain by Quaternary grav-
els.

The Lightning Creek Schist member of
the Riggins Group is a green to grayish-green
schist composed of chlorite, sodic plagio-
clase, quartz, actinolite and epidote with local
occurrences of biotite, hornblende, garnet,
clinozoisite and carbonate. Along the road-
side, chlorite schists are dipping gently east-
ward, with E-plunging mineral stretching line-
ations. Hamilton (1963} recognized this unit as
a sequence of metavolcanic tuffs and flows
with local agglomerate horizons. However,
specific correlation of these schists with either
the Olds Ferry terrane or the Wallowa terrane
remains unresolved.

0.1
U.S. Highway 95; turn right and continue
south.

2.3
Stop 3: Rest area. Squaw Creek Schist is a
member of the Riggins Group exposed in the

16.9

17.0

17.4

19.2

19.7
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roadcuts on the opposite side of the highway.
The rock is typically a banded quartz-rich bio-
tite schist or phyllite with variable amounts of
carbonate. The metamorphic grade of Riggins
Group schists increases eastward from the
Rapid River thrust, where rocks are metamor-
phosed to lower greenschist facies (to the Pol-
lock Mountain fault), where rocks reach upper
greenschist to lower amphibolite facies. This
increase in grade is interpreted to reflect a ver-
tical section of the crust that was brought up
along the steeply dipping Rapid River thrust
system.

5.1
Turn right on Whitebird Ridge Road. (Note:
Road, 2.5 miles beyond this point, is closed
between December 1-June 15; inquiries are
advised).

0.1

Junction; bear right on Whitebird Ridge
Road.
0.4
Junction; bear left and continue uphill.
1.8
Junction; bear left and continue uphill.
05

Stop 4: This location affords a good view of
the Pollock Mountain fauit on the hillside
across the Little Salmon River. The trace of
this low-angle fault cuts below resistant out-
crops on the hilltops and extends down through
the upper terraces. It is offset slightly by a
high-angle fault and steepens into the river.
The Pollock Mountain fault separates high-
grade, garnet-bearing amphibolitic gneisses
of the Pollock Mountain plate above, from
lower-grade Riggins Group schists of the the
Rapid River thrust plate below. These two
plates record radically different metamorphic
histories. Two-stage garnets within the am-
phibolites suggest burial of the Pollock Moun-
tain plate to pressures of 8 to 10 kb and tem-
peratures of 600 to 650°C (Selverstone and
others, 1987). In contrast, single-stage gar-
nets from the Rapid River thrust plate suggest
isothermal decompression to 6 kb at 500 to
b50°C (Selverstone and others, 1987). The
importance of burial metamorphism in the
Pollock Mountain plate and the dramatic
change in history across the Pollock Mountain
fault both suggest that metamorphism is re-
lated to regional tectonism and is not primarily
the result of heat advected by batholithic in-
trusives as suggested by Hamilton (1963).
Small bodies of epidote biotite tonalite are
locally present in tectonic slivers along the
fault and show evidence of brittle deforma-
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21.3

tion. Hornblende stretching lineations in am-
phibolite along the fault indicate north-north-
west movement. To the north, the low rolling
hills and grassy slopes are all within the lower
plate. Note the flat-lying lava flows in the dis-
tance (Miocene Columbia River Basalt). Turn
around and retrace route back toward U.S.
Highway 95.
1.6

Stop 5: The Pollock Mountain Amphibolite is
composed of garnet-bearing amphibolite and
interlayered felsic gneisses. Variable micro-
scopic to mesoscopic layering within the maf-
ic amphibolites is characterized by aiternating
hornblende-rich, plagioclase-rich, and epidote-
rich layers. The abundance of epidote asso-
ciated with layered amphibolite is suggestive
of calcic layers in a volcanic pile. Nd and Sr
isotope systematics of the Pollock Mountain
Amphibolite have been studied by Aliberti and
others (1987). Whole-rock samples of both
mafic and felsic layers are isotopically indistin-
guishable and show a small range in "¥Sm/
144Nd from 0.15 to 0.22. Data scatter about a
reference isochron of 200 Ma and suggests a
roughly Late Triassic crystallization age. Initia!
epsilon Nd values range from 6.65 to 8.09 and
initial epsilon Sr values range from -6 to +22
(87Sr/88Sr = 0.7041 to 0.7061), suggesting
these rocks were island arc volcanics that in-
teracted with sea water either prior to or dur-
ing metamorphism. Both compositional char-
acteristics and isotopic constraints indicate
that the Pollock Mountain Amphibolite is a
metamorphosed pile of Triassic island arc vol-
canics {Aliberti and others, 1987). A prelimi-
nary garnet-whole rock isochron from single-
stage synkinematic garnets within the Pollock
Mountain Amphibolite near Pollock Mountain
gives a metamorphic age of 144 Ma, inter-
preted to be the earliest stage of metamor-
phism and deformation associated with the
arc-continent collision (Aliberti and others,
1988). Early deformation of the Pollock Moun-
tain Amphibolite was followed by synkinemat-
ic intrusion of the Hazard Creek complex to
the east. “°Ar/3°Ar ages ranging from 118 to
95 Ma (Snee and others, 1987) may be related
to deformation and uplift along the Pollock
Mountain fauit and Rapid River thrust system,
as well as increased magmatic activity.

This locality is typical of high-grade injec-
tion gneisses of the Pollock Mountain Am-
phibolite above the Pollock Mountain fault,
with garnet-bearing amphibolites pervasively
injected by tonalite. Foided concordant sills of

22,5

24.4

30.8

31.9

hornblende-biotite tonalite are coarse grained
and contain xenocrystic garnets from the am-
phibolites. Deformation is syn- to post-intru-
sive. Younger but compositionally similar
dikes are discordant to foliation, and these in-
trusives may be correlative with the oldest
members of the Hazard Creek complex. Sets
of post-Miocene high-angle fauits and joints
are superimposed on earlier structures. Re-
trace route to U.S. Highway 95.

1.2
U.S. Highway 95; turn right and continue
south.

1.9
Pinehurst; continue south. The outcrops
along the highway are primarily Columbia
River Basait.

6.4
Roadcuts in the Hazard Creek complex. This
Hazard Creek complex is the westernmost of
the units which are composed primarily of
Cretaceous intrusive rocks. The major mem-
bers of the complex are variably deformed and
recrystallized epidote-bearing quartz diorite to
trondhjemite orthogneisses. These ortho-
gneisses, intruded during ongoing deforma-
tion, are the oldest intrusives emplaced into
the suture zone. {Older Permian and Triassic
intrusives are an intergal part of the Wallowa
terrane.) The structural style of the Hazard
Creek complex is very asymmetric. On the
east, the complex has a steeply dipping,
N-NW-striking foliation. The plutons are elon-
gate bodies with pervasive ductile folding
around their margins. On the west, as seen in
the following outcrops, dips are generally
more shallow with diverse strike directions,
The plutons are relatively equant with stoped
blocks of wall rocks abundant along their mar-
gins. This asymmetry suggests the intrusives
were emplaced within and to the west of an
active zone of flattening and vertical flow.

1.1
Layered mafic gneisses seen along the high-
way are a minor component of the Hazard
Creek complex. (The best access to these
roadcuts is gained by parking in a pullout on
the west side of the highway about 100
meters south of milepost 175 and walking
back north to the roadcut.) They are sur-
rounded by intrusive material and are inferred
to be a pendant within the intrusive rocks.
Smaller blocks of layered gneiss are also com-
mon as inclusions within the intrusive rocks.
The presence of the gneisses as pendants and
inclusions, as well as the irregular contact be-
tween the Pollock Mountain Amphibolite and



33.0

33.8

the Hazard Creek complex, suggest that the
contact is intrusive rather than tectonic.

The most abundant gneisses are andesit-
ic in composition, containing andesine, horn-
blende, biotite, quartz + clinozoisite, epidote,
garnet, diopside and cummingtonite. Am-
phibolites, calcsilicate-and quartzofeldspathic
gneisses are interlayered with andesitic
gneisses on scales from tens of centimeters to
tens of meters. Amphibolites locally contain
pyroxene. Calcsilicate gneisses contain vary-
ing proportions of hornblende, epidote, trem-
olite, plagioclase, quartz and sphene. These
gneisses, interpreted as metamorphosed vol-
canic and volcaniclastic rocks of an oceanic
volcanic arc, strongly resemble the Pollock
Mountain Amphibolite. Quartzofeldspathic
layers, composed of plagioclase, quartz, bio-
tite, clinozoisite, muscovite and garnet, con-
tain large relict, zoned plagioclase grains and
are interpreted as metamorphosed tonalite or
trondhjemite sills. Compositionally, they
strongly resemble early intrusives from the
Hazard Creek complex. Younger crosscutting
biotite granodiorite dikes are probably related
to younger intrusives in the complex.

1.1

Stop 6: Turnout on west. The Hazard Creek
complex contains several generations of intru-
sive rocks which have been variably deformed
into gneisses. At this locality a variety of older
orthogneisses within the complex can be
observed. The oldest is fine grained, of quartz
diorite composition, and contains abundant
folded leucocratic veins. It occurs both as
blocks and as elongate pods within the
epidote-biotite-hornblende tonalite ortho-
gneiss, which makes up most of the outcrop.
Minor amounts of epidote-biotite-trondh-
jemite orthogneiss are interlayered and de-
formed with the tonalite orthogneiss. Mag-
mas of these compositions were injected
throughout an ongoing deformational epi-
sode, since these lithologies occur as crystal-
loblastic gneisses, as gneissic intrusives and
as little-deformed intrusives. Tonalite and
trondhjemite dikes crosscutting the ortho-
gneisses represent one of the youngest intru-
sions in this series.

0.8
Qutcrops in the upper portion of this canyon

contain abundant epidote-biotite tonalite and
trondhjemite. These are part of one of the
younger intrusive bodies in the complex and
are only slightly deformed. The intrusive style
of the pluton varies locally. In some outcrops
a flow foliation is well developed and inclu-

45.9

51.6

187

sions of older material are concordant. Else-
where, foliation is weak and crosscutting rela-
tionships are more abundant. Related trondh-
jemite dikes crosscut the foliation and show
no prefered orientation. The youngest cross-
cutting dikes are granitic and are related to the
youngest intrusive in the area, a granitic body
which crops out in Round Valley at the south
end of the canyon.

12.1
New Meadows; turn left on Idaho Route 55
toward McCall.

5.7

Stop 7: The Little Goose Creek complex is
composed primarily of this distinctive mylonit-
ic, porphyritic biotite granodiorite ortho-
gneiss. The porphyritic orthogneiss is tectoni-
cally interlayered with other intrusives ranging
in composition from granite to gabbro. Epi-
dote-free tonalites similar to those in the west-
ern portions of this outcrop are the most
abundant interlayers. Layered mafic gneisses
similar to those seen in the Hazard Creek com-
plex are also intercalated with the porphyritic
orthogneiss and can be observed in the upper
part of the canyon. In the eastern portion of
the Little Goose Creek complex, metamor-
phosed continentally derived sediments are
interlayered with the porphyritic orthogneiss.
Thus, the orthogneiss contains inclusions of
both arc-related and continentally derived ma-
terial. Strontium and oxygen isotopes within
this unit have been studied by Manduca and
others (1986). The isotopic ratios change dra-
matically from west to east. Calculated initial
¥7Sr/%8Sr values range from 0.7045 in the west
to 0.7097 in the east; 80 values range from
8.0 to 10.9. Ratios generally increase from
west to east, with a step in the central part of
the complex. This step does not coincide in
detail with the change in composition of
metamorphic pendants {Figure 2}. The gra-
dient is inferred to reflect an eastward-in-
creasing contribution of evolved crustal mate-
rial (with elevated ®5r/%Sr and '®0) to the
melt which formed the porphyritic ortho-
gneiss. The changes in both pendant compo-
sitions and isotopic ratios within the ortho-
gneiss suggest it intruded a steeply dipping
lithospheric boundary, along which continen-
tal and oceanic arc lithologies were juxta-
posed.

The Little Goose Creek complex has been
pervasively deformed into a mylonitic gneiss.
Mylonitization appears to have occurred
under dry conditions at amphibolite facies,



188

since amphibolite facies mineral assembiages
have not been retrograded and oxygen iso-
tope variations are preserved. Mylonitization
also affected the western margin of the Pay-
ette River complex to the east, and the east-
ern margin of the Hazard Creek complex to
the west. Deformation postdates the em-
placement of the Payette River tonalite and is
the youngest penetrative deformational event
in the area. Mylonitic foliations strike north-
south, and dips are steep to vertical. {Foliation
at this outcrop dips more shallowly than aver-
age.) A well-developed mineral stretching lin-
eation plunges down dip, and fold axes gener-
ally parallel the lineation. Movement is infer-
red to have been vertical with a strong flatten-
ing component.
5.4
57.0 McCall; turn left on Warren Wagon Road
and continue north along the west shore of
Payette Lake through rocks of the Payette
River complex.
7.7
64.7 Junction; stay left on Warren Wagon Road.
7.3
72.0 Stop 8: Tonalite forming the western portion
of the Payette River complex is part of a belt
of tonalite which crops out on the west side of
the ldaho batholith along much of its length.
Here the body is approximately 6 miles (10
km)} wide and has a strong N-striking igneous
flow foliation that dips steeply to the east. A
steeply NE-plunging flow lineation is also
commonly present. Mylonitization of the
western margin is the only post-emplacement
penetrative deformation observed in this
body.

Concordant screens and pods of meta-
sedimentary rocks, inferred to be metamor-

phosed continentally derived clastic rocks, are
present throughout the complex. In this out-
crop they are composed of calcsilicate gneiss
and biotite schist; quartzite and sillimanite-
bearing schist are also common. Inclusions of
metasedimentary rocks vary in size from a
meter to several kilometers in width; the larg-
est body is greater than 6 miles (10 km) in
length. The metasedimentary material is inti-
mately associated with granitic to tonalitic
material, suggesting partial melting and local
assimilation occurred during intrusion of the
tonalite. Structures and fabrics in the meta-
sedimentary rocks are generally parallel to
those in the tonalite and appear to be due to
deformation which transposed compositional
layering during intrusion of the tonalites.
Older structures and fabrics may have been
obliterated. The crosscutting granitic dikes at
this outcrop are related to the two-mica gran-
itic core of the Idaho batholith which crops
out 4 miles (6.5 km) to the east.

Retrace route to New Meadows.
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FIELD GUIDE
TO THE IRON DYKE MINE, BAKER COUNTY, OREGON

Steven Bussey
Colorado School of Mines
Golden, Colorado 80401

Introduction

On the road from Oxbow, Oregon to the Iron
Dyke mine, the first mile is in the Windy Ridge For-
mation, a sequence of massive rhyolitic flows and
flow breccias. Here it is in fault contact with mafic
flows of the Hunsaker Creek Formation. To the
northeast the contact appears to be depositional,
with sediments and felsic pumice-lapilli tuffs overly-
ing the Windy Ridge. Once into the Hunsaker Creek
Formation, the road passes rapidly from one lithol-
ogy to another. Lithologies representative of the

Hunsaker Creek Formation are exposed in all of the
small tributary canyons heading west from the Snake
River. Bedding can be observed in sediments and
volcaniclastic units while most other units are mas-
sive. The mine is situated in the upper part of the
Hunsaker Creek Formation, which consists of tuff
epiclastic volcanic breccia, conglomerate, sand-
stone, siltstone, minor limestone, with lava flows and
sills of dacite and basalt.

Road log

Mileage
0.0 Cambridge, Idaho, Proceed west on idaho
State Route 71.
28.6
28.6 Cross Snake River bridge into Oregon, down-
stream from Brownlee Dam.
10.9
39.5 Turn right at “T” intersection at Copperfield
Park {Oxbow, Oregon).
0.1
39.6 Turn left onto gravel road leading to Home-
stead and lron Dyke mine.
35
43.1 Stop 1: Park along road and proceed on
foot up Holbrook Creek to examine Hunsaker
Creek Formation (Figures 1, 2, Bussey, this
volume).

Lithologies typical of the Hunsaker Creek
Formation can be seen in exposures along
Holbrook Creek which heads west from the
Snake River one half-mile south of the Iron
Dyke mine office. Four exposures are briefly
described. The farthest one is about one half-
mile from the road.

1. Good exposures are present in the power-
line roadcut just north of the entrance to
Holbrook Creek. Lithologies include inter-
bedded sandstone and mafic lapilli tuff.
Mafic breccia with vesicular fragments
are associated with mafic lapilli tuff and
dark-colored hematite-rich sandstones.
Bedding strikes east-west and dips 74°N.

2. Monolithic mafic lapilli tuffs with crude
bedding and fossil fragments suggest an
origin as a subaqueous pyroclastic flow or
debris flow which gathered fossil frag-
ments during transport. Upstream from
this point the mafic lapilli tuff is transition-
al to a debris flow and contains large
blocks of mixed lithologies. Exposures of
felsic pumice lapilli tuffs also become
more common.

3. Light-colored exposures of flow banded,
aphanitic rhyolite occur on both sides of
the creek. The origin of this unit is uncer-
tain, but it may be a large block within the
debris flow, which also contains frag-
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ments of vesicular basalt and red silt-
stone,

A lens of massive, heterolithic conglomer-
ate is overlain by sandstone which, in
turn, is overlain by a felsic flow breccia
with large, flow-banded blocks at its
base. The local occurrence of the con-
glomerate suggests that it filled a small

depression or channel along the flank of
the submerged island arc. This rock type
is typical of the Hunsaker Creek Forma-
tion.

0.3

43.4 Turn left and park at entrance to Iron Dyke
mine property. (For further descriptions of the
iron Dyke mine, see Bussey, this volume.)
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An overview of some of the Precambrian crystalline rocks of southwestern Montana and north-

western Wyoming

Columbus, Montana to Butte, Montana 0.0 From Stiliwater Mining Company office, re-
trace route back to junction of County Route
Mileage 419 with Montana Route 78. Turn right
0.0 Exit 408 from Interstate 90 to Columbus; pro- {south) on Montana Route 78 toward Red
ceed south. Lodge.
0.9 10.0
0.9 Columbus; turn right (west) on Montana 10.0 Roscoe junction; continue southeast on
Route 78 toward Absarokee. Montana Route 78.
0.3 19.4
1.2 Turn left and cross Yellowstone River; con- 29.4 Enter town limits of Red Lodge.
tinue southwest on Montana Route 78. 0.4
13.8 29.8 Junction; turn right (south) on U.S. High-

156.0

17.8

21.2

22.2

31.7

37.6

37.8

38.1

43.1

Absarokee; proceed south on Montana
Route 78.

2.8
Junction: County Route 419; turn right
{west) to Fishtail and Nye.

3.4
Fishtail, proceed southwest on County
Route 419 toward Nye.

1.0
Intersection with West Rosebud road; bear
right on County Route 419.

9.5
Benbow Mine road to left; continue on
County Route 419 toward Nye.

5.9
Cross Stillwater River.

0.2
Nye Post Office.

0.3
Junction with West Fork Stillwater River road
to north; continue straight ahead.

5.0
Office of Stillwater Mining Company (in old
Nye hospital) on north side of highway. Ac-
cess to Mountain View and West Fork areas;
gate is usually locked. /INQUIRE AT STILL-
WATER MINING COMPANY OFFICES FOR
ACCESS PERMISSION AND INFORMATION.
Field stops begin at the end of the Mouat mine
road, approximately 6.4 miles from the Still-
water Mining Company office.

Field guide to Mountain View and
West Fork area, Stillwater Complex, Mon-
tana by I. S§. McCallum

way 212.

Red Lodge to Beartooth Lake

Field guide to an Archean transect,
eastern Beartooth Mountains, Montana
by Paul A. Mueller and Joseph L. Wooden.
Total distance 52.7 miles.

From Stop 4 (of the above field guide),
follow U.S. Highway 212 to Cooke City (ap-
proximately 19 miles).

Cooke City. Silver Gate and Yellowstone
National Park northeast entrance (approxi-
mately 4 miles).

in Yellowstone National Park, follow
highway across northern part of Park, (ap-
proximately 29 miles to Tower Junction).

Next road log begins at West Yellow-
stone.

At this point two choices of routes
through Yellowstone National Park are avail-
able.

1) Turn right (northwest) to Mammoth
Hot Springs (approximately 18 miles). At
Mammoth Hot Springs, turn south to Norris
Junction (approximately 21 miles).

2) Turn left (southwest) to Canyon
Junction (via Dunraven Pass, approximately
19 miles). At Canyon Junction turn right
{west) to Norris Junction {approximately 12
miles).

From Norris Junction, proceed south-
west to Madison Junction (approximately 14
miles).
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At Madison Junction turn right (west)
to the western Yellowstone National Park
boundary and the town of West Yellowstone
{approximately 14 miles).

West Yellowstone to Indian Creek

Field guide to pre-Beltian geology of
the southern Madisonand Gravellyranges,
southwest Montana by Eric A. Erslev.
Total distance 57.2 miles.

Follow U.S. Highway 287 north to Ennis
from Indian Creek {approximately 18 miles).

On north side of Ennis, bear left (west)
on Montana Route 287 to Alder (via Virginia
City and Nevada City, approximately 24
miles).

At Alder, turn right (northwest) on
Montana Route 287 to Twin Bridges (via
Sheridan, approximately 20 miles).

Field guide to the Highland Moun-
tains, southwest Montana by J. Michael
O'Neill. Total distance one way 51.1 miles,
including 5-mile foot traverse.

An overview from the continent into the Mesozoic suture zone, central Idaho and northeastern

Oregon

0.0

0.8

0.9

1.5

2.2

2.5

4.9

Missoula, Montana to Lowell, Idaho

Exit from Interstate 90 at Orange Street Exit in
Missoula (Exit 104}; proceed south on Orange
Street following signs to U.S. Highway 93.
0.8
West Broadway
0.1
Cross Clark Fork River
0.6
Stephens Street; bear right
0.7
Mount Avenue; bear left following U.S. High-
way 93.
0.3
Brooks Street; turn right.
24
Cross Bitterroot River.

Field guide to a section through the
northern idaho batholith and surrounding
high-grade metamorphic rocks by Donald
W. Hyndman and David A. Foster. Total
distance 167 miles.

From Lowell continue westerly on U.S.
Highway 12 through Syringa (past Kooskia) to
Kamiah (approximately 30 miles from Lowell}.

Kamiah to Orofino area

Field guide to mylonitic deformation
and sense of displacement in mylonitic
rocks near Orofino, Idaho by Luther M.
Strayer, 1V. Approximately 32 miles, In-
cluding return to Orofino.

Field guide to variations in lithologies
and deformation styles west of Orofingo,
Idaho by Gary F. Davidson. Approximately
27 miles, including return to Orofino.

From Orofino proceed southeast 30
miles on U.S. Highway 12 to junction with
U.S. Highway 95 just east of Kooskia. Turn
right (south) on U.S. Highway 95 and con-
tinue 26 miles to Grangeville. Continue
south on U.S. Highway 95 along the Salmon
River to Slate Creek Ranger Station, approxi-
mately 26 miles south of Grangevilie.

Slate Creek area

Field guide to a traverse (Slate Creek)
across the Salmon River suture zone,
west-central Idaho by Karen Lund. Ap-
proximately 67 miles, including retracing
of route to Slate Creek Ranger Station.

From Slate Creek Ranger Station con-
tinue south 52 miles on U.S. Highway 95 to
Riggins.

Riggins to New Meadows to Boise, Idaho

Field guide to a transect across an
island arc-continent boundary in west-
central Ildaho by Elaine A. Aliberti and
Cathryn Allen Manduca. Total mileage,
including retracing of route to New Mea-
dows is 99.3 miles.

New Meadows; turn left (west} on U.S.
Highway 95 and proceed southerly 45 miles to
Cambridge.




0.0

32.0

Field guide to the lron Dyke Mine,
Baker County, Oregon by Steven Bussey.
Total mileage, including retracing of
route to Cambridge is 86.8 miles.

Cambridge; turn right and proceed southerly
on U.S. Highway 95.

32.0
Weiser, ldaho

18.0
Payette, Idaho
4.0
Enter Interstate Highway 84 and proceed
southeasterly.
49.0
Boise, Idaho

50.0

54.0

103.0
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