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STILLWATER COMPLEX, MONTANA: 
ROCK SUCCESSION, METAMORPHISM, AND STRUCTURE 

OF THE COMPLEX AND ADJACENT ROCKS 

By NoRMAN J PAGE 

ABSTRACT 

Along the northern border of the Beartooth Mountains in Still
water, Sweetgrass, and Park Counties, Mont., a terrane of Pre
cambrian rocks overlain by Paleozoic, Mesozoic, and Cenozoic 
sedimentary rocks contains the differentiated stratiform ultra
mafic and mafic Stillwater Complex. In addition to the complex, 
several groups of Precambrian rocks are distinguished by min
eralogic, petrologic, chemical, structural, and age criteria as 
follows: (1) regionally metamorphosed rocks consisting of gra
nitic gneisses, migmatites, biotite schists, and amphibolitic gneis
ses, (2) hornfelsed metasedimentary rocks that form the contact 
aureole of the Stillwater Complex, and (3) a sequence of quartz 
monzonites distinguished by grain size, mineralogy, and mutual 
intrusive relations. docks of the contact aureole of the complex are 
comparatively rich in MgO, total iron, Cr, and Ni and are depleted 
in K20 and N a20; they range in grade from pyroxene hornfels near 
the complex to albite-epidote hornfels away from it. They consist 
of (1) a finely layered sequence of metasedimentary rocks dis
playing relict small-scale crossbedding, cut-and-fill structures, 
and graded bedding that suggest a high-energy environment, (2) a 
diamictite unit of questionable glacial origin, (3) blue metaquartz
ites, possibly cherts, (4) an iron-formation that may have formed 
by chemical precipitation, (5) massive fine-grained metasedimen
tary rocks, and (6) layered rocks with no relict sedimentary 
features. 

The Precambrian geologic record in the vicinity of the Still
water Complex shows a lengthy and complicated history of 
multiple deformation, contact and regional metamorphism, ero
sion, sedimentation, and several episodes of igneous intrusion. 
Interpretation of these events is hindered by effects of the Late 
Cretaceous to Eocene Laramide orogeny. In early Precambrian 
time, prior to about 3,140 m.y. (million years), erosion of a terrane 
consisting of rocks with ultramafic, mafic, and intermediate 
compositions provided clastic and chemical components to the 
sediments that accumulated in nearby basins. These MgO- and 
total iron-enriched sedimentary rocks were folded at least twice 
and were possibly involved in a low-grade regional metamor
phism. Between 2,750 and 3,140 m.y., the Stillwater magma was 
intruded and fractionated, forming magmatic sediments, and was 
the heat source for the development of the contact aureole. During 
this time this terrane must have been a stable area. Later within 
the same time span, the block containing the Stillwater Complex 
and hornfelsed metasedimentary rocks was juxtaposed next to the 
early Precambrian regionally metamorphosed rocks, probably by 
wrench faults, one of which may be the Mill Creek-Stillwater fault 
zone. Along the eastern part of this zone at 2,750 m.y., a sequence 
of quartz monzonites was intruded and contact metamorphosed 
some of the older rocks. By the time of these intrusions the 
regionally metamorphosed rocks were probably already com
plexly folded and past the peak of the regional metamorphic event 

that formed the gneisses and migmatites. Between 1,600 and 1,800 
m.y. mafic dikes were intruded, a penetrative deformation de
veloped, and a low-grade regional metamorphic event affected the 
Stillwater Complex and adjacent rocks. Before the Cambrian, the 
terrane was faulted, rotated and tilted, uplifted, and eroded to form 
the ancestral Beartooth Mountains. By Middle Cambrian time the 
ancestral mountains had subsided and become the site for depo
sition of 8,000-10,000 ft (2,438-3,048 m) of marine and continental 
sedimentary rocks until the Late Cretaceous. Volcanism began in 
Late Cretaceous time, and the Laramide deformation began and 
continued through the early Eocene. Since then, the area has 
undergone uplift, erosion, glaciation, and faulting. 

INTRODUCTION 

The Stillwater Complex, a differentiated, strati
form mafic and ultramafic intrusive body of Pre
cambrian age, crops out in Stillwater, Sweetgrass, 
and Park Counties, Mont., for about 48 km along the 
northern margin of the Beartooth Mountains. The 
report area includes most of the Mt. Wood and Mt. 
Douglas quadrangles and parts of the Mt. fiae, Mt. 
Cowen, and McLeod Basin quadrangles (fig. 1). This 
report concentrates on the smaller area adjacent 
to the southern margin of the complex in which 
the most significant geologic relations are exposed 
(fig. 2). 

The Stillwater Complex is only partly exposed, 
and its original size and shape are unknown. Origi
nal intrusive contacts with folded metasedimentary 
rocks are visible in the western third of the expo
sures and only locally in the eastern third. Elsewhere 
in the eastern part, the complex is itself intruded by 
quartz monzonite plutons. Original contacts in the 
central part are obscured by the upper plate of a 
thrust fault that moved metasedimentary rocks 
northward over the lower part of the complex. Intru
sive contacts are found only on the south side of the 
complex. To the north, the complex is overlain 
unconformably by Paleozoic and Mesozoic sedimen
tary rocks that were folded and faulted during the 
Laramide orogeny. 

Knowledge of the geology of the Stillwater Com
plex and the adjacent rocks is necessary to appraise 
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FIGURE !.-Generalized geologic map of the Beartooth Mountains, showing location of quadrangles (A-E) and areas discussed in 
text (1-15). Boundary between North Snowy block and Stillwater block is fault along West Boulder River; between Stillwater 
block and Beartooth block, the Mill Creek-Stillwater fault. 

the mineral resource potential (Page and Dohren
wend, 1973) of the area. Known potential resources of 
chromium (Jackson, 1968), copper (Dayton, 1971), 
nickel (Cornwall, 1966), platinum-group metals 
(Page and others, 1973), iron, coal (Calvert, 1916), 
and aluminum are associated with either rocks of the 
complex or the adjacent rocks. Understanding of the 
petrology, mineralogy, and tectonic development of 
this region is an important factor in unravelling the 
metallogenic processes responsible for the mineral
ization associated with the complex. Therefore, this 
study was undertaken to supply the basic geologic 
background information needed to evaluate the po
tential resources of the area. 

This region has been studied since 1920 as part of 
several overlapping, comprehensive investigations 

of structure, stratigraphy, geochemistry, and petrol
ogy of the complex. Jones, Peoples, and Howland 
(1960) summarized the igneous and tectonic struc
tures of the Stillwater Complex, but they lacked 
information on the Basal zone o.f the complex and 
wallrocks immediately adjacent to the complex. 
Therefore their study concentrated on Paleozoic and 
younger structural development of the area. Their 
work and the present study have drawn on the 
excellent mapping done as part of investigations of 
the chromite deposits and their geologic environ
ment (Westgate, 1921; Peoples, 1932, 1933, 1936; 
Howland, 1933; Vhay, 1934; Wilson, 1936; Peoples 
and Howland, 1940; Wimmler, 1948; Howland and 
others, 1949; Richards, 1952; Peoples and others, 
1954; Jackson and others, 1954; Howland, 1955; Vail, 
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1955; Richards, 1958; U.S. Geological Survey, 1971). 
Other reports have concentrated on the petrology, 

mineralogy, and geochemistry of parts of the com
plex. Hess (1938a, b; 1939, 1940, 1941, 1960) and Hess 
and Phillips (1938, 1940) discussed the Banded and 
Upper gabbro zones, whereas Jackson (1960, 1961, 
1963,1967, 1968, 1969, 1970, 1971)andPage, Shimek, 
and Huffman (1972) studied the Ultramafic zone. 
Howland (1933), Howland, Peoples, and Sampson 
(1936), Page (1971a, b; 1972), Page and Jackson 
(1967), Leonard, Desborough, and Page (1969), and 
Page, Riley, and Haffty (1969, 1971, 1972) were 
concerned with the Basal zone and the distribution 
and origin of sulfide minerals and platinum metals 
within the Stillwater Complex. Page and Nokleberg 
(1972) discussed the quartz monzonite that intrudes 
the eastern third of the complex. Finally, the most 
recent textbook-type summary is contained in Wager 
and Brown (1967). 

The details of rock succession, metamorphism, 
and structure of the Stillwater Complex and adjacent 
rocks discussed in this report form part of a body of 
knowledge intimately related to and based on previ
ously published results of earlier studies. In order to 
obtain a unified series of detailed maps at one scale, 
the present study required considerable new map
ping, field examination, and compilation that result
ed in maps at a scale of 1:12,000 (Page and Nokle
berg, 1974) for the complex and at 1:62,500 (Page and 
others, 1973a, b) for the Mt. Wood and Mt. Douglas 
quadrangles. This report is based on these maps and 
serves as an extended explanation, analysis, and 
synthesis of the information on them. The report is 
tightly tied to Page and Nokleberg's (1974) map; 
locations given here are referred to Montana South 
coordinates, topographic, and place names shown on 
their map. 

Published reports stemming from the present 
study included (1) Page and Nokleberg's (1972) dis
cussion of the quartz monzonites intrusive into the 
eastern third of the complex; (2) Page and Koski's 
(1973) description of the diamictite; (3) Page, .Riley, 
and Haftty's (1969, 1971, 1972)~ Page and Jackson's 
(1967), and Page's (197la, b; 1972) studies of sulfides 
and platinum mineral distribution in the complex; 
(4) Page, Shimek, and Huffman's (1972) study of a 
cyclic unit; and (5) Page and Dohrenwend's (1973) 
summary of mineral resources for the area. 
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PETROLOGY AND ROCK SUCCESSION 
OF THE STILLWATER COMPLEX AND 

ADJACENT ROCKS 

Diverse rock-forming processes in sedimentary, 
igneous, and metamorphic environments that span 
time from early Precambrian through the Paleozoic, 
Mesozoic, and Cenozoic Eras are represented within 
the Stillwater Complex area. All three environments 
are represented in the Precambrian, whereas sedi
mentary processes have dominated since then. This 
section details the rock succession of the Precam
brian rock units. 

The rocks are treated in eight major groups (fig. 2): 
(1) regionally metamorphosed rocks consisting of 
granitic gneisses and associated metasedimentary 
rocks of Precambrian age, (2) hornfelsed metasedi
mentary rocks of Precambrian age in the contact 
aureole of the Stillwater Complex, (3) the Stillwater 
Complex of Precambrian age, (4) an intrusive quartz 
monzonite sequence of Precambrian age, (5) mafic 
dikes and sills of Precambrian age, (6) sedimentary 
rocks of Paleozoic and Mesozoic age with representa
tives of every period except the Silurian, (7) inter
mediate and siliceous intrusive rocks of Tertiary age, 
and (8) semiconsolidated to unconsolidated glacial 
and alluvial sediments of Quaternary age. All of the 
rock groups except for the eighth have been involved 
in different degrees, types, and periods of deforma
tion, and a discussion of their geologic and age 
relations is therefore important to a study of struc
tures they exhibit and for dating the relative ages of 
the deformations. Isotopic dating by Nunes and 
Tilton (1971) provides the source of maximum and 
minimum absolute ages assigned to the Precam
brian units. Assignment to periods and description 
of the Paleozoic and Mesozoic sedimentary rocks are 
based on the work of Vhay (1934). 

Plate 1 gives the terminology used in this report 
and shows stratigraphic relations of bedded rocks 
within the area bounded by the edges of the Mt. Wood 
and Mt. Douglas 15-minute quadrangles, which in-
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FIGURE 2.-Generalized geologic map of the Stillwater Complex and adjacent rocks. Modified from Page, Simons, and Dohrenwend 
(1973a, b) and Page and Nokleberg (1974). 

eludes the area of the detailed mapping. The general
ized columnar section is based on mapping by Page 
and Nokleberg (1974) and Page, Simons, and Doh
renwend (1973a, b). 

REGIONALLY METAMORPHOSED ROCKS 

Regionally metamorphosed rocks underlie most of 
the area of the Beartooth Mountains in south western 

Montana and northwestern Wyoming and comprise 
granitic gneiss and associated metasedimentary 
rocks of Precambrian age (Foose and others, 1961). 
Over half of the Mt. Wood and Mt. Douglas quad
rangles contains exposures of these rocks, but their 
occurrence on the 1:12,000-scale map (Page and 
N okle berg, 197 4) is limited to the southern parts of the 
Stillwater River and the West Fork of the Stillwater 
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River areas (figs. 1, 2). Rocks south of the Stillwater 
Complex have been described by Page and Nokle
berg (1970a, b; 1972), Butler (1966, 1969), and Jones, 
Peoples, and Howland (1960). Studies of similar 
rocks elsewhere in the Beartooth Mountains include 
Bentley (1966), Casella (1964, 1969), Eckelmann and 
Poldervaart (1957), Foose, Wise, and Garbarini 
(1961), Harris (1959), James (1946), Larsen, Polder
vaart, and Kirchmayer ( 1966), Poldervaart and Bent
ley (1958), Prinz (1964), Rowan (1969), Rowan and 
Larsen (J 970), Skinner (1969), and Skinner, Bowes, 
and Khoury (1969). Within the area of detailed 
mapping, Page and Nokleberg (1970a, 1972, 1974) 
divided the regionally metamorphosed rocks into 
granitic gneiss, biotite gneiss, plagioclase gneiss, 
amphibolitic gneiss, and biotite schist. 

C:Oi\'T.-\CT Al'\D AGE RELAT!Oi\'S 

The contact of the regionally metamorphosed 
rocks with other rocks within the detailed map area 
(fig. 2) is everywhere a fault except in the Bluebird 
Peak area (coordinates: 502,700 N.; 1,879,000 E.) 
where fine-grained quartz monzonite intrudes biotite 
schist. Relative age relations are shown by dikes of 
fine-grained quartz monzonite in the biotite schist 
and inclusions of biotite schist in the quartz monzo
nite. Within the metamorphic rocks, contacts between 
individual units are generally sharp and distinct. 
Contacts between granitic gneiss, biotite schist, and 
amphibolitic gneiss are usually parallel to sub
parallel with the foliation in the granitic gneiss and 
banding in the other units. Locally the contacts are 
gradational, according to Butler (1966), but within 
the area of the 1:12,000-scale map observed contacts 
are sharp. 

The biotite gneiss has three modes of occurrence: 
(1) as inclusions in the intrusive quartz monzonite, 
(2) as selvages or screens between the intrusive 
quartz monzonite and hornfels pendants and be
tween different intrusive quartz monzonites, and (3) 
as an isolated fault block where it is associated with 
a lens of amphibolitic gneiss (coordinates: 500,270 
N.; 1,893,200 E.). Where the biotite gneiss occurs as 
inclusions and selvages, it is locally cut by dikes of 
quartz monzonite (coordinates: 499,050 N.; 1,903,820 
E.), but it more typically has a gradational contact 
within about a 1.5-3-m interval. The biotite gneiss 
isolated in the fault block is highly sheared and 
partly recrystallized and res em hies a flaser gneiss. 
Within this area it is typically highly altered and 
contains abundant secondary sericite and epidote. 
The spatial relations and intrusive nature of the 
quartz monzonite into the biotite gneiss inclusions 
and selvages indicate that the biotite gneiss is older 

than the quartz monzonite. A reasonable conclusion 
is that the biotite gneiss forms inclusions and pen
dants of regionally metamorphosed rocks in the 
quartz monzonite. 

Catanzaro and Kulp (1964) dated zircons in the 
granitic gneiss along the Stillwater River, which 
were described (Butler, 1966, p. 61) as detrital zircons 
with abundant overgrowths. They interpreted their 
U-Pb data as 2,700-m.y. (million year)-old zircon 
overgrowths on cores with a minimum age of 3,120 
m.y. Gast, Kulp, and Long (1958), using K-Ar and 
Rb-Sr methods to study micas and microclines, 
obtained a 2,750±150-m.y. age for the gneiss and 
considered this the age of granitization or gneiss 
formation. Nunes and Tilton (1971) dated two sam
ples of granitic gneiss by U-Pb zircon methods and 
obtained zircon ages of 2,850 and 3,815 m.y. They 
also dated zircons from three samples of biotite 
schist that occur in the regionally metamorphosed 
rocks. Using an episodic lead-loss model, the mini
mum age of the schist zircons is 3,140 m .y., and using 
a continuous diffusion model, it is 3,300 m.y. These 
zircons are primarily round with small outgrowths
but lack overgrowths-indicating that they are detri
tal (Nunes and Tilton, 1971, p. 2237) and that the 
ages derived for the schists are minimum ages. Thus 
the regionally metamorphosed rocks were formed 
during a metamorphic event between 3,750 and 2,850 
m.y. ago from parent materials, including pelitic 
sedimentary rocks, that are at least 3,120 m.y. old. 

LITHOLOGY, MINERALOGY , AND CHEM ISTRY 

The regionally metamorphosed rocks are divided 
into different units on the basis of mineralogy and 
texture. An attempt was made to use definitions of 
the terms that parallel those applied by other studies 
in the Beartooth Mountains. The lithologies are 
defined as follows: (1) granitic gneiss containing less 
than 10 volume percent mafic minerals, (2) biotite 
gneiss greater than 10 volume percent, (3) plagio
clase gneiss containing less than 5 volume percent of 
potassium feldspar, (4) amphibolitic gneiss contain
ing amphibole as the dominant mafic mineral, and 
(5) biotite schist in which biotite-rich rocks have a 
schistose texture. 

Granitic gneiss, the dominant rock type, is a 
foliated rock with alternating bands of felsic and 
mafic minerals. Not all the rocks are discernibly 
banded when observed in the field, but cut, etched, 
and stained slabs generally show a foliation (fig. 3). 
The foliation is defined by parallel, elongated 
feldspar porphyroblasts and parallel muscovite and 
biotite flakes or by the more readily observed felsic 
and mafic mineral banding. 
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Jcm 
A 

2cm 
B 

FIG URE 3.-Sta ined slabs of granitic gneiss showing foliation 
and banding . Dark mineral is biotite. Light minera ls are 
pla gioclase (p), pota ssium feldspa r (k), a nd quartz (q). A , 
Typical gra nitic gneiss. B, Inter layered granitic gneiss (light 
ba nds) and biotite gneiss (dark ba nds). 

Common minerals of the granitic gneiss are 
plagioclase (An0f An16.2) 1 , microcline (Or93.o-Or97.9) 

1
, 

quartz, muscovite, biotite, epidote, and local red 
garnet. Minor minerals are magnetite, pyrite, zircon, 
apatite, and the secondary alteration minerals, 
chlorite and sericite . Table 1 gives modes of typical 

1 Electron microprobe a na ly!Ses reported in Page and Nokleberg (1972). 

granitic gneisses; these and additional modes from 
the study area are plotted in figure 4 and are 
compared with modes of gneisses from other regions 
of the regionally metamorphosed rocks. Zoned pla
gioclase porphyroblasts with cores slightly more 
calcic than rims, locally with patchy zoning, are 
typical of this coarse- to medium-grained seriate 
inequigranular gneiss. Microcline, commonly per
thitic , and strained sutured quartz form a finer 
grained matrix for the porphyroblasts. Microcline, 
commonly with myrmekite on its margins, has 
partly replaced plagioclase. The relative abundance 
of muscovite over biotite appears typical of the 
granitic gneisses studied. 

The modal and chemical data (table 1 and fig. 4) 
show that the granitic gneiss ranges in composition 
from quartz monzonite to quartz diorite. Most modes 
fall within the compositional range of granodiorite 
and quartz diorite . 

Plagioclase gneiss is a medium-grained quartzo
feldspathic rock (table 1) that contains similar 
minerals as the granitic gneiss but has less than 5 
volume percent potassium feldspar. Neither mus
covite nor red garnet has been observed in the 
mappable extent of the gneiss in the fault block east 
of the Stillwater River. Page and Nokleberg (1972) 
report one analysis of the plagioclase, which gen
erally occurs as porphyroblasts in a matrix of quartz 
and biotite, as Oro.6 Ab98.6 Ano.7. 

Biotite gneiss is a folia ted rock containing more 
than 15 volume percent mafic minerals, dominantly 
biotite, typically surrounding feldspar augen with a 
sheaflike texture. Common major constituents are 
plagioclase, quartz, microcline, biotite, and epidote. 
Hornblende has been reported by Butler (1966) to be a 
constituent. Apatite is the major accessory mineral, 
but zircon, sphene, magnetite and secondary alter
ation products, chlorite, and sericite are present. 
Table 1 shows modes and analyses of two typical 
biotite gneisses. 

Amphibolitic gneiss is a well-foliated, locally 
lineated (Butler, 1966) rock containing, by volume, 
19-70 percent olive to brown-green hornblende, 10-
40 percent plagioclase (AnJs- ss), 4-18 percent brown 
biotite, and 9-30 percent unstrained quartz, garnet, 
and locally staurolite. Analyses and modes are given 
for selected samples in table 1. In outcrop, the amphi
bolitic gneisses are poorly foliated (appearing homo
geneous) to well foliated. The segregation ofthe more 
felsic and mafic minerals into bands (varying in 
thickness from several millimeters to several centi
meters) defines the foliation. Some previous workers 
(for example, Eckelmann and Poldervaart, 1957) 
have interpreted the amphibolitic gneisses as having 
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TABLE I.-Chemical, spectrographic, and modal analyses of metamorphic rocks in the Beartooth Mountains 
[Chemical analyses by P. L. D. Elmore, James Kelsey, Gillison Chloe, Hezekiah Smith, J. H. Glenn, and Lowell Artis under the supervision of Leonard Shapiro by rapid-rock 

methods; spectrographic analyses by Chris Heropoulos; modal analyses based on at least 1,000 points counted on a 4x 2.5 em thin section; N=not detected at limrt of detection; 
n.d.=not determined or not looked for; Tr.=trace; L=less than. Montana South coordinates given for locations] 

Granitic gneiss 
Biotite 
gneiss 

Plagio
clase 

gneiss 
Amphibolitic 

gneiss Biotite schist 

82269 4BB69 54BR69 3BB70 2FT71 54BB69 19VC69 1FC69 3BB69 13VC69A 2BB69 1BB70 2BB70 56WF70 

Chemical analyses (weight percent) 

SiOz 
Al203. 
Fe203 
FeO. 
MgO. 
CaO 
NazO. 
KzO 
Hzo+ 
Hzo- .. 
Ti02. 
P205 
MnO 
C02 

Total (rounded) 

73.5 
14.5 

.08 

.84 

.23 
1.2 
4.5 
3.9 

.32 
.13 
.10 
.09 
.00 

<.05 

99 

73.1 73.9 
14.9 15.4 

.48 .80 

.44 .28 

.17 .32 

.94 1.2 
3.7 4.1 
4.1 3.2 

.87 .79 
.01 .10 
.02 .06 
.02 .02 
.04 .00 
.02 .02 

99 100 

74.3 
14.6 

.37 

.28 

.17 

.85 
3.8 
4.9 

.65 
.00 
.02 
.03 
.00 
.02 

100 

73.9 
15.2 

.68 

.48 

.44 
1.1 
3.9 
3.4 

100 

.89 
.06 
.10 
.02 
.00 
.02 

70.0 
15.7 

.90 
2.4 
1.3 
2.7 
3.6 
2.2 
1.1 

100 

.04 

.33 

.07 

.05 

.02 

57.9 
15.6 

4.0 
3.9 
4.2 
6.3 
2.8 
1.9 
1.5 

99 

.08 

.68 

.46 

.11 

.02 

73.5 
14.3 

.52 
1.8 

.55 
2.0 
4.4 
1.4 
1.0 
.06 
.23 
.05 
.02 

<.05 

100 

50.6 
15.8 

2.1 
7.8 
7.5 

10.7 
2.6 

.44 

.85 
.14 
.72 
.10 
.14 

<.05 

99 

47.4 
14.6 
2.7 

10.9 
7.9 

10.4 
2.0 

.61 
1.4 
.01 

1.0 
.06 
.22 
.02 

99 

59.7 
16.2 

1.8 
10.9 

3.9 
1.5 
1.6 
2.3 
1.3 

.12 

.51 

.11 

.12 
<.05 

100 

68.9 
13.6 

1.3 
4.9 
3.0 
1.2 
1.5 
2.3 
2.1 

100 

.11 

.50 

.01 

.07 

.02 

69.6 
13.6 

1.0 
4.5 
2.8 
2.3 
2.5 
1.6 
1.2 
.15 
.49 
.08 
.06 

<.05 

100 

73.8 
11.6 

1.2 
4.0 
2.4 
1.5 
1.8 
1.6 
1.1 
.18 
.48 
.05 
.04 

<.05 

100 

57.29 
18.50 
3.47 
7.99 
5.81 

.34 

.91 
2.83 
1.97 
.12 
.77 
.05 
.07 
.00 

100.05 

Semiquantitative, six-step spectrographic analyses (parts per million) 

B 
Ba . 
Be 
Co 
Cr 
Cu 
La 
Ni 
Pb 
Sc 

N 
........... 1,000 

N 
N 

10 
2 
N 
7 

30 
N 

'Sr ..................................... . 500 
5 
N 

30 
N 

20 
N 

v .................................... .. 
y ..................................... . 
Zr 
Ce 
Ga 
Yb 

N 
500 

1.5 
N 
N 

.7 
N 
N 

50 
3 

70 
N 

15 
30 
N 

15 
1.5 

N 
1,000 

1 
N 
1.5 

L.7 
N 
N 

30 
N 

200 
N 
N 

50 
N 

20 

N 
300 

N 
N 
N 

.7 
N 
N 

100 
N 

70 
N 
N 

20 
N 

30 
N 

N 
70 

1 
N 
3 

L.7 
N 
1.5 

30 
N 

200 
7 
N 

70 
N 

20 
N 

N 
700 

N 
7 

20 
15 
N 

10 
30 

7 
300 

50 
10 

100 
N 

20 

N 
700 

1.5 
20 

100 
30 
50 
50 
15 
20 

500 
150 

15 
50 
N 

20 
1.5 

N 
700 

N 
5 
7 
5 

30 
2 

30 
N 

300 
30 
N 

150 
N 

20 
N 

N 
50 
N 

30 
300 

5 
N 

150 
N 

30 
100 
200 

15 
20 
N 

10 
2 

N 
70 
N 

50 
300 

30 
N 

150 
N 

50 
100 
300 

20 
50 
N 

15 
3 

15 
300 

N 
15 

300 
100 

N 
100 

15 
20 

150 
100 

15 
50 
N 

15 
2 

N 
500 

N 
20 

200 
50 
N 

150 
20 
15 

100 
100 
15 

150 
N 

15 
1.5 

7 
500 

N 
15 

300 
50 
N 

100 
30 
10 

200 
70 
20 

100 
N 

10 
2 

10 
300 

N 
20 

300 
100 

N 
70 
20 
10 

100 
70 
10 

100 
N 

15 
1.5 

n.d. 
500 

1 
35 

720 
110 
30 

250 
n.d. 
30 
40 

280 
15 

120 
n.d. 
n.d. 
n.d. 

Modal analyses (volume percent) 

Quartz . 124.8 
Potassium feldspar . 21.5 
Plagioclase.. 42.1 
Hornblende 
Anthophyllite . 
Cordierite . 
Gamet. 
Staurolite 
Biotite 
Muscovite . 
Epidote 
Zircon 
Apatite 
Sphene .. 
Opaque minerals .... 
Mafic minerals . 11.9 
Alteration. 
Unknown . 

36.0 
14.8 
33.0 

1.8 

2.4 
11.0 

Tr. 

.2 

'Count on etched and stained rock slabs. 
2Colorless amphibole, probably tremolite. 

S2269: 497,800 N., 1,899,060 E. 
4BB69: 500,420 N., 1,877,050 E. 
54BR69 500,300 N., 1,816,250 E. 
3BB70: 502,000 N., 1,874,740 E. 

28.3 
13.1 
33.6 

1.2 
18.9 

4.4 

.5 

36.0 
14.8 
41.0 

3.3 
4.2 

Tr. 
Tr. 

.7 

37.0 
7.4 

38.3 

12.9 

1.8 
. 1 
.5 
.1 
.5 

1.4 

2FT71: 488,540 N., 1,935,580 E. 
54BB69: 501,040 N., 1,881,430 E. 
19VC69: 501,220 N., 1,895,740 E. 
1FC69: 495,840 N., 1,900,070 E. 

a metasedimentary origin, but others (for example, 
vandeKamp, 1969) have used trends of chemical 
variations to interpret certain amphibolitic gneisses 
in the Beartooth Mountains as having a meta
igneous origin. A recent discriminant function anal
ysis of chemical analyses of amphibolites by La-

134.2 
3.3 

48.4 

14.4 

0.5 

31.6 
66.5 

.2 

1.2 

28.8 

6.7 
20.3 

17.5 
4.4 

41.7 

.4 

.8 

3BB69: 500,680 N., 1,877,140 E. 
13VC69A: 501,340 N., 1,893,080 E. 
2BB69: 501,790 N., 1,877,100 E. 

55.2 

2.0 

4.2 
Tr. 
6.4 

30.3 

.2 

.3 

56.6 

11.1 

6.2 

.4 

24.7 

Tr . 
Tr. 

1.0 

57.0 

9.1 

.7 
2.1 

30.1 

.2 
Tr. 

.8 

23.0 

3.9 

2.5 
1.5 

22.6 
42.1 

2.3 

.1 
2.0 

1BB70: 503,610 N., 1,877,830 E. 
2BB70: 501,490 N., 1,875,740 E. 
56WF70: 499,480 N., 1,868,960 E. 

Fountain (1971), who attempted to separate sedimen
tary and igneous sources, emphasized the difficulties 
of using presently accepted chemical plots to distin
guish between origins. Without textural, structural, 
or other geologic evidence, it appears almost impossi
ble to decide on a sedimentary or igneous origin of 



8 STILLWATER COMPLEX, MONTANA: ROCK SUCCESSION, METAMORPHISM, AND STRUCTURE 

Quartz 

Granite 

Potassium feldspar 
EXPLANATION 

Granitic gneiss (this report) . 
Gneisses after Butler ( 1969) 

FIGURE 4.-Triangular diagram showing modal data for region
ally metamorphosed rocks in the Beartooth Mountains. 
Compositional names and subdivisions after Bateman, 
Clark, Huber, and Rinehart (1963). 

high grade amphibolites. Because of conflicting in
tions, the amphibolitic gneiss is not assigned to 
either a metasedimentary or metaigneous origin at 
this time. 

Biotite schist is a medium- to fine-grained rock 
with a well-developed foliation defined by biotite 
flakes that parallel the rare compositional layering. 
Common minerals are quartz, biotite, plagioclase, 
garnet, staurolite, cummingtoni te, an thophy lli te, 
and cordierite (table 1). Minor minerals are zircon, 
apatite, magnetite, and chlorite. Some olive-brown 
biotite-hornblende-quartz-plagioclase schists were 
mapped with the biotite schists. Elongate lenses of 
strained quartz, elongate feldspar grains, and biotite 
grains alined parallel to subparallel form a lepido
blastic to nematoblastic texture in most biotite 
schists. Plagioclase occurs as grains that are locally 
zoned. Garnet porphyroblasts, generally filled with 
inclusions, are locally concentrated into layers, but 
elsewhere they appear to be scattered in the rock with 
no indication of a relict compositional layering. 
Staurolite occurs as fine-grained anhedral branch
ing grains between grain boundaries or as stubby 
subhedral crystals less than 0.2 mm long. Cordierite 
is generally partly altered to chlorite and serpentine. 
Cummingtonite and anthophyllite occur as sheaf
like bundles. Observed assemblages in the biotite 
schist are (1) quartz-biotite-plagioclase, (2) quartz
biotite-plagioclase-garnet, (3) quartz-plagioclase
staurolite, ( 4) quartz-biotite-plagioclase-garnet-stau
rolite, (5) quartz-biotite-plagioclase-garnet-cumm
ingtonite, (6) quartz-biotite-plagioclase-garnet-stau
rolite-cordierite, and (7) quartz-biotite-plagioclase
staurolite-cordierite-anthophyllite. On the basis of 

the modes and the chemical analyses in table 1, the 
biotite schist probably is a metamorphosed pelitic 
sediment. 

HORNFELSED METASEDIMENTARY ROCKS IN THE CONTACT 
AUREOLE OF THE STILLWATER COMPLEX 

AREAL EXTENT AND PREVIOUS WORK 

Dark metasedimentary rocks lying within the 
contact aureole of the Stillwater Complex extend 
south ward from the base of the complex in a tri
angular wedge to the Mill Creek-Stillwater fault 
(figs. 1, 2). Similar rocks occur below the base of the 
complex in the Mountain View area, sporadically in 
the Mt. Wood quadrangle, and in the northeastern 
part of the Mt. Cowen quadrangle. 

Most of the metasedimentary rocks are predomi
nantly massive, fine grained, and structureless, but 
several other lithologies are present: (1) a finely 
layered hornfels containing relict sedimentary struc
tures, (2) diamictite, (3) blue metaquartzite, (4) iron
formation, and (5) compositionally layered rocks 
without observable sedimentary structures. The 
finely layered hornfels containing sedimentary 
structures occurs only at the headwaters of Bobcat 
Creek, whereas other compositionally layered rocks 
have been found locally along the entire strike length 
of the aureole. Diamictite (Page and Koski, 1973) has 
been observed from the Mountain View area west
ward to the Boulder River. The iron-formation and 
blue metaquartzite occur only west of the Bluebird 
Peak area. except for _rare, isolated inclusions in the 
quartz monzonite. 

Map relations suggest that the above order of 
lithologies is in stratigraphic order from bottom to 
top, but the section is complexly deformed. An over
all thickness cannot be given for the sequence, but on 
the East Boulder Plateau, the area between the main 
Boulder and the East Boulder Rivers, the maximum 
width of outcrops of the hornfels is about 10 km. 
Figure 5 shows reconstructed diagrammatic colum
nar sections for the hornfels at five different local
ities that are shown in figure 1; reconstructions took 
into account repetition due to folding and faulting 
where known, but in the upper part of the Chrome 
Mountain-Bobcat Creek section the upper massive 
hornfels may be thickened by folding. There is very 
little difference in the chemical compositions of 
various types of layered and massive hornfels (see 
following parts of this report), and therefore they 
probably represent a single type of metasedimentary 
rock. The only distinctive units, the iron-formation, 
blue metaquartzite, and diamictite, are tentatively 
correlated as shown in figure 5. 
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FIGURE 5.-Diagrammatic columnar sections of hornfels. Thicknesses approximate. Dashed lines represent tentative correla
tions. See figure 1 for location of areas. 

LITHOLOGY AND PETROGRAPHY 

LAYERED HORNFELS 

9 

Howland (1933, 1954) was one of the first to study 
these rocks, and he concentrated on exposures in the 
Mountain View area and the Boulder River valley. 
Butler (1966) gave a brief description of the hornfels 
and the aureole, but since then, little new descriptive 
material has been published. 

The only known exposures of layered hornfels are 
in cliffs on the south side of the headwaters of Bobcat 
Creek (Coordinates: 518,150 N.; 1,834,640 E.) between 
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elevations of 9,250 and 9, 750ft at about 1.6 km south 
of the base of the Stillwater Complex. These rocks 
may be correlative with other hornfels without relict 
sedimentary structures (fig. 5). Figure 6 shows the 
observed geology and the traverse route for the 
columnar section (pl. 1) of the layered hornfels in 
upper Bobcat Creek. The layering along the traverse 
strikes about east-west and dips between 25° and 40° 
S., steepening toward the south end of the traverse. 
The attitudes of layering in the nearby outcrops and 
the south-facing sedimentary top directions suggest 
that the traverse is located on the southern limb of an 
anticline, now broken by faults (see Page and 
Nokleberg, 1974). The bottom of the section is 
covered by tal us, and the top intruded by a mafic dike 
that has been sheared and probably faulted. Only 
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FIGURE 6.-Geologic sketch map of upper Bobcat Creek showing 
the traverse route of the columnar section (pl. 1 ). From Page 
and Nokleberg (1974). 

between elevations of 9,250 and 9,500 ft were details 
of the stratigraphy discernible because the upper 
part of the exposure is highly weathered and covered 
by lichen. To the west, along strike, only small seg
ments of the stratigraphy detailed in the columnar 
section are observable because of the sheared and 
weathered nature of the outcrops. 

The measured section (pl. 1) consists of 88.4 m of 
hornfelsed rocks that exhibit well-preserved layering, 
grain-size changes-mainly of quartz-, and other 
sedimentary structures. The details of the sedi
mentary features are well preserved even though the 
metamorphic grade as indicated by the assemblages 
of anthophyllite, cummingtonite, cordierite, biotite, 
plagioclase, and quartz is relatively high. Layering 
ranges in thickness from less than 3.2 mm to over a 
meter. Layering less than about 1.27 em thick is 
called lamination, 1.27-7.2 em very thinly layered, 
7.62-60.96 em thinly layered, 60.96-121.92 em thickly 
layered, and over 121.92 em massive. Layering as 
used in reference to the Bobcat Creek locality refers 
to relict bedding defined either by the alternating 
quartz-rich layers with thin biotite layers-analo
gous to shaly partings-or by layers bounded by dis
continuous changes in grain size. Preserved cross
beds marked by biotite and amphibole-rich partings, 
ripple marks, cut-and-fill channellike structures, and 
graded layering indicate that the layering is relict 
sedimentary bedding. 

The rocks change upward from laminated and 
thinly layered fine-grained hornfels to more massive 
and thickly layered coarse-grained hornfels, suggest
ing a change in original rocks from shales and mud
stones to sandstones. The bladed hornfels in the 
lower part of the section consists of large antho
phyllite or cummingtonite blades or both, up to 7.6 
em long, randomly oriented in a matrix of quartz and 
cordierite. The unusual texture suggests an original 
lithology different from. the sandstones, shales, and 
mudstones. The bladed rock may have been silicified 
carbonate rock that was thermally metamorphosed. 

Other dominant characteristics of the metasedi
mentary rocks portrayed in the columnar section (pl. 
1) are fine-scale sedimentary structures such as 
graded beds and crossbedding and the abundance of 
thinly bedded rocks-beds are rarely thicker than 
0.61 m. Graded bedding, marked by changes in 
quartz grain size, was observed in several places, 
especially lower in the section. Both normal and one 
example of reverse grading were observed (pl. 1). 
Crossbeds occur near 12.5 m and 19.2 m in the 
section; the lower occurrence is about 1.2 m thick and 
consists of individual cross beds up to 7.6 em across 
and generally about 3.8 em wide (pl. 1). Cut-and-fill 
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structures (fig. 7 A, B) are more common. One struc
ture observed resembled ripple marks; three struc
tures appeared to be slumps. The preservation of 
these sedimentary structures suggests that most of 
the hornfelses are metasedimentary rocks that were 
deposited in water. The fineness of these structures 
suggests that they formed in a high-energy environ
ment similar to a turbidity current or a surf zone. 

Most of the hornfels in the Bobcat Creek section 
have a coarse to fine granoblastic or hornfelsic tex-
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FIGURE 7.- Relict sedimentary structures. A, Crossbedding. B, 
Cut-and-fill structures . In B, closely spaced dots, fine-grained 
hornfels; widely spaced dots, medium-grained hornfels. 
Traced from polaroid photographs. 

ture and contain anthophyllite, cummingtonite, 
plagioclase, quartz, cordierite, and biotite as major 
constituents. Accessory minerals are zircon and 
opaque minerals, generally magnetite. Chlorite and 
sericite occur as secondary minerals and are abun
dant in fractures and joints as well as in the more 
weathered rocks. They replace the ferromagnesium 
minerals, especially cordierite. Table 3 gives some 
modes of these rocks; chemical analyses are given by 
Beltrame (1972). Observed metamorphic mineral as
semblages are (I) quartz-biotite-cordierite, (2) quartz
biotite-cordierite-anthophyllite, (3) quartz-biotite
cordieri te-plagioclase-an thophy lli te, ( 4) quartz
bioti te-cordieri te-an thophy lli te-unknown mineral, 
and ( 5) q uartz-bioti te-cordieri te-plagioclase-an tho
phylli te-cummingtoni te. 

Each of the minerals contributes its own character
istics to the granoblastic texture of the hornfels. The 
quartz grains are angular to subangular and range 
in diameter from a few millimeters to a centimeter. 
These grains most likely represent relict clastic 
grains that may have partly recrystallized during 
metamorphism. Quartz may show sutured contacts 
or form a mosaic with approximately 120° corners 
where three grains join depending on the abundance 
of quartz or quartz-to-quartz contacts in the rocks. 
Biotite typically occurs in single, subhedral to 
anhedral books up to 2 or 3 mm long or in clusters of 
grains with opaque oxides on the margins of the 
biotite; rarely does the biotite show a preferred orien
tation, but it is most concentrated in the mafic 
partings. The dark laminae in the cross bedded rocks 
consist of biotite. Cordierite forms porphyroblasts 2-
5 mm in diameter that enclose inclusions of quartz 
and biotite, but it also forms interlocking mosaics of 
finer grains that make up a groundmass for the 
subangular to angular quartz grains. Cyclic twins 
are rare; polysynthetic, penetration, and simple 
twins, common. Either plagioclase, anthophyllite, 
cummingtonite, two of these minerals, or all three 
may also be major constituents. Plagioclase is 
commonly zoned and appears to have relict clastic 
grain shapes. Anthophyllite and cummingtonite 
form porphyroblasts that enclose quartz, biotite, and 
locally cordierite; cummingtonite also occurs as 
lamellae in and intergrown with anthophyllite. The 
darker colored partings and laminae recognized in 
the field consist of anthophyllite, cummingtonite, 
and biotite with lesser amounts of quartz, cordierite, 
and plagioclase, whereas the adjacent rocks have 
more abundant quartz, cordierite, and plagioclase. 

~IETAi\!ORPHOSED DIAM!ClTI F 

Metamorphosed diamictite is found in exposures 
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sea ttered along a north west-trending belt for 22 or 24 
km (Page and Koski, 1973). Some occurrences are 
adjacent to the Basal zone of the Stillwater Complex, 
whereas others are almost 1.6 km from the Basal 
zone. Owing to the complexity of the geology and the 
sparsity of outcrops, continuity ofthe diamictite over 
the trend distance cannot be proved, but within areas 
of continuous outcrops and simple structure, units of 
diamictite 30.5-61 m thick can be traced in the 
hornfelsed rocks. Interfingering relations between 
the different rock types and the diamictite were not 
observed. 

The diamictite consists of a quartz-cordierite
biotite-plagioclase-orthopyroxene matrix enclosing 
on the average 10-15 percent poorly sorted rock 
megaclasts with diverse shapes, sizes, angularity, 
lithologic types, and textures. Megaclasts consist of 
fragments with layered massive blue-gray 
metaquartzitic, gneissic, schistose, granitoid, and 
volcanic textures and lithologies. They range in size 
from microscopic, single grains of quartz to room
sized boulders, but the median size is between 15 and 
18 em. Most of the megaclasts are rectangular or 
elliptical in shape but also show two-dimensional 
shapes of triangles, pears, cigars, squares, trape
zoids, pentagons, and parallelograms. The mega
clasts are dominantly subround to subangular. 
Major minerals in the megaclast material are the 
same as in the matrix material. Further details on 
the megaclasts are given by Page and Koski (1973). 

Crude layering is present in the matrix material 
but is rarely observed in the field. Slabbed and etched 
surfaces show crude layering, and a few dropstones 
(megaclasts that have disturbed the underlying 
layers and were later covered by material) are 
observed. 

The diamictite matrix consists by volume, of20-40 
percent quartz, 30-40 percent cordierite, 15-20 
percent orthopyroxene, 5-10 percent plagioclase, 0.5-
-3 percent biotite, less than 3 percent sulfide and 
oxide minerals, and minor amounts of zircon, garnet, 
secondary chlorite, and sericite. The subrounded to 
subangular quartz grains average less than a milli
meter in diameter (0.2-3.5 mm) and locally are 
composed of more than one quartz crystal. Some 
quartz grains are enclosed by sieve-textured ortho
pyroxene and anhedral masses of twinned and un
twinned cordierite. The orthopyroxene and cordierite 
could be metamorphic equivalents of various 
combinations of chlorite and clay minerals that may 
have composed the parent diamictite matrix. 

BLIJ £ METAQU ARTZIT£ 

Blue metaquartzite occurs as thin layers in the 

metasedimentary hornfels but forms a very 
distinctive rock, resistant to weathering and fairly 
easy to trace by its float. Occurrences are limited to 
the hornfels found west of Bluebird Peak and within 
1.6 km from the base of the Stillwater Complex, 
except for thin (a few centimeters to a couple of 
meters thick) blue metaquartzite layers in the 
Mountain View area and isolated outcrops in Nye 
Basin. Outcrop widths and thickness of the meta
quartzite unit, where measurable, are on the order of 
15.2-30.5 m but range from less than 3.0 m to over 305 
m. Rarely can a layer or lens of blue metaquartzite be 
traced or .extended for more than about 762 m along 
strike. 

South of Iron Mountain and Chrome Mountain 
where the mapping was done by tracing float, the 
connection of isolated lenses or layers of blue meta
quartzite is difficult. The series of lenses or layers 
could be interpreted as a single horizon that has been 
folded to give the repetitions found in outcrop or as 
several different horizons interlayered in the meta
sedimentary hornfels. Between the Chrome Moun
tain area and the Boulder River the blue meta
quartzite layers seem to define a moderately con
tinuous single horizon that is complexly faulted and 
folded. This suggests that the similar repetition 
between Iron Mountain and Chrome Mountain may 
also result from folding and faulting. 

The blue metaquartzite is in contact with massive 
hornfels on both sides or with massive hornfels and 
iron-formation. Contacts are generally obscured, but 
where observed, the blue metaquartzite appears to 
have sharp contacts with the massive hornfels and a 
gradational contact over a few inches or a foot with 
the iron-formation. A chlorite-quartz schist occurs 
locally as interlayers in the blue metaquartzite (for 
example, at coordinates: 523,980 N., 1,833,500 E.). 
The chlorite-quartz schist appears to be a highly 
sheared and altered variety of hornfels. The schist 
interlayers apparently acted as gliding planes on 
which the quartzite folded and in so doing were 
highly sheared and possibly hydrothermally altered. 

Over 98 percent by volume of the metaquartzite is 
quartz that has strong undulatory extinction and 
sutured contacts. Quartz grains average about 7 or 8 
mm in diameter but attain a maximum diameter of 
1.5 em. Locally (about coordinates: 524,000 N.; 
1,833,000 E.) in weathered outcrops the quartz 
appears to form rounded pebbles, but in thin section, 
the quartz grains show sutured contacts. The rock 
may be a metamorphosed quartz pebble 
conglomerate. Chlorite, limonite, zircon, and opaque 
minerals form the other 2 percent of the 
metaquartzite. The major minerals in the schistose 
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interlayers are chlorite, quartz, epidote, tremolite, 
and opaque minerals. Generally the metaquartzite is 
highly fractured, and the fractures are coated by iron 
oxides and chlorite. 

IRO!\:-FORMATIOI'\ 

Metasedimentary rocks composed of layers 
enriched in magnetite and interlayered with quartz 
and ferromagnesium mineral-enriched layers were 
mapped as iron-formation. The boundaries of the 
unit were chosen and defined by the appearance of a 
strongly magnetic layer in either the hornfels or 
metaquartzite. The iron-formation is in many places 
near and locally in contact with blue metaquartzite, 
such as in the area between Chro-me Mountain and 
the Boulder River. Layers and lenses of iron
formation crop out from west of the Bluebird Peak to 
a point west of the Boulder River within 1.6 km of the 
base of the Stillwater Complex. The best exposures 
occur above the Great Falls Creek trail (coordinates: 
539,370 N.; 1,816,940 E.) west of the Boulder River 
where the alternating layers of silicate and 
magnetite-rich material can be seen in the cliffs. On 
the ridge north of Bobcat Creek (coordinates: 
526,680 N.; 1,828,650 E.) well-exposed layers are 
isoclinally folded. Elsewhere the exposures are 
generally poor. Iron-formation was found in only two 
localities east of the Bluebird Peak. On north side of 
the ridge between Flume and Nye Creeks (coordi
nates: 502,340 N.; 1,909,370 E.) iron-formation is in 
contact with hornfels and occurs as an inclusion in 
the medium-grained quartz monzonite. In Nye Basin 
a small isolated outcrop of iron-formation (coordi
nates: 501,100 N.; 1,913,800 E.) was observed near 
the basal contact of the Stillwater Complex. 

Outcrop widths range from a few meters to over 
305m but usually are about 60 m wide. Enough data 
were found in about 14 localities to reconstruct 
crudely the thickness of the iron-formation. Figure 8 
shows the variation in thickness along the extent of 
the unit. The outcrop widths of iron-formation 
probably are not true stratigraphic thickness but 
may represent repetition by folding and faulting; for 
example, the width of iron-formation shown in 
section 14 (fig. 8) west of the Boulder River probably 
represents units repeated by folding. No 
strat~6raphic top or bottom is inferred by the orien
tation of the sections, but in all sections the 
Stillwater Complex lies stratigraphically above the 
rocks shown in the columns. One of the few places 
below the complex where a large volume of con
tinuous iron-formation might be present is from 
south of Blakely Creek to a point west of the Boulder 
River. If the iron-formation is nearly continuous in 

this area, its area would be about 4.8 km long by 
about 122m wide. 

Figure 9 shows a typical section of iron-formation 
as intersected in a drill hole near Crescent Creek. No 
stratigraphic top nor bottom and no true thickness 
are implied by the section. The section illustr~tes the 
interlayered nature of the quartz-biotite-cordierite
orthopyroxene hornfels with the iron-formation and 
the nature of the contact of the iron-formation with 
the blue metaquartzite. The contact with the meta
quartzite is sharp only if the thin quartz-rich layers 
in the iron-formation are disregarded. The section 
also illustrates the variation between massive and 
thinly layered lithologies in the unit. Layers are 
generally 1.6 mm-7.6-10.2 em thick; most magnetite 
layers are between 1.6 mm and 1.9 em thick. Figure 
10 shows thinly layered iron-formation in thin sec
tion. The layers of quartz and magnetite are graded 
in composition; the parts that are richer in magnetite 
appear to show grading caused by proportions of 
magnetite and quartz. 

Surface outcrops of the iron-formation tend to be 
deeply weathered, and so the lithologic description of 
the unit is based on drill core from the Iron Mountain 
and Crescent Creek areas supplemented by outcrop 
samples. Core samples of the iron-formation are also 
altered; the mafic minerals are replaced partly by 
chlorite and amphibole. Major minerals are mag
netite, quartz, orthopyroxene, cordierite, clinopyrox
ene, and garnet in the iron-formation that was 
metamorphosed to pyroxene hornfels grade and 
quartz, magnetite, cordierite, anthophyllite, and 
cummingtonite in the iron-formation of the horn
blende-hornfels facies. Locally sulfide minerals are 
present as minor and accessory constituents. Peoples 
(1932) and Howland (1933) both reported the pres
ence of fayalite, but none has been identified in the 
present study. 

Secondary minerals include chlorite, talc, and 
amphiboles as alteration products after mafic sili
cate minerals. Carbonate and sulfide minerals occur 
in veins and fractures. Quartz occurs as subrounded 
to subangular grains, locally with sutured contacts, 
and locally contains a large number of inclusions of 
pyroxene and amphibole in the centers of the grains. 
The pyroxenes, amphiboles, and garnet form poikilo
blastic crystals, with orthopyroxene locally attain
ing 2 em in diameter. Both pyroxenes have exsolu
tion lamellae. 

For chemical analysis, six samples of iron- forma
tion from surface exposures were selected on the 
basis of two criteria: (1) small amounts of alteration 
products relative to talc, amphiboles, and other 
minerals and (2) a subjective appraisal of how well 
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FIGURE B.-Reconstructed partial columns for the iron-formation between Bluebird Peak and the Boulder River. Coordinates are from 
near the contact of the iron-formation with other units. All sections constructed perpendicular to strike of units. 

the sample represented typical rocks from the unit. 
Table 2 lists rapid-rock chemical, semiquantitative 
spectrographic, and gold, sulfur, and rubidium 
quantitative analyses. For completeness, the anal
ysis of a fayalite rock collected by Peoples (1932) is 
also included. The relatively low content of AbO, 
CaO, N a20, and K20 and the significant content of 
MgO and Si02 reflect chemically the quantities of 
quartz, pyroxenes, and amphiboles present in the 
samples. The chemistry of the major elements in the 
iron-formation appears to be very similar to other 
magnetite-rich iron-formations of Precambrian age 
as summarized by James (1966, p. W21); the content 
of minor elements falls within the range of minimum 
and maximum concentrations given by James (1966, 
p. W45). 

COMPOSITIONALLY LAYERED HOR.NFELS 
AND MASSIVE HORNFELS 

Most of the exposed hornfels below the base of the 

Stillwater Complex consists of fine- to medium
grained apparently unlayered or massively layered 
rocks that are called massive hornfels in this report. 
Locally, compositionally layered hornfels are pres
ent, but no relict sedimentary features have been 
observed in these rocks. Although they are similar in 
mineralogy, petrology, and chemistry to the layered 
hornfels with sedimentary structures in the Bobcat 
Creek section, they are not correlated because of lack 
of mappable stratigraphic units upon which to base 
a correlation. During the 1:12,000-scale mapping, 
massive and compositionally layered hornfels with
out sedimentary structure were not separated as 
individual units. In many places, the lichen covering 
and the weathering of the outcrops of hornfels 
obscure and preclude the recognition of layering, and 
thus my estimate of the volume of massive hornfels 
in the area may be excessive. Indeed, the words 
"massive hornfels" may be a misnomer and may 
only indicate the obscurity of layering. Areas in 
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FiGURE 9.- Columnar section of iron-formation from the 
Crescent Creek area. Thicknesses are drilling widths. 

em. 

FiGURE 10.-Thin section showing graded bedding. Black min
eral, magnetite; light mineral, quartz. Sample CC-11458. 

which compositional layering is well developed 
include (1) the Mountain View area, both north and 
south of Verdigris Creek (coordinates: 502,100 N.; 
1,899,900 K), (2) the area south and west from Iron 
Mountain, exposed mainly as blocks in float (coordi
nates: 518,240 N_; 1,852,880 E.), and (3) west of the 

TABLE 2.-Chemical and spectrographic analyses of 
iron-formation 

[Rapid-rock analyses by Hezekiah Smith; spectrographic analyses by R. E. Mays] 

55IM69A 55IM69B 51BR69A 26BR71 27BR71 29BR71 Peoples 

Chemical analyses (weight percent) 

Si02 12.1 38.6 76.4 45.6 46.3 37.2 31.02 

Al203 . 2.2 2.3 1.6 1.7 19.7 2.2 .72 

Fe2o 3 .. 23.6 28.4 4.1 8.8 2.7 28.1 5.75 

FcO 26.8 2fi.4 12.7 30.6 17.1 27.4 58.97 
MgO . 3.0 2.6 .81 11.3 10.8 3.2 1.44 
CaO .52 l.l 3.5 .31 .40 l.l 1.04 
Na2o .01 .00 .05 .00 .56 .01 

K20 .On .00 .25 .07 .44 .04 

H
2

o • .. l.l 1.2 .83 1.4 1.6 .80 .83 
H

2
o- .22 .25 .03 .05 .05 .04 

1102 . .00 .04 .00 .Ot 1.2 .06 

P2o5 .01 .02 .01 .00 .00 .00 

MnO . .02 .05 .11 .23 .14 .08 
C02 .03 .02 .06 .04 .02 .02 

Sum ...... 100 100 100 100 101 100 99.77 

s• .005 .01 .04 .03 .09 .02 

Semiquantitative spectrographic analyses 
(parts per million) 

Mn .. 200 500 1500 1500 1000 700 
Ba 7 15 20 ' N 10 3 
Co N N N 15 70 N 
Cr 10 20 5 300 1000 15 
Cu 30 30 7 20 150 3 
Ni 7 7 5 70 500 5 
Sc N N N 30 30 N 
v 10 10 N 100 300 10 
Zr . N N N N 20 20 
Au3 .0129 .0069 .0114 . 0173 .0226 .0084 . 
Rb• ............. .. <20 <20 <20 <20 <20 <20 

'Total SandS determined by X-ray fluorescence; analyst, B. P. Fabbi. 
2N, not detected at limit of detection. 
"Au analyzed radiochemically; analyst, L. J. Schwarz. 
•Rb determined by X-ray fluorescence; analyst, B. P. Fabbi. 

Sample Description and location 

55IM69A 

55!M69B 

51 BR69A 

26BR71 

27l:!R71 

29BR71 

Peoples 

Iron-formation ; quartz, magnetite, orthopyroxene, talc, amphiboles as 
alteration. Montana South coordinates: 517,490 N.; 1,855,540 E. 

Iron-formation ; quartz, magnetite, orthopyroxene, clinopyroxene, blue
green amphibole. Montana South coordinates: 517,490 N.; 1,855,540 E. 

Iron-fonnation; quartz, magnetite, orthopyroxene, amphiboles as a ltera
tion. Montana South coordinates: 536,380 N.; 1,820,970 E. 

Iron-formation ; magnetite, orthopyroxene, amphiboles, moderately 
altered. Montana South coordinates: 539,380 N.; 1,816,960 E. 

Iron-formation; quartz, magnetite, orthopyroxene, cordierite, amphiboles; 
Montana South coordinates: 539,380 N.; 1,816,850 E. 

Iron-formation; quartz, magnetite, clinoamphibole, anthophyllite; Mon
tana South coordinates: 539,260 N.; 1,816,690 E. 

Fayalite rock, Blakely Creek, Mont., analyst A. H. Phillips (Peoples, 
1932, p. 31). 

Boulder River, south of Great Falls Creek (coordi
nates: 527,070 N.; 1,819,500 E_)_ 

Layers range in thickness from less than ""1 em to 
more than =61 em; most of the layering is less than 
= 15 em thick_ Layers are composed of varying pro
portions of the three light-colored minerals, quartz, 
cordierite, and plagioclase, and the dark-colored 
minerals, orthopyroxene without exsolution lamel
lae, biotite, anthophyllite, and cummingtoriite. Fig
ure 11 shows examples of the compositional layering 
in sawed slabs. 

Massive and compositionally layered hornfels 
occurs in both the pyroxene hornfels and hornblende 
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c 

FIGURE 11.-Exarnples of compositional layering in metasedi
mentary rocks . A, Weathered surface . Dark minerals are 
orthopyroxene and minor biotite . Light minerals are quartz, 
cordierite, and minor plagioclase. B, Sawed slab. Black 
mineral is orthopyroxene; dark-gray mineral is cordierite; 
light-gray to white minerals are plagioclase and quartz. Slab 
is 18 ern wide. C, Hydrofluoric acid etched slab. Dark minerals 
are orthopyroxene and cordierite; light minerals are plagio
clase and quartz. 

hornfels facies parts of the Stillwater aureole_ 
Mineral assemblages of both hornfels types in the 

hornblende hornfels facies are similar and typified 
by the mineral assemblages in the Bobcat Creek 
section, and the description of hornblende hornfels 
facies rocks need not be repeated here_ The min
eralogy of massive and compositionally layered 
rocks found within the pyroxene hornfels facies is 
discussed subsequently_ 

By far the most common mineral assemblage 
within the area mapped as rocks of the pyroxene 
hornfels facies (Page and Nokleberg, 1974; Page and 
others, 1973a, b) is the quartz-cordierite-plagioclase
orthopyroxene-opaque mineral assemblage with or 
without biotite_ Most of the layered and massive 
hornfels is composed of various proportions of these 
minerals. Table 3 lists the observed mineral assem
blages and the number of thin sections in which a 
particular assemblage was found_ Most of the assem
blages, such as those with and without quartz or 
biotite, can be found inter layered and interlensed on 
the scale of a thin section_ Modes are given in table 4_ 
Other modes are combined with these data and 
shown in figure 12. Most rocks consist of more than 
40 percent by volume of cordierite, orthopyroxene, 
and biotite and rarely more than 15-20 percent of 
plagioclase (fig. 12A)_ Cordierite is far more abun
dant than orthopyroxene or biotite (fig. 12B). 

The fine- to medium-grained layered and massive 
hornfels has equigranular to inequigranular horn
felsic or granoblastic texture and weathers to a 
brown surface. Subangular to subrounded quartz 
grains and subhedral to anhedral plagioclase grains 
up to 4 or 5 mm in diameter are generally enclosed in 
a matrix of cordierite, orthopyroxene, and biotite. 
Locally quartz forms large poikiloblastic grains that 
appear as matrix material for subhedral to euhedral 
cordierite crystals, and plagioclase forms close
packed anhedral masses and layers with a mosaic 
texture. Orthopyroxene occurs as porphyroblasts 
with subhedral crystal margins poikiloblastically 

TABLE 3.-Metamorphic mineral assemblages and number of 
occurrences in thin sections of rocks of the pyroxene hornfels 
facies associated with the Stillwater Complex 

[Cord, cordierite; Plagio, plagioclase; Opx,orthopyroxeneJ 

Biotite present Biotite absent 

Quartz and iron ores present 
----------~----

Cord+Plagio+Opx . . ....... ... ...... .. .... ..... 54 Cord+Plagio+Opx .. . .............. .. ... .. . 3 
Cord+Plagio 10 Cord+Plagio I 
Cord+Opx 12 Cord+Opx 4 
l' lagio+Opx .. ... ........................ ... .. ... .. ...... ... .. .. I P lagio+Opx ... .. ...... ... ... .... .... .. .... ... .. ...... .... ..... 1 
Cord 3 

Total 80 Total .. ............ .. .. ..... ........... 9 

Quartz absent; iron ores present 
----

Cord+ Pla gio+Opx 
Cord + PI agio 
Cord+ Opx . 
Cord 

Total 

25 Cord+ Plagio+Opx .............. .................. I 
4 Cord +Opx 4 

2~ 
~ 

Total 5 
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enclosing biotite, cordierite, ore minerals, plagio
clase, and quartz. Locally, orthopyroxene forms 
anhedral branching grains in the interstices be
tween quartz, plagioclase, and cordierite. In finer 
grained rocks, orthopyroxene occurs as subhedral to 
anhedral granular grains, generally less than a 
millimeter in diameter. There are no obvious cor
relations between mineral assemblage, rock compo
sition, or distance from the Basal zone of the Still
water Complex with the textures exhibited by ortho
pyroxene. Cordierite occurs in five different ways. 
About a kilometer from the contact between hornfels 
and the complex, cordierite is found as cyclic 
twinned porphyroblasts full of inclusions of quartz, 
biotite, and opaque minerals. Nearer the Basal zone 
it occurs as euhedral to subhedral crystals enclosed 
in a matrix of quartz, but more frequently cordierite 
occurs as close-packed anhedra with approximately 
hexagonal-shaped cross sections that form a mosaic 
of grains in which three grains make about 120° 
corners between edges. The mosaic of cordierite 
grains forms the matrix for quartz and plagioclase. 
Locally such a cordierite matrix contains scattered 
grains or lenses of more euhedral to subhedral 
grains. Cordierite also forms clots of grains that in 
polarized light look like fan-shaped aggregates with 
groups of crystals fanning out in two directions. 
Biotite occurs in at least three distinctive ways: 
(1) as subhedral flakes randomly oriented, (2) as poi
kiloblastic grains with subhedral margins enclosing 
quartz and cordierite, and (3) as coatings or along 
margins of iron-oxide minerals (mainly magnetite). 
The last occurrence is common in rocks very rich in 
cordierite where magnetite with biotite coatings 
forms fine inclusions in the centers of the cordierite 
crystals. Opaque minerals occur as inclusions in all 
minerals, as discrete grains along mineral bound
aries, and in the corners where three grains meet. 
The quartz and plagioclase probably are relict clastic 
grains, whereas the matrix may be recrystallized 
clastic or diagenetic components such as clay and 
chlorite. The matrix more likely represents a chem
ically precipitated component or material of both 
clastic and chemical origin. 

Plagioclase compositions range from Ab40 An60 to 
Ab70 An30 in most hornfels as determined optically. 
Orthopyroxene compositions average 62.1 (36 deter
minations) and range from about En50 to En

74 
using 

Himmelberg and Jackson's (1967) X-ray method. 
These determinations probably can be considered to 
be only crude estimates, since Jackson's technique 
was developed primarily for orthopyroxenes in the 
Stillwater Complex and the orthopyroxene in the 
hornfels appears to be slightly different because it 
rarely has any type of exsolution lamellae. Biotite is 
generally dark brown, but no estimates of its compo
sition have been made yet. The composition of 

cordierite is difficult to estimate (see Deer and others, 
1962 for summary). 

Iiyama in 1956 suggested that the (Fe+2+Mn)/ 
(Fe+2+Mn+Mg) ratio could be estimated from the 28 
diffraction angle of the (004) with CuKo: radiation. 
Miyashiro, Iiyama, Yamasaki, and Miyashiro (1955) 
and Miyashiro (1957) found that cordierite forms a 
continuous series of orthorhombic pseudohexagonal 
structures by the distortion of the hexagonal struc
ture. Miyashiro defined a distortion index that has 
been found to be independent of MgO-FeO and 
Al20 3-Si02 substitution (Harwood and Larson, 1969). 
Therefore, Iiyama's (1956) technique appeared to be 
applicable, and early in the study of the Stillwater 
hornfels, Iiyama's (1956) study of the optical proper
ties and unit cell dimensions of cordierite was re
viewed and his X-ray data used to refine unit cells by 
a least-squares computer program (Evans and 
others, 1963). In most specimens close agreement 
between the refined cells and those calculated by 
Iiyama was found. In testing his method, material 
was obtained from Reinhardt who published 15 cor
dierite mineral analyses, but without calculated 
mineral formulae and X-ray data (Reinhardt, 1968, 
table III, p. 461). In order to check the purity of Rein
hardt's (1968) samples, mineral formulae of the 
general typeAl3(Mg, Fe+ 2 )2 Si5Al018 were calculated 
from his analyses using the hydrogen equivalent 
method of Jackson, Stevens, and Bowen (1967), and 
X-ray work was done on splits of samples donated by 
Reinhardt (samples W-53, D-34, and R-124). Least
squares refined unit cells were calculated from dif
fraction data that were measured using quartz as an 
internal standard. Table 5lists the calculated formu
lae and unit cell data for these specimens. The right
hand column gives a refined unit cell for one Still
water cordierite specimen that was separated for 
analytical work. This was never completed because 
of the difficulty in removing fine magnetite and 
biotite inclusions. 

A combination of Iiyama's (1956) and Reinhardt's 
(1968) data, especially the CuKo:·, 20 for d(004) of 
cordierite, and the(Fe+2+Mn/Mg+Fe+2+Mn) ratio, al
lows a determinative curve to be drawn. Iiyama 
(1956, p. 390) claimed an error of ±10 percent, but I 
consider the ratios for Stillwater cordierite obtained 
by this curve as nominal values that show relative 
differences and will eventually be refined by electron 
microprobe studies. Figure 13 gives the 28 of d(004) 
versus(Fe+2+Mn/Mg+Fe+2+Mn) X 100 working curve 
and composition ranges of some cordierite speci
mens from rocks of the pyroxene hornfels facies. The 
ratios of(Fe+2+Mn/Mg+Fe+2+Mn) X 100 in Stillwater 
cordierite range from about 50 to 10, but most are 
between 20 and 30. 

Other metamorphic mineral assemblages (table 6) 
than those shown in table 2 are found locally in some 
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53FC69A 

Quartz .......................... 10.8 
Potassium feldspar .. . .............. . 
Plagioclase .................. 6.6 
Orthopyroxene .......... 13.6 
Anthophyllite ......................... . 
Cordierite .................... 34.4 
Biotite .......................... 14.0 
Chlorite ..................................... . 
Zircon ....................................... . 
Sphene ....................................... . 
Zoisite ....................................... . 
Opaque minerals ...... 4.0 
Calcite ....................................... . 
Alteration products __ 16.6 
Unidentified ........................... . 

1500 counts, Beltrame (1972, p. 17). 
2500 counts, Beltrame (1972, p. 30). 
3Leucoxene. 

MV-KB 

0.4 
16.5 

1.8 
11.5 

49.1 
17.4 

3.3 

MV-KC MV-KD 1SR-5 

41.8 38.1 2.0 

8.5 5.8 n.d. 
8.4 6.6 25.4 

36.1 45.6 58.2 
3.4 1.8 12.0 

1.8 3.3 2.4 

samples of pyroxene hornfels from the exposures 
south of the east half of the complex. Most of the 
samples containing these assemblages were found 
within 30 meters, and many within a meter, of 
intrusive quartz monzonite or aplite, except for rare 
occurrences of spinel in inclusions in the Basal zone 
of the complex. The assemblage quartz+ biotite+ 
cordierite +orthopyroxene+ plagioclase+ microcline + 
opaque minerals is by far the most common assem
blage in this environment. The assemblages in table 
6 are those common to all the pyroxene hornfels with 
addition of microcline, spinel, garnet, or both micro
cline and spinel. Quartz, plagioclase, cordierite, or
thopyroxene, biotite, and opaque minerals show the 
same textures as they do elsewhere in the pyroxene 
hornfels. 

Microcline, with patchy tartan twinning, locally 
perthitic, forms porphyroblasts that poikiloblasti
cally enclose the other minerals. The zones of micro
cline development are 9.1-15.2 m wide and appear to 
die out away from the siliceous intrusive rocks. In 
thin section, microcline poikiloblasts are limited to 
lenses and bands usually less than half a centimeter 
wide. In one sample from within 61 em of a contact of 
hornfels with an aplite, brown hornblende is devel
oped at the contact of microcline and orthopyroxene; 
the more common phenomenon is a sharp microcline
orthopyroxene contact. Grain shapes and the occur
rence of the microcline suggest that locally it has 
pseudomorphosed cordierite. 

The green to olive-green spinel is probably a hercyn
ite and has two modes of occurrence. The less common 
occurrence (observed once) consists of euhedral to sub
hedral crystals of spinel, less than half a millimeter 
long, at the corner joints of three cordierite grains. 
This was found in the assemblage biotite+cordierite+ 

TABLE 4.-Modal analyses, in volume percent, of 
[Modes based on at least 1,000 points on a 4 x 2.~m thin section; locations 

1SR-8 1SR-10 1SR-12 1SR-17 52NB69 601M69C 58IM69 

10.8 23.8 23.6 9.8 2.4 

2.2 5.8 5.2 73.0 4.3 3.1 
17.2 11.2 7.8 12.2 41.3 16.6 39.0 

47.5 47.8 44.0 n.d. 49.8 67.8 55.8 
20.0 10.2 17.8 5.0 1.6 8.6 

2.3 1.2 1.6 n.d. 3.0 1.5 5.2 

orthopyroxene+plagioclase+spinel+opaque min
erals, which occurs in a hornfels inclusion in the 
Basal norite member (fig. 14A). The more common 
occurrence consists of fine-grained euhedral to sub
hedral clots of spinel crystals forming a wormy 
texture with cordierite (fig. 14B). The clots are less 
than 2 mm in size on the average and contain spinel 
crystals a few tenths of a millimeter in diameter. 
Since rocks containing this texture occur in contact 
with either aplite dikes or quartz monzonites, the 
spinel probably resulted from contact metamorph
ism by the quartz monzonites and not from the 
thermal aureole of the Stillwater Complex. Poikilo
blasts of garnet were found in very few hornfels 
samples (table 6) and only in quartz-biotite-cordierite 
-plagioclase hornfels that occurs near aplite dike con
tacts. Their development is probably also related to 
the later intrusive event. 

The spatial relation of these assemblages with the 
intrusive quartz monzonite sequence is strengthened 
by the occurrence of inclusions in the aplite dikes of 
cordierite-spinel clots, cordierite-garnet inclusions, 
xenocrysts of cordierite and garnet, and an inclusion 
containing the assemblage cordierite-spinel-silli
manite. The only known occurrence of alumino
silicates is in hornfels inclusions in the aplites. 

CHEMICAL CHARACTERISTICS OF THE 
l\IETASEDIMENT ARY ROCKS 

The hornfelses have chemical compositions simi
lar to clastic rocks, but with important differences, as 
is shown by the chemical analyses (table 7). Analy
ses by Beltrame (1972) from the Mountain View and 
Chrome Mountain areas are included in table 7 for 
comparison with the other analyses. His analyses 
for the Bobcat Creek area are also used in the follow-
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chemically analyzed sample of metasedimentary rocks 
and chemistry given in table 6. Tr., trace amount; n.d., not determined] 

531M69 6IM70 41M70 54CM69 50CM69 2CM70 2CM14 

28.6 14.6 28.0 1.3 19.4 2.0 

3.3 1.9 .2 
14.3 24.9 24.6 43.0 

4.8 
33.6 47.1 29.9 52.8 26.7 44.6 53.0 
33.4 18.5 38.6 17.4 45.4 24.1 .5 

Tr. Tr. 

1.1 3.6 3.6 3.7 4.7 3.5 

ing discussion. Although the definition of the chem
ical parameters of Precambrian sedimentary and 
metasedimentary rocks has been the object of sev
eral recent studies (for example, Condie and others, 
1970; Naqvi and Hussain, 1972), there are relatively 
few chemical descriptions of older Precambrian 
metasedimentary rocks. And as this type of informa
tion forms the basis for the development of models of 
sedimentation in geologic history such as those 
reviewed and discussed by Veizer (1973), the geo
chemistry of the hornfelses is documented and com
pared with other terranes in some detail. 

Hornfelses show a wide range of composition, but 
they are relatively enriched in FeO and MgO and 
depleted in ~0 and Na20. Compositions are similar 
to lithic sandstone and graywacke (Pettijohn, 1963). 
A comparison (table 8) of the average composition of 
the 32 hornfelses with averages of lithic sandstones 
(Pettijohn, 1963; Nanz, 1953), graywackes (Condie 
and others, 1970; Pettijohn, 1963), shales (Clarke and 
Washington, 1924), and andesites (Taylor, 1969) 
shows that the hornfelses contain higher amounts of 
total iron and MgO and slightly higher Al2 0

3 
than 

the other average rock types in table 8 and are 
depleted in ~0 andN~O. Ratios ofN~Oto~Oare 
similar to those of the other graywackes, but the 
amounts of~O and Na20 that are below 1.5 percent 
in the hornfels are anomalous for graywackes and 
other sediments (Pettijohn, 1963, figs. 2 and 3). A plot 
of the absolute amounts of ~0 and Na2 0 in the 
hornfels (fig. 15) shows that the contents are, in 
general, lower then the most Precambrian gray
wackes considered by Condie (1967), although some 
of the amounts in the hornfelses are similar to the 
Sheba Formation in the Fig Tree Group, Republic of 
South Africa. 

Semiquantitative minor- and trace-elements data 

2CM6 2CM7 2CM8 2CM11 1BR71 26VC69 3VC69 

21.4 27.3 22.1 4.1 

.2 .4 .8 1.8 9.2 1.6 
31.4 6.4 18.0 

2.3 
53.4 37.8 49.4 32.0 51.5 59.7 
10.2 25.2 10.6 32.0 14.0 26.4 

42.8 
Tr. 

.5 
24.3 

.2 .2 1.0 1.6 4.5 2.7 1.5 
7.7 

31.9 6.6 

are given in table 7 and in Beltrame (1972) for 
hornfelses from the Stillwater Complex area. The 
hornfels are enriched in chromium and nickel com
pared with average granites, andesites, tholeiites, 
and graywackes. To evaluate the possible enrich
ment of the hornfels in other elements, the average 
minor-element content is compared with Vinogra
dov's (1962) and Mason's (1958) average contents for 
earth's crust in table 9. Both the minor-element data 
in table 7 and in Beltrame (1972) were used to derive 
average values for the hornfels. The enrichment 
factors (average value in hornfels divided by Vino
gradov's average value for the crust) show that 
chromium and nickel are strongly enriched in the 
hornfels; cobalt, scandium, copper, yterbium, and 
vanadium are weakly enriched; and all other ele
ments considered are either diluted or are in about 
the same concentrations as Vinogradov's estimate of 
concentrations for the earth's crust. 

The enrichment in chromium and nickel may 
indicate something about the characteristics of the 
source area of the metasedimentary rocks. Using 
strontium, an element depleted in amount as com
pared with the earth's crust, as an ordinate, and 
chromium and nickel concentrations as abscissas, 
the hornfels are compared with various other rock 
types in figure 16A and B. Both chromium and nickel 
show enrichment with respect to graywacke, tholei
ite, shale, and granite. Condie, Macke, and Reimer 
(1970) showed that graywacke in both the Sheba and 
Belvue Road Formations in the Fig Tree Group, 
South Mrica, of Precambrian age are enriched in 
nickel. A comparison of their nickel analyses of the 
Fig Tree Group with the Stillwater hornfels shows 
the close similarities of both sets of rocks (fig. 16A). 
Fig Tree shale (Danchin, 1967) has a similar chrom
ium enrichment as the hornfels (fig. 16B). 
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All other minerals 

A 

.. 

Plagioclase feldspar 

Orthopyroxene 

B 

Biotite Cordierite 

Quartz 

c 

.. 

FIGURE 12.-Triangular diagrams showing modes of minerals, 
in volume percent, in hornfels associated with the Stillwater 
Complex. A, Quartz, plagioclase, and all other minerals 
(mainly cordierite, orthopyroxene, and biotite). B, Ortho
pyroxene, biotite, and cordierite. C, Quartz, cordierite, and 
orthopyroxene. 

TABLE 5.-Calculated formulae and unit cell parameters for 
Reinhardt's (1968) samples and unit cell parameters for one 
specimen of the Stillwater Complex 

W53 D34 R124 M141725 

Mineral formulae calculated by hydrogen equivalent 
method (Jackson and others, 1967) 

Si+< 4.975 5.035 5.031 -- ·------------
6.000 6.000 6.000 ------------... --

AJ'3 .... 1.024 .965 .969 --------------
Al+3. 2.971 2.999 2.919 ---------------
Fe+3 . .015 2.987 .046 3.048 .108 3.028 ---------------Ti .. ~ .001 .003 .001 ---------------Mg+2. 1.624 1.423 1.359 ---------------
Fe+2 ... .371 2.013 .321 1.756 .479 1.842 --------------
Mn+2 ... .018 .012 .004 ---------------
NaH .017 .040 .039 ---------------
K+l .015 .32 .256 .296 .126 .179 ................................ _ 
Ca+2 .014 ---------------
(Mn+Fe' 2)/ 

(Mg+Mn+ 
Fe 2 ) 

> 100 .194 .190 .262 ---------------

Refined least-square unit cell parameters 

a ..... 17.056±0.01 17.068±0.005 16.91 17.109±0.004 
b. 9.700±0.008 9.698±0.004 9.72 9.714±0.004 
C. 9.347±0.005 9.358±0.006 9.48 9.356±0.008 
V, A3 . 1546.5 ±1.3 1549.1 ±1.0 1557.0 1554.9 ±1.1 
20(004) 

38.70-
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"0 38.60 
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Fe+ 2 + Mn 
Mg + F e+2 + M n x 100 

FIGURE 13.-X-ray determinative curve for (Fe+2+Mn/Mg+Fe+2 
+ Mn) x 100 ratio of cordierite. Horizontal lines indicate 
possible ratios for individual specimens of cordierite from 
the Stillwater Complex. 

TABLE 6.-Mineral assemblages in pyroxene hornfels rocks 
associated with aplite and quartz monzonite intrusive rocks 

[Qz, quartz; Bio, biotite; Cord, cordierite; Plagio, plagioclase; Ksp, potassium feldspar; 
Spn, spinel; Gam, garnet; Opx, orthopyroxene] 

Qz + Bio+ores+Cord +Opx+ Plagio+ Ksp+ 
Qz+ Bio+ores+Cord+Opx+ Plagio+ Ksp+Spn 
Bio+ores+Cord+Opx+ Plagio+Spn 
Qz+ Bio+ores+Cord+Opx+ Plagio+Spn 
Qz+ Bio+Cord+ Plagio+Gam 

The chemical data place restrictions on hypoth
eses of provenance or source of the material that 
formed the metasedimentary rocks if an isochemical 
model is assumed for metamorphism. Although Bel-
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FIGURE 14.-Photomicrographs of thin sections showing hornfels 
textures. Black minerals, magnetite and sulfide; dark-gray 
mineral, spinel; medium-gray high-relief mineral, ortho.
pyroxene; white to light-gray mineral, cordierite. Partly 
crossed nicols. A , Euhedral spinel with cordierite. Spinel 
grains 0.2 mm wide. B, Clots of fine spinel in cordierite. Width 
of B, 1 mm. Photographs by N. F . Prime. 

trame (1972) ascribed the enrichment of the hornfels 
in certain constituents to metasomatism from the 
Stillwater Complex, the distance (9 to 10 km) over 
which this metasomatism must have been effective 
makes an isochemical model more attractive, except 
perhaps for the rocks either included in the complex 
or very near the Basal zone of the complex. In 
addition, the close chemical similarities ofthe meta
sedimentary rocks with the Fig Tree Group of Pre
cambrian age in South Africa, whose chemistry was 
not controlled by metasomatism by a stratiform 
mafic and ultramafic intrusion, support an iso
chemical model. One way to account for the enrich
ment of nickel, chromium, cobalt, copper, and van
adium is to hypothesize that a large amount of ultra
mafic material in the source area was weakly attack
ed by weathering, rapidly eroded, and then incorpor
ated in the metasediments. Another way is to postu
late that there was a large amount of mafic volcanic 
rocks in the source area that were chemically weath
ered and contributed to the increase in these ele-

ments in the metasedimentary rocks. An ultramafic 
or mafic source area such as postulated could also 
account for the total iron and MgO enrichment in the 
hornfels. 

Ratios of Ah03 to N a20 were suggested by Petti
john (1957, p. 509) as indices of maturity for sand
stones because Ab03 is one of the least mobile oxides 
and N a20 is the oxide readily lost during weathering 
and not added to sandstones during sedimentation. 
Values of the AbO, to Na20 ratio for average arko
ses, graywackes, and lithic sandstones are 5. 7, 4.8, 
and 4.5 respectively (Pettijohn, 1957, p. 509), and for 
orthoquartzite, 20A. The index increases with in
creasing maturity. Ratios of Ab03 to Na20 for the 
hornfels samples range from 5 to 142, most of them 
closer in value to the average for orthoquartzite. 
Considering the present mineralogy and the possible 
precursors, these values are absurd because they 
indicate extremely mature sediments and are in 
direct conflict with the previous hypothesis of rapid
ly weathered mafic or ultramafic source. The high 
maturity indices may indicate a mixed mechanical 
and chemical origin for the metasediments, but they 
certainly do not indicate a mature sediment. 

If the Ab03 to Na20 ratios indicate a mixed 
mechanical (clastic) and chemical precipitate origin 
for the metasedimentary rocks below the Stillwater 
Complex, these rocks should be compared with rocks 
known to have such an origin. The Iron River
Crystal Falls district of Michigan contains forma
tions in the Precambrian Paint River Group that 
include siltstone, slate, and graywacke of such an 
origin (James and others, 1968). Table 10 compares 
the average hornfels adjacent to the Stillwater Com
plex (see table 7 for individual analyses) with four 
rocks from the Paint River Group. The slate-silt: 
stone unit of the Dunn Creek Slate contains 6-12 per
cent iron (James and others, 1968) as chlorite in the 
siltstone and as carbonate and sulfide minerals in 
the slate. The Hiawatha Graywacke has 12-22 per
cent iron, most of which is in the matrix chlorite and 
siderite (James and others, 1968, p. 60). The Paint 
River Group also has extremely high Ab03-Na20 
ratios (5-141) that are not applicable as maturity 
indices but are similar to those for the hornfels from 
the Stillwater area. The comparatively high Ti02 

content of the hornfels parallels the high Ti02 con
tents in the Paint River Group. These strong chemi
cal similarities suggest that the metasedimentary 
rocks below the Stillwater Complex originated from 
mixed chemical and mechanical processes, as did the 
Paint River Group. The association of the hornfels 
with iron-formation and blue meta-quartzites also 
supports this comparison. Linear variations in FeO 
content perpendicular to the trend of the layering in 
the hornfels, as recorded by Beltrame (1972) in the 
Stillwater River area, may reflect gradual changes in 
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TABLE ?.- Chemical analyses, semiquantitative spectrographic analyses, and 
[Chemical analyses by P. L. D. Elmore, James Kelsey, Gillison Chloe, Hezekiah Smith , and James Glen under Leonard Shapiro by rapid-rock 

54BE69 53FC69A MV- KB MV-KC MV-KD- I MV-KD-2 1SR-5 1SR-8 1SR-IO 'SR- 12 'SR-17 52NB69 60IM69C 581M69 

Chemical analysis (weight percent) 

SiOz . 47.8 60.1 53.9 69.5 66.6 66.0 51.8 58.5 61.7 63.1 60.2 49.4 58.5 47.2 
Al203 . 25.7 17.0 20.8 14.8 14.8 16.3 21.35 18.72 16.11 15.76 18.78 21.3 18.2 20.6 
Fe203 .80 .69 .80 .90 .90 . 90 n.d. n.d. n.d. n.d. n.d . 1.3 .49 1.2 
FeO . 12.0 10.1 11.4 5.5 6.4 6.4 13.87 10.74 9.39 8.80 5.88 4.8 10.1 17.1 
MgO . 9.8 5.4 7.7 4.3 4.9 4.9 7.80 6.42 5.40 5.43 3.81 5.3 5.6 10.4 
CaO .10 1.1 .30 1.2 .60 .63 .00 .70 1.19 .44 6.27 13.9 1.7 .28 
Na20 . .18 .81 .57 1.3 .90 .90 .00 1.08 1.29 .99 3.52 2.4 1.9 .17 
K20 .15 1.5 2.4 .69 1.5 1.4 1.43 1.62 1.13 2.19 .95 .30 .98 .16 
HzO .. ... 1.7 2.0 1.1 1.2 1.8 1.8 n.d. n.d. n.d. n.d. n.d. .47 1.1 .85 
HzO- ..... .26 .23 .10 . 07 .14 . 07 n .d . n.d. n.d. n.d . n.d. .17 .21 .15 
TiOz . .90 .89 1.2 .73 .77 .81 1.36 1.45 0.97 1.11 .52 .54 .89 1.1 
P205 .06 .06 .02 .01 .02 . 02 n.d. n.d. n.d. n.d . n .d. 0.6 .08 .08 
MnO .09 .06 .07 .05 .02 .05 .11 .09 .09 .08 .07 .07 .11 .12 
coz < .05 < .05 .02 .04 .04 .06 n.d: n.d. n.d. n.d. n.d. < .05 < .05 < .05 

Sum 100 100 100 100 99 100 97.72 99.32 97.27 97.90 100 100 100 99 

Semiquantitative, six-step spectrographic analyses (parts per million) 

B N N N N N N n.d . n.d. n .d. n.d . n .d . N N N 
Ba 507 500 500 200 700 700 270 470 510 260 560 170 200 5 
Ce N N N N N N 70 0 90 30 330 N N N 
Co 110 50 50 30 30 30 66 79 80 78 80 < 30 50 100 
Cr ..................... .. .. ........... 1,000 700 700 500 500 500 750 580 620 740 30 700 500 1,000 
Cu 
La 
Nb . 
Ni 
Pb 
Sc 
Sr . 
v 
y 
Zn 
Zr .. 
Ga . 
Yb 
Rb 
Rb 

Density 

Sample 

54BE69 
53FC69A 
MV-KB 
MV-KC 
MV-KD-1 , 

SR-5 
SR-8 
SR-10 
SR-12 
SR-17 
52NB69 
60!M69C 
52NB69 
60IM69C 
58IM69 
531M69 
41M70 

20 100 70 100 150 100 190 76 110 148 30 
N N N N N N 150 0 80 30 290 
N N 7 7 7 7 19 9 13 9 

. 1,000 300 500 200 300 300 0 260 210 220 33 
N 7 10 10 10 10 N n.d. n.d. n.d. n.d. 

30 20 50 20 20 20 N n .d. n.d. n.d. n.d . 
N 70 50 100 100 100 30 120 200 85 500 

300 150 200 !50 !50 150 N n.d. n.d. n.d. n.d. 
N 10 10. 10 N N N n.d. n.d. n.d. n.d. 
N N N N N N 130 136 106 109 59 

10 70 100 150 150 !50 120 175 160 !55 165 
15 15 30 20 15 20 25 22 23 19 
N 1.5 2 1.5 I 1 n .d. n.d. n.d. n.d. n.d. 

n .d. n.d. n .d. n .d. n .d. n.d. 80 95 55 110 40 
129 22 45 ~8 

Bulk density (g/cm3) 

2.745 2.84 2.81 2.725 2.902 

Description and location 

Cordierite-orthopyroxene-quartz-plagioclase-biotite hornfels; Montana South coordinates: 496,220 N., 1,919,040 E. 
Cordierite-biotite·orthopyroxene-quartz-plagioclase hornfels; Monta n a South coordinates: 495,560 N., 1,912,380 E. 

500 30 !50 
N N N 
N N N 

500 300 700 
N 10 N 

30 20 30 
200 100 N 
150 150 300 

15 20 N 
N N N 

20 150 7 
15 15 15 

1 2 N 
n.d. n .d. n.d. 

2.775 2.924 

Cordierite·potassium feldspar-biotite-orthopyroxene-plagioclase hornfels; Montana South coordinates: 502,100 N.; 1,900,760 E. 
Quartz·cordierite-plagioclase-orthopyroxene-biotite hornfels; Montana South coordinates: 502,070 N.; 1,900,760 E. 
Cordierite·quartz-orthopyroxene-plagioclase-biotite hornfels; Montana South coordinates: 502,050 N.; 1,900,760 E.; the -1 and -2 are two different splits 

of the same sample. 
Cordierite·orthopyroxene·biotite-quartz hornfels; Montana South coordinates: 502,120 N.; 1,900,900 E. 
Cordierite-biotite-orthopyroxene-quartz-plagioclase hornfels; Montana South coordinates: 502,100 N.; 1,900,930 E. 
Cordierite-quartz·orthopyroxene-biotite-plagioclase hornfels; Montan a South coordin ates; 502,020 N.; 1,900,890 E. 
Cordierite-quartz-biotite·orthopyroxene·plagioclase hornfels ; Monta n a South coordinates: 502,000 N.; 1,900,950 E. 
Plagioclase-orthopyroxene-quartz-biotite hornfels; Montana South coordinates: 501,980 N.; 1,901,030 E. 
Cordierite-orthopyroxene-plagioclase-biotite hornfels; Montana South coordinates: 499,160 N.; 1,916,400 E . 
Cordierite-orthopyroxene-biotite-plagioclase-quartz hornfels; Monta na South coordinates: 511,020 N.; 1,849,880 E. 
Cordierite·orthopyroxene-plagioclase-biotite hornfels; Montana South coordinates: 499,160 N.; 1,916,400 E. 
Cordierite·orthopyroxene-biotite-plagioclase-quartz hornfels; Montana South coordinates: 511,020 N. ; 1,849,880 E. 
Cordierite-orthopyroxene-opaque minerals hornfels; Montana South coordinates: 513,660 N.; 1,852,300 E. 
Cordierite-biotite-quartz-plagioclase hornfels; Montana South coordinates: 506,280 N.; 1,852,020 E. 
Biotite-cordierite-quartz-pl agioclase hornfels; Montana South coordinates: 506.870 N .: 1.849.850 E. 

•Chemical and spectrographic a nalyses by Beltrame (1972, p. 17, 30). 

the depositional environment of the sediments or in 
the source of the sediments and not the metasomatic 
changes. 

STILLWATER COM PLEX 
AREAL EXTENT A:\!D PREVIOUS WORK 

The stratiform mass of mafic and ultramafic rocks 
that form the Stillwater Complex strikes northwest 
across the northern margin of the Beartooth Moun
tains (figs. 1, 2). Parts of the complex are exposed for 

about 48 km along strike in the Mt. Wood (Page and 
others, 1973a), Mt. Douglas (Page and others, 1973b), 
and Mt. Cowen 15-minute quadrangles and in the 
Mt. Rae (Richards, 1952, 1958), McLeod Basin, and 
Emerald Lake ? lf2-minute quadrangles, Montana. 
Because the complex is tilted on edge, north-south 
traverses give the apparent thickness of the complex, 
which is a maximum of 5.5 km. Exposures of the 
complex are fairly extensive. 
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bulk densities of metasedimentary rocks adjacent to the Stillwater Complex 
methods; spectrographic analyses by Chris Heropoulos. N, not detected at limit of determinations; n.d., not determined or not looked for] 

1581M69 4IM70 61M70 54CM69 52CM69 3CM70 50CM69 2CM70 1CM14 1CM6 1CM8 1CM11 19BR68 1BR71 26VC69 3VC69 

66.1 
14.0 

1.1 
6.1 
3.7 

.98 
2.8 
1.0 
3.2 

.30 

.58 

.06 

.04 
< .05 

100 

N 
150 

N 
20 

300 
10 

N 
N 

200 
N 

15 
70 

100 
10 
N 

100 
10 
N 

n.d. 

Sample 

61M70 
54CM69 
52CM69 
3CM70 
50CM69 
2CM70 
CM14 
CM6 
CM7 
CM8 
CMll 
19BR68 
1BR71 
26VC69 
3VC69 

56.9 
19.0 

1.0 
9.7 
5.1 

.51 

.84 
3.2 
2.6 

.28 

.78 

.07 

.03 
< .05 

100 

10 
500 

N 
30 

300 
70 
N 
N 

500 
10 
20 
50 

150 
15 
N 

100 
20 

1.5 
n.d. 

2.83 

Chemical analyses (weight percent) 

52.8 
19.7 

.47 
13.3 

7.4 
.40 
.60 

1.8 

53.3 
20.6 

.66 
13.4 

54.3 
19.8 

47.4 
19.0 

53.5 
20.5 

.47 
11.3 

6.3 

49.5 
21.4 

48.5 
21.6 

50.8 
22.2 

51.0 
22.2 

50.4 
22.2 

53.6 67.6 
16.8 14.2 

1.7 
.20 

1.1 
.08 
.08 

<.05 

100 

7.9 
.30 
.19 
.81 

1.1 
.22 

1.1 
.08 
.06 

<.05 

100 

.46 
10.4 
5.6 

.32 

.91 
2.7 
3.5 

.23 

.77 

.07 

.06 
<.05 

99 

.44 
13.6 
8.1 

.53 
1.5 
.84 

6.6 
.30 

1.1 
.08 
.09 

< .05 

100 

.20 
1.0 
2.5 
2.4 

.16 
1.0 
.08 
.06 

< .05 

99 

.14 
14.6 
8.4 

.30 

.45 
1.6 
1.4 

.17 
1.1 
.08 
.06 

<.05 

99 

18.33 
11.10 

.02 

.13 

.09 

.78 

.13 

100.68 

16.03 
9.51 

.04 

.14 

.48 

1.14 

.12 

100.46 

14.98 
8.37 

.15 

.26 

.69 

1.11 

.11 

98.87 

14.44 
8.25 

.17 

.23 

.91 

1.07 

.07 

97.74 

1.6 
10.62 4.6 

7.92 3.0 
4.56 1.4 
1.09 3.1 

.23 .80 
2.8 

.28 
.53 .54 

.06 
.03 .02 

<.05 

95.38 100 

Semiquantitative, six-step spectrographic analyses (parts per million) 

N N 
500 200 

N N 
50 70 

500 1,000 
70 100 
N N 
N 10 

700 700 
7 N 

30 30 
30 10 

200 200 
N 10 
N N 

100 70 
20 15 
N 1 

n.d. n.d. 

2.87 2.835 

N 
500 

N 
70 

700 
20 
N 
N 

500 
7 

20 
50 

200 
15 
N 

70 
15 

1.5 
n.d. 

2.785 

N 
200 

N 
50 

700 
50 
N 
N 

500 
N 

20 
30 

150 
N 
N 

70 
15 
N 

n.d. 

2.795 

N 
300 

N 
50 

500 
50 
N 
N 

500 
N 

20 
20 

150 
15 
N 

50 
20 

1.5 
n.d. 

2.81 

N N 
300 < 20 

N 0 
50 67 

700 1,400 
70 158 
N 40 
N 6 

700 550 
N n.d. 

30 n.d. 
15 0 

200 n.d. 
N n.d. 
N 146 

70 <10 
20 4 
N n.d. 

n.d. 0 

Bulk density (g/cm3 ) 

2.835 

N 
<20 

20 
54 

900 
126 
20 
10 

310 
n.d. 
n.d. 
40 
n.d. 
n.d. 

104 
40 
12 
n.d. 
25 

N 
320 

0 
66 

1,000 
134 

10 
22 

390 
n.d. 
n.d. 
30 
n.d. 
n.d. 

133 
50 
20 
n.d. 
50 

N 
170 
100 

62 
360 
48 

0 

133 
n.d. 
n.d. 
80 
n.d. 
n.d. 

112 
55 

n.d. 
10 

Description and location 

Cordierite-biotite-quartz-orthopyroxene-plagioclase hornfels; Montana South coordinates: 509,580 N.; 1,847,430 E. 
Cordierite-orthopyroxene-biotite-quartz hornfels; Montana South coordinates: 519,400 N.; 1,838,000 E. 
Cordierite·quartz·biotite hornfels; Montana South coordinates: 515,480, N.; 1,836,450 E. 
Quartz·cordierite-biotite hornfels; Montana South coordinates: 518,530 N.; 1,836,820 E. 
Biotite-cordierite-quartz-anthophyllite hornfels; Montana South coordinates: 512,600 N.; 1,836,600 E. 
Cordierite-orthopyroxene-biotite-quartz hornfels; Montana South coordinates: 517,200 N.; 1,841,510 E. 
Cordierite-orthopyroxene-biotite hornfels; Montana South coordinates: 525,910 N.; 1,831,200 E. 
Cordierite-orthopyroxene·biotite·plagioclase hornfels; Montana South coordinates: 524,100 N.; 1,833,080 E. 
Cordierite-biotite-orthopyroxene·plagioclase hornfels; Montana South coordinates: 524,110 N.; 1,833,030 E. 
Cordierite-orthopyroxene-biotite·plagioclase hornfels; Montana South coordinates: 524,160 N.; 1,832,980 E. 
Quartz·chlorite-zoisite schist; Montana South coordinates: 524,210 N.; 1,832,880 E. 
Quartz-chlorite-muscovite-staurolite-plagioclase schist; Montana South coordinates: 525,340 N.; 1,823,350 E. 
Cordierite-biotite-quartz-anthophyllite·plagioclase hornfels; Montana South coordinates: 537,740 N.; 1,802,860 E. 
Cordierite·quartz-biotite-plagioclase hornfels; Montana South coordinates: 502,010 N.; 1,877,100 E. 
Cordierite-biotite-quartz·plagioclase hornfels; Montana South coordinates: 502,940 N.; 1,893,740 E. 

N 
100 

N 
15 

700 
70 
N 
N 

100 
15 
10 
70 

100 
10 
N 

70 
10 

1 
n.d. 

2.72 

63.9 56.1 
14.6 17.9 

1.1 1.4 
7.8 8.9 
5.7 4.3 

.54 1.7 

.84 2.0 
1.0 3.0 
2.9 3.3 
.14 .30 
.64 .90 
.04 .07 
.04 .03 
.04 < .05 

101 100 

N 
100 

N 
30 

500 
150 

N 
N 

300 
10 
20 
30 

150 
15 
N 

100 
15 
2 

n.d. 

2.78 

N 
500 

N 
20 

700 
2 
N 
N 

300 
7 

20 
200 
150 

10 
N 

100 
20 

1.5 
n.d. 
5 

2.767 

44.8 
23.2 

1.3 
10.5 
6.5 

.58 
1.3 

4.6 
4.7 
.32 

1.1 
.08 
.08 

<.05 

99 

N 
700 

N 
50 
50 
70 
30 
N 

500 
N 

30 
100 
200 

15 
N 

100 
20 

1.5 
n.d. 

2.88 

An informal stratigraphic nomenclature used to 
describe the internally conformable layers of the 
complex that range from dunitic to noritic to an
orthositic compositions has developed from the early 
work of Peoples (1936, p. 358) through that of Jones, 
Peoples, and Howland (1960), Hess (1960), and Jack
son (1961) to this report. In addition, an extensive 
terminology was developed by Jackson (1967) to 
describe rocks such as these formed by crystal 

accumulation and to describe the primary internal 
features of these magmatic sediments. Although 
other variants of this terminology are available 
(Hess, 1960; Wager and others, 1960), Jackson's 
(1967) terminology is used here. 

STRATIGRAPHY AND LITHOLOGY 

Figure 17 gives idealized composite columnar sec
tions for the Stillwater Complex and shows the 
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TABLE B.-Comparison of average chemical analyses (weight 
percent) of hornfels adjacent to the Stillwater Complex with 
other average rock types 

[Tr. = trace] 

2 3 4 5 6 8 

Si02 ______ , ____ 56.5 56.80 56.30 66.2 59.8 64.4 58.11 59.5 
Al203 -- 18.8 8.48 17.24 10.2 12.9 15.5 15.40 17.2 
Fe203 .88 1.67 3.83 7.01 6.56 6.54 4.02' 
FeO __ 10.5 5.09 2.45 6.10 
MgO _ 6.4 1.24 2.54 4.50 4.44 3.12 2.44 3.42 
CaO 1.3 15.25 1.0 1.97 3.18 2.22 3.10 7.03 
Na20 1.1 1.31 1.23 1.80 2.83 3.74 1.30 3.68 
K20 1.4 1.46 3.79 1.58 2.23 2.44 3.24 1.60 
H2o+ 1.5 .50 4.99 
H2o- __ .20 
1102 _ .89 .10 .77 .52 .55 .62 .65 .70 
P205 . 06 Tr . .17 
MnO .07 .10 Tr. 
C02 <.05 12.95 2.63 

1. Average of 31 hornfels analyses reported in table 7. 
2. Calcareous subgraywacke (Molasse) (Pettijohn, 1963, p. 86, table 4, anal. C). 
3. Precambrian lutite (Nanz, 1953, p. 57). 
4. Average Precambrian graywacke, Sheba Formation of the Fig Tree Group, Republic 

of South Africa (Condie and others, 1970, p. 2766, table 2, no. 1, total Fe as Fe203 ). 
5. Average Precambrian graywacke, Belvue Road Formation of the Fig Tree Group, 

Republic of South Mrica (Condie and others, 1970, p. 2766, table 2, no. 2, total Fe as 
Fe2 03 ). · 

6. Average Precambrian graywacke, Wyoming (Condie, 1967). 
7. Average shale (Clarke and Washington, 1924, p. 32). 
8. Andesite, average data for major elements compiled from analyses of circum-Pacific 

calc-alkaline andesite (Taylor, 1969, p. 60). 
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FiGURE 15.-Potassium oxide and sodium oxide content for 
hornfels adjacent to the Stillwater Complex compared 
with other Precambrian graywackes. Fields of the average 
Wyoming graywacke and the Belvue Road and Sheba 
Formations of the Fig Tree Group of South Mrica from 
Condie, Macke, and Reimer (1970). 

names assigned for mappable units by various 
authors. The right-hand columnar section gives the 
terminology used in this report. The Basal zone, 

TABLE 9.-Comparison of the average minor- and trace-element 
content of the hornfels with estimates of contents for the 
earth's crust 

Average Number of 
Earth's crust 

hornfels samples Vinogradov Mason 
(1962) (1958) 

Enrichment 
Element Values in parts per million factor' 

Ba _ 329 37 650 400 0.5 
Ce 59 14 70 46 .8 
Co ____ 52 37 18 23 2.9 
Cr 646 37 83 200 7.8 
Cu _ 87 37 47 45 1.9 
La -- 60 16 29 18 2.1 
Nb -- 9 18 20 24 .5 
Ni 362 37 58 80 6.2 
Pb 10 13 16 15 .6 
Sc 23 22 10 5 2.3 
Sr .. 81 37 340 450 .2 
y_ 169 22 90 110 1.9 
y_ 13 15 29 40 .5 
Zn. 107 15 83 65 1.3 
Zr ___ 94 37 170 160 .6 
Ga _ 16 37 19 15 .8 
Yb- 1.4 16 .33 3 4.2 
Rb _ 73 19 150 120 .5 

'Enrichment factor= content in average hornfels divided by Vinogradov's value for 
the earth crust. 

Ultramafic zone, Banded zone, and Upper zone 
correspond to the subdivisions used by Jones, Peo
ples, and Howland (1960) and Jackson (1961). In this 
report and on Page and Nokleberg's map (1974) the 
Basal zone is divided into two parts, a Basal norite 
member and an overlying Basal bronzite cumulate 
member. The division of the Ultramafic zone into a 
Peridotite member and an overlying Bronzitite mem
ber follows the usage of Jackson (1961, p. 2-4). Al
though Hess (1960) mineralogically divided the up
per part of the complex into his Norite, Lower Gab
bro, Anorthosite, Upper Gabbro, and Hidden Zones, 
and three anorthosite subzones, none of these units 
were mapped in the field, and inasmuch as the 
1:12,000-scale maps were prepared without separ
ating gabbroic and anorthositic units, the terminol
ogy of Jones, Peoples, and Howland (1960), and 
Jackson (1961) is retained. 

The Basal zone (fig. 17) includes those rocks that 
occur stratigraphically below the lowest cyclic unit 
beginning with an olivine cumulate or olivine-bronz
ite cumulate and ending with a bronzite cumulate. It 
is composed of magmatic sediments or cumulates of 
·orthopyroxene, clinopyroxene, plagioclase, olivine, 
or combinations thereof and of rocks of noritic and 
gabbroic composition that exhibit ophitic igneous 
textures. This zone is found along the southern part 
of the complex. Except for the section from the West 
Fork of the Stillwater River to Chrome Mountain 
where it lies beneath a south-dipping thrust, it is 
exposed discontinuously along the entire strike 
length of the complex. Maximum known thicknesses 
are about 366 m, but the average is abut 152 m. 

Intrusive relations of the Basal norite member into 
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FIGURE 16.-Nickel and chromium versus strontium concentrations for hornfels adjacent to the Stillwater Complex 
compared with other rock types. A, Nickel. B, Chromium. 

25 

the hornfels can be observed in Verdigris Creek in 
the Mountain View area (coordinates: 503,450 N.; 

1,898,250 E.) and from Chrome Mountain westward, 
specifically in the unnamed creek between Blakely 
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TABLE 10.-Comparison of the average composition (in weight 
percent) of hornfels adjacent to the Stillwater Complex with 
the composition of rocks in the Paint River Group 

2 3 4 5 

SiOz _ 56.52 59.19 49.85 62.75 51.18 

Alz03- 18.77 14.61 13.88 7.05 11.95 
Fe2o3 .88 1.51 3.75 1.94 8.09 
FeO __ 10.47 11.28 14.10 16.36 12.15 
MgO 6.46 2.94 3.32 2.95 2.42 
CaO _ 1.33 .09 .20 .38 1.12 
Na2o _ 1.10 .12 .10 .05 2.12 
KzO __ 1.40 2.38 2.74 1.86 
H2o+ ___ 1.54 4.69 4.90 3.14 1.42 
H2o-_ .20 .07 .14 .23 .03 
1102 _ .89 1.45 1.45 .40 .51 

PzOs .06 .01 .09 .10 .34 
MnO _ .07 .10 .24 1.17 2.71 
C0

2
_ 1.25 4.09 3.83 3.70 

c .25 .69 
s .08 1.51 

Sum 100.02 101.05 
Less 0 for S _ .04 .76 

Total __ 99.98 100.29 99.80 

1. Average hornfels adjacent to the Still water Complex, 32 analyses (table 7, this report). 
2. Siltstone from the gray sericitic slate and siltstone unit of the Dunn Creek Slate 

(James and others, 1968, p. 41, table 4). 
3. Slate from the gray sericitic slate and siltstone unit of the Dunn Creek Slate (James 

and others, 1968, p. 41, table 4). 
4. Hiawatha Graywacke, James and others (1968, p. 60, table 12). 
5. Stambaugh Formation, laminated facies (James and others, 1968, p. 67, table 13). 

and Bobcat Creeks (coordinates: 529,540 N.; 
1,898,160 E.). In the section from the Benbow area to 
the Initial area, inclusions of hornfels are found in 
the Basal zone. Figure 18 shows small inclusions of 
cordierite-pyroxene hornfels in the Basal norite 
member. In drill core, hornfels inclusions are found 
up into the lower part of the Peridotite member. 

The lower part of the Basal zone, here informally 
termed the Basal norite member, is composed of 
alternating lensoid masses or layers in which oli
vine, orthopyroxene, clinopyroxene, plagioclase, 
hornblende, biotite, quartz, oxide, and sulfide min
erals form a variety of crystallization sequences and 
orders. Rocks with one crystallization sequence or 
order can be persistent over large volumes (tens of 
feet thick by thousands of feet long and unknown 
amounts down dip), but also several different orders 
of crystallization can be found within one hand spe
cimen and even within one thin section. In addition 
to the highly irregular distribution of rocks with dif
ferent orders of crystallization, grain size varies 
from coarse to fine in an irregular manner (fig. 19). 
Rocks with all gradations of textures from magmatic 
sediments with cumulate textures, including both 
apposition and current-formed textures, to ophitic, 
diabasic, and gabbroic textures are observed within 
small areas. The most distinctive texture is one in 
which the pyroxenes show ragged, sutured, sub
hedral margins against plagioclase. Rocks from the 
Basal norite member are characterized by extreme 

variability of orders of mineral crystallization, grain 
size, and texture over short distances. Now here has a 
continuous fine-grained ophitic chill-zone diabase 
been found between the Basal norite and adjacent 
country rocks, as has been inferred to exist (Hess, 
1960; Wager and Brown, 1967). Indeed, fine-grained 
ophitic gabbros occur throughout the sequence with 
an apparent irregular distribution. The Basal no rite 
member locally contains an abundance of hornfels 
inclusions that range in size from microscopic to 
greater than 305X61 min outcrop size (coordinates: 
497,000 N.; 1,917,570 E.). Some of the hornfels inclu
sions were incorporated into the Basal norite; others 
apparently reacted and contaminated the magma. 
Massive sulfide layers, pods, and disseminated 
grains of dominantly pyrrhotite, pentlandite, and 
chalcopyrite are also present. The lower contact of 
the Basal norite member is an intrusive contact. 
Locally at the contact, an intrusive breccia ofnorite, 
hornfels, and massive sulfide minerals is formed and 
is intruded by the quartz monzonite. Basal norite 
locally forms dikes and pods in the hornfels (co
ordinates: 503,450 N.; 1,898,550 E.). 

The upper part of the Basal zone, here informally 
called the Basal bronzite cumulate member, is com
posed of layers of coarse- to fine-grained hypidio
morphic granular orthopyroxene cumulates. The 
lower contact is gradational over a few tens of feet 
with the underlying Basal norite member but is 
marked by a sharp increase in the amount of plagio
clase, by the appearance of ophitic-, diabasic-, and 
gabbroic-textured rocks, and by the presence locally 
of current-formed magmatic sediments. The upper 
contact is marked either by the disappearance of 
orthopyroxene as a cumulus crystal and the appear
ance of olivine as cumulus crystal or by ortho
pyroxene joined by olivine as cumulus crystals. The 
horizon is sharp and, where observed, about one 
crystal thick. 

Conformably overlying the Basal zone is the Ultra
mafic zone, which consists of repetitions of olivine, 
chromite, olivine-chromite, olivine-bronzite, and 
bronzite cumulates that are termed cyclic units. The 
Ultramafic zone may locally show onlapping rela
tions to the Basal zone. The upper contact of the 
Ultramafic zone is marked by the appearance of 
cumulus plagioclase. The contact seems to be con
formable and marked by a one-crystal-thick horizon, 
as exposed in the Mountain View area (coordinates: 
507,810 N.; 1,896,940 E.), but on the East Boulder Pla
teau north of Lost Mountain (coordinates: 528,440 
N.; 1,840,540 E.), cobble- and boulder-sized subround
ed to subangular fragments (lenses?) of bronzite 
cumulate are found above the Ultramafic zone in the 
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FIGURE 17.-Idealized columnar sections showing subdivisions of the Stillwater Complex used by various authors. 

plagioclase-bronzite cumulate. These fragments 
may have been derived from the Ultramafic zone, 
which suggests that the intervening contact may be 
locally an erosional surface. The Ultramafic zone 
averages about 1,070 m thick and is thicker in the 
basin structures (Jackson, 1963). 

The Peridotite member, the lower of two members 
in the Ultramafic zone, consists of cyclic units (Jack
son, 1961, 1963, 1967, 1968, 1969, 1970, 1971), which 
are repetitions of cumulate patterns; at least 15 cyclic 
units are recognized in the Peridotite member. Cyclic 
units are of two types: (1) normal, complete units that 
invariably contain the same sequence of cumulus 
phases: olivine, olivine+bronzite, and bronzite, and 
(2) beheaded units (Jackson, 1970, p. 390-401) that 
lack an olivine+bronzite or a bronzite layer, or both. 
Cyclic units range in thickness from about 381 m 
(Mountain View area, unit 2 of Jackson, 1968, p. 
1506) to less than 3.05 m (Iron Mountain area; coordi-

nates: 514,660 N.; 1,859,600 E). In the Benbow, Nye 
Basin, and Mountain View areas where Jackson 
(1961, 1963, 1968, 1969) and Page, Shimek, and 
Huffman (1972) were able to distinguish and cor
relate them, the cyclic units have been numbered in 
sequence upward from 1 to 15. Cumulus chromite 
and chromite+olivine occur in at least 13 of cyclic 
units near the base or in the lower part of the olivine 
cumulates (Jackson, 1963, 1967). Thechromitecumu
lates are designated by letters A to K sequentially 
from the lowest zone to the highest zone. Cyclic units 
were not mapped in the field because of the difficulty 
in characterizing each unit without supporting 
chemical and petrologic work for rock sequences. 
Instead, the rock types olivine, chromite, olivine+ 
bronzite, and bronzite cumulates were distinguished 
for mapping purposes (Page and Nokleberg 1974). In 
areas where the chromite zones had been identified 
and correlated by chemical analyses and detailed 
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2cm 

FIGURE lB.-Hydrofluoric acid etched slab of the Basal norite 
member containing cordierite-pyroxene homfels inclusions (I) 
and plagioclase phenocrysts (P). 

2cm 
A 

2cm B 

FIGURE 19.-Slabs of the Basal zone norite showing rapid varia
tion in grain size. A, Banded norite. B, Patchy norite. 

stratigraphy and where they are in reasonable strati
graphic position, they were identified by a letter 
symbol by Page and Nokleberg (1974). Jones, Peoples, 
and Howland (1960, p. 290) correlated some chrom
itite zones from the Benbow to West Fork of the 

Stillwater River area and from there westward tenta
tively identified the G chromite zone. Jackson (1963) 
gave a correlation diagram of the zones for the en tire 
strike length of the complex on the basis of detailed 
chromitite stratigraphy and analytical data, but the 
extension of chromitite stratigraphy beyond the 
West Fork of the Stillwater River area is doubtful on 
Page and Nokleberg's map because part of the 
Peridotite member is covered by a thrust plate of 
hornfels. For this reason, other westward correla
tions are suspect because individual chromitite 
zones cannot be physically traced. 

The Bronzitite member, the upper member in the 
Ultramafic zone, consists of a single thick layer of 
cumulus bronzite that attains a maximum thickness 
of 1,070 m and averages about 366m in thickness. 
The cumulates are fine to coarse grained. Units in 
which grain size changes from coarse to fine upward 
appear to form repeated cycles throughout the se
quence. From 3-6 m below the top of the Bronzitite 
member in the Benbow area (coordinates: 500,320 N.; 
1,921,080 E.), a concentration of cumulus chromite 
can be traced for several meters along strike. Else
where the unit has not been studied in enough detail 
for possible extensions of the chromitite zone to be 
traced. 

Another unit in the Ultramafic zone is called 
intrusive dunite because it shows intrusive relations, 
diking, and stoping with other rocks. The wallrocks 
in contact with the dunite show no effects of meta
morphism, which indicates that the intrusive dunite 
and the w.allrocks were at about the same tempera
ture at the time of emplacement. Hess (1938a, 1960) 
and Jackson, Howland, Peoples, and Jones (1954) 
have previously called attention to its occurrence. 
Intrusive dunite is exposed in the Mountain View 
area (Jackson and others, 1954), in the Iron Moun
tain area (coordinates: 515,520 N.; 1,859,240 E.), in 
the upper Forge Creek area (coordinates: 522,360 N.; 
1,842,500 E .), in the Chrome Mountain area (coordi
nates 525,350 N.; 1,835,620 E.), and in the Boulder 
River area (Howland and others, 1949). The largest 
mass is in the upper Forge Creek area where its 
intrusive relations are well exposed. The intrusive 
dunite generally occurs in the lower part of the 
Peridotite member; the occurrence at Iron Mountain 
is anomalous in that intrusive dunite occurs more 
than 91 m above the base of the member. The dunite 
is characterized by (1) lack of poikilitic or oikocrys
tic orthopyroxene or clinopyroxene, (2) closely pack
ed olivine grains with similar compositions to the 
adjoining olivine and olivine-bronzitite cumulates, 
(3) wispy, irregular, discontinuous thin (one to sev
eral crystals wide) chromi ti te seams, ( 4) highly irreg-
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ular contacts, and (5) blocks and fragments of other 
cumulates as inclusions. 

The Banded and Upper zones, which are strati
graphically above the Ultramafic zone, were not 
mapped separately. They have an aggregate maxi
mum thickness of about 4,267 m. The acceptance of 
Hess' (1960) subdivisions above the Ultramafic zone, 
as was done by Wager and Brown (1967), should be 
viewed with caution since not enough mapping 
exists to develop useful and mappable stratigraphy. 
The following remarks record some local observa
tions and indicate some of the complexities involved 
in finding a useful stratigraphic classification. The 
zones under consideration consist of alternating 
layers of orthopyroxene+plagioclase, orthopyroxene 
+eli no pyroxene+plagioclase, oli vine+plagioclase, 
and plagioclase cumulates. Jones, Peoples, and How
land (1960, p. 280, 290) suggested that the boundary 
between the Banded and Upper zones should be at 
the base of the lowest tractolite ( olivine+plagioclase 
cumulate) in the sequence. In sections in the Benbow, 
Mountain View, and Nye Basin areas, in the area on 
the east side of the West Fork of the Stillwater River, 
in the area from Iron Mountain to Picket Pin, and in 
the area west of the East Boulder River, the use of 
this horizon would define the Banded zone as consist
ing of a thick orthopyroxene+plagioclase cumulate 
in the stratigraphically lower part of the unit and 
repetitions of orthopyroxene+plagioclase and ortho
pyroxene+clinopyroxene+plagioclase cumulates in 
the upper part. This subdivision probably corre
sponds to Hess' (1960) N orite Zone and Lower Gabbro 
Zone. Two, and possibly more, thin (3-6-m-wide) 
plagioclase cumulates occur in the middle of the 
Banded zone (coordinates: 508,270 N.; 1,899,870 E., 
for example). The repetitious nature of one- and two
pyroxene+plagioclase cumulates suggests that the 
upper part may contain cyclic units analogous to 
those in the Ultramafic zone. All of the Banded zone 
contains well-developed mineral-graded and size
graded layers ranging in thickness from less than a 
centimeter to a few meters. 

In the eastern sections of gabbroic rocks one and 
possibly two olivine+plagioclase cumulates are 
known. The base of the lowermost marks the base of 
the Upper zone. The contact between the Banded 
zone and the overlying olivine+plagioclase cumulate 
is irregular (coordinates: 509,750 N.; 1,900,980 E.) 
and may represent a break equivalent to an erosional 
interval in the sequence. In the central part of the 
complex from Picket Pin to Iron Mountain, at least 
five distinctive and possibly nine occurrences of 
olivine+plagioclase cumulate layers are recognized. 
Farther to the west, Hess (1960, p. 82) identified six 
olivine+plagioclase cumulates in the East Boulder 

Plateau section. In the Mountain View area the 
sequence is olivine+plagioclase, plagioclase, plagio
clase+orthopyroxene, plagioclase+clinopyroxene+or
thopyroxene cumulates; the same sequence is also 
found in the Picket Pin sequence where it is repeated 
at least five times. These repetitious sequences of 
cumulates in the lower part of the Upper zone 
correspond to Hess's (1960) Anorthosite Zone which 
he reported as 1,890 m thick. 

In the eastern part of the Banded and Upper zones 
(Page and Nokleberg, 1974) several faults have 
trends parallel to the strike of the cumulate layering. 
Some of the faults were found only as a result of 
detailed mapping of petrologic units (E. D. Jackson, 
oral commun., 1968) of a part of the complex. Many 
other faults are suspected to exist, and they cause 
major problems in interpreting the stratigraphic 
section. 

Exposures of the stratigraphically higher parts of 
the Upper zone were not examined for this report, but 
Hess (1960) described this part of the zone. His report 
implied that the upper part of his Upper Gabbro Zone 
contains plagioclase and orthopyroxene cumulates 
(Hess, 1960, p. 88-95). Cyclic layering is probably 
present. Above the highest exposed 244 m of the 
Upper Gabbro Zone of Hess (1960), which is identi
fied by containing hypersthene (inverted pigeonite), 
Hess (1960, p. 101-108) postulated the existence of a 
Hidden Zone by analogy to the Skaergaard and 
Bushveld Complexes. 

AGE 

The Stillwater Complex has been the object of 
many recent geochronologic studies, many of which 
have conflicting interpretations as to the absolute 
age of the complex. On a relative scale the complex is 
younger than metasedimentary rocks that it intrud
ed and hornfelsed and older than the coarse-grained 
quartz monzonite that forms dikes and intrudes and 
stapes the Basal zone. 

The hornfels is considered to have a minimum 
age of about 3,140 m.y. on the basis of studies 
by Nunes and Tilton (1971). The quartz monzonite 
was studied by Nunes and Tilton (1971) by U-Pb 
method on zircons. They dated zircons that they 
considered to be primary igneous phases from 
the coarse-grained quartz monzonite (samples 
J14-4, J24-5, table 2, p. 2237) and from the aplite 
(sample J7-5 and A29-2, table 2, p. 2237). They 
assigned an age of about 2, 750 m.y. to the intru
sive event of the coarse-grained quartz monzo
nite and suggested that the aplite is about 60 m.y. 
younger. 

The age of the complex is bracketed therefore 
between 3,140 and 2,750 m.y. (p. 5). More precise 
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definition of the age of the complex on the basis of the 
present isotopic information is debatable. Kistler, 
Obradovich, and Jackson (1969) tested K-Ar and Rb
Sr ages of plagioclase, pyroxene, mica, and whole 
rocks from the Stillwater Complex and interpreted 
their data as meaning that (I) the complex was 
emplaced at 2,600 m.y. or (2) there was a meta
morphic event at 2,600 m.y. that was superimposed 
on the complex, which could be as old as 3,800±400 
m.y. A K-Ar whole-rock age of a specimen from the 
Basal zone was given as 3,200+200 m.y. (Kistler and 
others, 1969). Almost all the samples of Kistler, 
Obradovich, and Jackson (1969) came from the 
eastern section of the complex which was intruded at 
2,700 m.y. by quartz monzonite and indeed under
went a thermal event as they suggested. Schwartz
man (1970), Schwartzman and Giletti (1968), Fenton 
and Faure (1969), and Powell, Skinner, and Walker 
(1969) made various attempts to date either the 
complex or its thermal aureole with no definitive 
success because of the complicated geologic history 
of the complex after intrusion. Nunes and Tilton 
(1971) collected a sample of the Basal norite member 
from Nye Basin (sample A29-3) that contains abun
dant granitic dikes and hornfels inclusions and as yet 
is the only sample from the Basal zone that contains 
zircon. They argued strongly that the zircons are 
either comagmatic with the complex or were reset by 
the Stillwater magma, but they also described zir
cons from the blue metaquartzite that are very 
similar to those from the Basal zone and stated that 
they were metasomatically formed. An alternative 
interpretation that I prefer is that the zircons in the 
one sample of the Basal norite member were derived 
from inclusions of blue metaquartzite. The possibil
ity of two contrary interpretations and the unique
ness of the occurrence cast some doubt on assigning 
an age of 2, 750 m.y. to the complex on the basis of the 
U-Pb study of this sample of zircon from the com
plex. P. A. Mueller (written commun., 1973) obtained 
three different Rb-Sr isochrons for the hornfels: one 
for a suite in the Stillwater River valley, another for a 
suite collected south of Chrome Mountain, and the 
third suite along the Boulder River. In the Stillwater 
River valley suite he found an isochron of 2,719±76 
m.y., whereas in the Chrome Mountain buite he ob
tained an isochron of 2,822+23 m.y., and in the 
Boulder River area an isochron of 2,573+29 m.y. The 
2,719-m.y. age can be interpreted as the age ofreset
ting by intrusion of the quartz monzonite, and the 
2,822-m.y. age might be interpreted as the age of the 
Stillwater Complex thermal aureole. Thus, the Still
water Complex is at least 2, 750 m.y. old and may be 

more than 3,140 m.y. old. I prefer to regard its age as 
being closer to 3,140 m.y. 

PETROLOGY, MINERALOGY, AND LITHOLOGY 

Many detailed petrologic and mineralogic studies 
have been done on the Stillwater Complex, and that 
information is not repeated here. The major concen
tration of studies has been on the Ultramafic zone, 
especially the Peridotite member and the chromite 
horizons; exceptions are Hess' (1938a, b, 1939, 1941, 
1949, and 1960) and Hess and Phillips' (1938, 1940) 
studies on the Banded and Upper zones and How
land's (1933, 1954) studies on the Basal zone. Studies 
on the Peridotite member and the Ultramafic zone 
include Wimmler (1948), Howland (1955), Howland, 
Garrels, and Jones (1949), Peoples and Howland 
(1940), Jones, Peoples, and Howland (1960), Jackson 
(1960, 1961,1963,1967,1968,1969, 1970,1971),Page 
and Jackson (1967), Page (1971a, b), and Page, 
Shimek, and Huffman (1972). Wager and Brown 
(1967) presented a mineralogic and petrologic sum
mary of most of these data. 

INTRUSIVE QUARTZ MONZONITE SEQUENCE 

AREAL EXTENT AND PREVIOUS WORK 

Granitic intrusive rocks, a suite of quartz mon
zonite, aplite, and hornblende quartz diorite, crop out 
between the Stillwater Complex and the metamor
phic rocks (see Page and others, 1973a, b). They 
extend from West Fishtail Creek to a point slightly 
west of the West Fork of the Stillwater River, a 
distance of about 24 km along the east third to half of 
the Stillwater Complex. Recorded occurrences of 
intrusive granitic rocks in the eastern Beartooth 
Mountains are meager (Skinner and others, 1969; 
Casella, 1969), but McMannis, Palmquist, and Reid 
(1971a, b, c) recorded two periods of development of 
felsic magmas in the area northwest of the Still
water Complex area in the North Snowy block of the 
Beartooth Mountains (for location see fig. 1). 

Jones, Peoples, and Howland (1960), Butler (1966), 
and Jackson (1967) were first to recognize the intru
sive nature of the quartz monzonite, which was 
locally called the Mouat quartz monzonite pluton by 
Butler (1966, p. 54-55) on the west side of the 
Stillwater River immediately south of the Stillwater 
Complex. Page and Nokleberg (1970a, b; 1972) pre
sented petrologic and structural evidence for the 
intrusive nature of a sequence of granitic rocks. They 
identified the following mappable units listed here 
from oldest to youngest: coarse-grained quartz mon
zonite (equivalent to the Mouat quartz monzonite 
pluton), medium-grained quartz monzonite, horn-
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blende quartz diorite, fine-grained quartz monzon
ite, and numerous aplite dikes. 

CO NTACT AND AGE RELATIONS 

The contact between the coarse-grained quartz 
monzonite and the Basal zone is poorly exposed, but 
the coarse-grained quartz monzonite definitely 
forms dikes and is intrusive into the Basal zone as 
seen in exposures on new mining roads and in drill 
core. Between Benbow and Mountain View, diking 
relations can be observed at several specific local
ities. On the east side of Golf Course Point, Benbow 
area in a roadcut at about 8,900-ft elevation (coordi
nate~ 495,700 N.; 1,919,570 E.), the coarse-grained 
quartz monzonite forms an intrusive breccia zone 

bno + 
cp h inclu sio n s 

Qg Q g 

Qg 

Q g 

about one-third of a meter wide that encloses frag
ments of the Basal noritemember. Within Nye Basin 
(coordinates: 500,570 N.; 1,914, 700 E.) dikes of gra
nitic rocks cut the Basal norite member, which is a 
fine-grained diabasic rock. Jackson, Howland, Peo
ples, and Jones (1954) recorded an example of intru
sive relations in their mapping of the Nye Lip area 
(surrounding coordinates: 502,940 N.; 1,909,500 E.), a 
small part of which is shown in figure 20. Most ofthis 
exposure has been destroyed by trenching. In the 
Mountain View area along the north side of Verdi
gris Creek (coordinates: 503,270 N .; 1,899,100 E .), the 
granitic rocks form dikes in the hornfels, which 
contains pods, dikes, and sills of the Basal norite 
member. 
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FIGURE 20.-Geologic sketch map of part of the Nye Lip area showing intrusive relations of the coarse-gr~ined quartz ~onzonite. 
(Modified from Jackson and others, 1954; coordinates are those used by Jackson and others, 1954, m the Nye Lip area.) 
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The coarse-grained quartz monzonite contains 
inclusions of the Basal norite member and hornfels 
(fig 21) ranging in size from single-grain xenocrysts 
of orthopyroxene and cordierite to those large 
enough to map (see Page and Nokleberg, 1972). On 
the west margins of the coarse-grained quartz 
monzonite on the ridge north of Verdigris Creek, 
there are abundant inclusions and stoped pieces of 
hornfels, Basal norite, and massive sulfide. Along 
the southwest margin the coarse-grained quartz 
monzonite contains abundant orthopyroxene 
xenocrysts. Mineralized Basal norite member and 
hornfels form a large inclusion on Granite Ridge 
(coordinates: 503,260 N.; 1,901,970 E.), a zone about a 
meter wide of contaminated coarse-grained quartz 
monzonite rich in sulfides and mafic minerals. Else
where the quartz monzonite is homogeneous and 
apparently uncontaminated. Excellent exposures of 
Basal norite inclusions in the coarse-grained quartz 
monzonite occur east of the Stillwater River. on the 
cliffs that form the ridge between Nye and Flume 
Creeks (coordinates: 501,780 N.; 1,906,350 E. and 
502,340 N.; 1,909,370 E.). The northernmost inclu
sion dominantly contains mineralized Basal norite 
but has a small amount of iron-formation, and 
layered metaquartzite is in contact with the norite. 
This is one of the few occurrences of iron-formation 
and metaquartzite east of Bluebird Ridge. On the 
north side of the ridge between Nye and Flume 
Creeks (coordinates: 499,440 N.; 1,910,210 E.) an 
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FIGURE 21.-Hydrofluoric-acid-etched slabs of coarse-grained 
quartz monzonite from drill core containing inclusions of 
Basal zone norite and hornfels. A, Finer grained hornfels 
inclusions. B, Dark-colored altered inclusions of Basal zone 
norite. 

area about 18.3 by 15.2 m of coarse-grained quartz 
monzonite contains abundant angular inclusions of 
hornfels and nori te that range in diameter from 12.7 
em to about 3.0 m. 

Drilling in Nye Basin indicates that the contact 
between the Basal zone and the quartz monzonite is 
partly faulted. Figure 22, based on examination of 
core from drill holes in the Mountain View and Nye 
Basin areas, shows the complexities that occur at the 
contact. The sequence of events illustrated is as 
follows: (1) the Basal norite member intruded, 
brecciated, and hornfelsed the metasedimentary 
rocks, (2) the coarse-grained quartz monzonite 
invaded this breccia and intrusive zone, intruding 
and brecciating both hornfels and the Basal norite 
member, (3) the contact was later faulted, sheared, 
and brecciated, and (4) either during events (2) and 
(3) or after, the mafic minerals in all rocks were 
chloritized and serpentinized, and the feldspar 
altered. All diking and stoping relations and 
inclusions in the quartz monzonite are the result of 
this sequence of events. 

Most of the relations discussed above refer to the 
north margin of the coarse-grained quartz mon
zonite. Along the south margin, a series of hornfels 
pendants extend from northeast of the headwaters of 
Flume Creek westward along the south side of the 
ridge between Flume and Nye Creeks to the 
Stillwater River (Page and Nokleberg, 1972, 1974). 
The block of hornfels south of the Bluebird fault in 
the Mountain View area is also thought to be a 
pendant, and the small piece of hornfels on the south 
side of Granite Ridge (coordinates: 502,130 N.; 
1,901,120 E.) may also be a pendant. The coarse
grained quartz monzonite near the contacts appears 
to be contaminated by the hornfels and is enriched 
in mafic material. On the ridge (coordinates: 495,160 
N.; 1,915,820 E. and 499,060 N.; 1,906,280 E .) dikes of 
coarse-grained quartz monzonite can be observed to 
intrude the pendants; similar relations are found on 
the south side of Granite Ridge (coordinates: 502,250 
N.; 1,901,060 E.). The northern limits of all the 
individual hornfels pendants follow a fairly linear 
west-northwesterly strike with few irregularities. 
The pendants east of the Stillwater River are also 
alined in this direction. This alinement may indicate 
the existence of a preintrusion fault that controlled 
emplacement of the coarse-grained quartz mon
zonite. 

The medium-grained quartz monzonite is intrusive 
into the coarse-grained quartz monzonite. Along the 
ridge line north of Flume Creek, the medium-grained 
quartz monzonite forms dikes and apophyses in the 
coarse-grained rock. The dikes range in size from 1 
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FIGURE 22.-Schematic diagrams of drill core showing contact relations between the coarse-grained quartz monzonite and the 
Basal norite member. 

em to 90 m across (examples are at coordinates: 
497,800 N.; 1,909,480 E. and 496,990 N.; 1,911,350 E.). 
In addition the medium-grained quartz monzonite 
intrudes the hornfels pendants along the south side 
of the ridge. The age relations are well defined 
(coordinates 497,510 N.; 1,908,770 E. and 498,570 N.; 
1,907,140 E.) and demonstrate that the medium
grained quartz monzonite is younger than the pen
dants. The southern contact of the pendants with the 
medium-grained rock is highly irregular in com
parison with the northern contact and suggests 
much more stoping activity. On the west side of the 
Stillwater River (coordinates: 501,300 N.; 1,892,630 
E.) intrusive contacts of the medium-grained quartz 
monzonite are well exposed. 

The hornblende quartz diorite forms dikes in and 
contains inclusions of the medium-grained quartz 
monzonite on the south side of Flume Creek (coordi
nates: 493,760 N.; 1,911,990 E.). At the other occur
rence south of the Initial Creek area (coordinates: 
501,620 N.; 1,887,840 E.), no relative age relations are 
exposed. 

South of Flume Creek (coordinates: 494,360 N.; 
1,910,100 E.), the fine-grained quartz monzonite 
forms dikes in the hornblende quartz diorite and in 
the area south of Initial Creek near the headwaters of 
Cathedral Creek (near coordinates: 502,000 N.; 
1,882,500 E.) is intrusive into the medium-grained 
quartz monzonite. Intrusive relations (coordinates: 
502,530 N.; 1,890,780 E. and 500,580 N.; 1,887,960 E., 
for example) show that the fine-grained rock is 
younger than medium-grained quartz monzonite. 

Aplite dikes occur throughout the mass of granitic 
intrusive rocks and also are found in hornfels and 
the Basal norite member of the complex. Their best 
development and exposure are in the Mountain View 
area (coordinates: 502,150 N.; 1,898,260 E.) where 
they form a dike swarm of contaminated and uncon
taminated aplites in the hornfels and cut across both 
the coarse- and medium-grained quartz monzonites. 
In many other localities the relative age relations of 
the aplites to other granitic rocks can be determined 
(coordinates: 494,990 N.; 1,916,100 E.; 503,340 N.; 
1,899, 700 E. and 501,250 N.; 1,899,130 E.). 
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In summary, the diking and stoping relations indi
cate the following sequence of intrusion: (1) Basal 
norite into hornfels, (2) coarse-grained quartz mon
zonite, (3) medium-grained quartz monzonite, (4) 
hornblende quartz diorite, (5) fine-grained quartz 
monzonite, and (6) numerous aplites. Wherever in
trusive relations are exposed in the area mapped, the 
sequence of events is the same. 

Nunes and Tilton (1971) determined U-Pb ages of 
zircons from the coarse-grained quartz monzonite 
and from the aplite. The zircons from the coarse
grained rock were euhedral and large, and those 
from the aplite samples finer grained; both were 
considered to be primary igneous zircon by Nunes 
and Tilton (1971). They gave 207Pb/206Pb ages be
tween 2,700 and 2,750 m.y. for the granitic rocks 
(Nunes and Tilton, 1971, p. 2237) and interpreted 
that quartz monzonites were emplaced about 2, 750 
m.y. by an intrusive event that may have lasted 60 
m.y. 

LITHOLOGY AND PETROGRAPHY 

The quartz monzonite exhibits relict xenomorphic 
to hypidiomorphic-granular, equigranular, and por
phyritic textures. Overprinted on the igneous tex
ture is one of metamorphic origin that consists of 
seriate grain boundaries in which muscovite, biotite, 
chlorite, quartz, and feldspar are recrystallized a
long feldspar-quartz grain contacts. This texture is a 
result of recrystallization during and after the devel
opment of a postemplacement penetrative mineral 
foliation. The granitic rocks are distinguished by 
relict textures, major differences in grain size, and 
mutual intrusive relations; composition and mineral
ogy are minor aids for identification. A modal miner
alogic classification proposed by Bateman, Clark, 
Huber, Moore, and Rinehart (1963) is used for nam
ing the rocks (fig. 23). Modes are closely grouped and 
cannot be used to subdivide the quartz monzonite; 
therefore the plots in figure 23 are grouped on the 
basis of grain size and mutual intrusive relations. 

The field characteristics that differentiate these 
siliceous granitic intrusive rocks from the granitic 
gneisses of the metamorphic rocks are (1) lack of 
felsic-mafic mineral compositional banding, (2) ex
treme homogeneity in composition and texture of 
rock types over a large area, (3) sharp and regular 
contacts of individual rock types with one another, 
and (4) consistent determination of the relative age 
of rocks in contact. The intrusive rocks have a 
narrow range of chemical composition (see Page and 
Nokleberg, 1972). 

Coarse-grained quartz monzonite.-Major miner
als in this coarse-grained porphyritic to ineq uigran u-
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FIGURE 23.-Triangular diagram of modal quartz, plagioclase, 
and potassium feldspar in granitic intrusive rocks. Compo
sitional names and subdivisions after Bateman, Clark, 
Huber, Moore, and Rinehart (1963). 

lar rock are plagioclase, potassium feldspar, quartz, 
and biotite (fig. 24A). Minor minerals are apatite, 
zircon, and oxide and sulfide minerals; sericite, 
chlorite, and epidote are secondary minerals. Each of 
the primary felsic minerals occurs both as pheno
crysts and in the groundmass. Plagioclase forms 
euhedral to subhedral phenocrysts that are 0.5 em to 
about 2 em long, are locally zoned, and in places 
occur in clots or groups; in the groundmass, it occurs 
as euhedral to subhedral albite-twinned 0.075-0.3-
mm-long crystals loosely packed in a potassium feld
spar and quartz matrix. Potassium feldspar, micro
cline-perthite (mainly string type) rarely with tartan 
twinning, forms phenocrysts, 0.3-1.5 em long. The 
phenocrysts are Carlsbad twinned and enclose irreg
ular grains of quartz and plagioclase. The pheno
crysts have a fairly regular shape but have highly 
irregular boundaries with the groundmass and local
ly have biotite inclusions in the margins of the 
crystal. In the groundmass of the rock, tartan
twinned microcline that is locally perthitic occurs as 
very irregular anhedral 1-2-mm grains. Quartz oc
curs in 0.4-1-cm clots of individual anhedral locally 
undulant grains 2-4 mm in diameter. Locally the 
margins of the clots are finer grained and appear to 
be recrystallized. Quartz also occurs as irregular 
anhedral grains in the groundmass. Biotite forms 
clotlike groups of flakes that are associated with 
oxides and sulfide minerals, zircon, and apatite. 
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Much biotite is altered totally or partially to chlorite. 
Myrmekitic intergrowths occur locally associated 
with the microcline. Page and Nokleberg (1972) 
recorded modes for three chemically analyzed sam
ples ; all the modes done on the coarse-grained quartz 
monzonite are plotted in figure 24. Electron micro-

A 

3cm B 

probe analyses for microcline and plagioclase, cal
culated to the end-member molecules, albite (Ab), 
anorthite (An), and orthoclase (Or), are given in 
figure 25. The analytical technique used with the 
electron microprobe was discussed by Page and 
Nokleberg (1972). 

Medium-grained quartz monzonite.-Major min
erals in this medium-grained xenomorphic granular 
to inequigranular rock are plagioclase, potassium 
feldspar, quartz, and biotite (fig. 24B). Minor min
erals are apatite, less abundant zircon, and oxide 
and sulfide minerals; sericite, locally muscovite, 
chlorite, and epidote are secondary alteration min
erals. Plagioclase is zoned and forms subhedral to 
anhedral crystals 2-3 mm long. Potassium feldspar 
is mainly tartan-twinned microcline-perthite with 
vein and string perthite as the common type. Myr
mekitic intergrowths are common. Biotite locally 
forms symplectic intergrowths with quartz and is in 
many places replaced partly by chlorite. Accessory 
minerals are associated with the biotite; apatite is 
more abundant than zircon. In some specimens two 

3cm 

c 

FIGURE 24.-Rock slabs showing different grain sizes of quartz 
monzonites. P, plagioclase; K, potassium feldspar; Q, quartz; 
black mineral, biotite. A, Etched and stained slab of coarse
grained quartz monzonite. B, Cut and etched slab of medium
grained monzonite. C, Cut and etched slab of fine-grained 
quartz monzonite. 
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FIGURE 25.-Triangular diagram of feldspar compositions in intrusive granitic rocks. 

generations of epidote occur; one generation forms 
euhedral to subhedral, zoned, yellow, strongly pleo
chroic crystals associated with biotite; the other 
forms anhedral, ragged, finer grained, weakly pleo
chroic crystals associated with sericite and muscov
itP. that formed from the alteration of plagioclase. 
Page and Nokleberg (1972) recorded modes for five 
analyzed rocks; both those and new modes are 
plotted in figure 23. Electron microprobe analyses for 

microcline and plagioclase are given in figure 25. 
Hornblende quartz diorite.-The hornblende 

quartz diorite is a medium-grained hypidiomorphic 
granular to inequigranular rock composed of the 
major minerals epidote, zircon, potassium feldspar, 
and opaque minerals. Chlorite and clay minerals are 
secondary. Page and Nokleberg (1972) gave a mode 
(fig. 23), chemical analysis, and plagioclase com
position for this rock. 
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Fine-grained quartz monzonite.-The fine-grained 
quartz monzonite is a xenomorphic to hypidiomor
phic inequigranular rock composed dominantly of 
plagioclase, microcline, quartz, biotite, and locally 
muscovite (fig. 24C). Minor minerals are chlorite 
after biotite, and epidote and sericite after plagio
clase, apatite, zircon, and opaque minerals. Modes of 
two analyzed specimens were given by Page and 
Nokleberg (1972); other modes are shown in figure 
23. Plagioclase and microcline analyses are given in 
figure 25. 

Aplite.-Major minerals in this hypidiomorphic to 
xenomorphic fine- to medium-grained granular rock 
are quartz, plagioclase, and microcline. Minor min
erals are biotite, muscovite, epidote, zircon, apatite, 
and opaque minerals. Rare orthopyroxene and cor
dierite are local contaminants. Modes of aplitic rocks 
are plotted in figure 23. 

MAFIC INTRUSIVE ROCKS 

AREAL EXTENT AND PREVIOUS WORK 

Mafic dikes and sills of Precambrian age are 
widespread in the Beartooth Mountains (Prinz, 1964; 
Page and others 1973a, b; Butler, 1966). Within the 
area mapped in detail by Page and Nokleberg (1974) 
a large number of mafic dikes are found in fault 
zones, as noted by Jones, Peoples, and Howland 
(1960). Others occur with no obvious relations to 
fault zones within all the Precambrian units. The 
largest and best developed mafic dike is exposed 
discontinuously from Bluebird Peak to the head
waters of Bobcat Creek. The discontinuous nature of 
the dikes is most likely caused by postintrusion 
faulting and Quaternary covering units. 

Prinz (1964) divided the mafic dikes into four 
groups on the basis of petrology and chemistry. Two 
of his groups occur in the Stillwater area: (1) Archean 
metadolerites and (2) late Precambrian dolerites. 
Field identification of these types of dikes is difficult, 
if not in most examples impossible, and Prinz (1964) 
based the distinction on a petrographic study. Muel
ler (1971) examined the geochemistry of 110 samples 
of mafic dikes and the geochronology of 52 of these 
samples from the southern Beartooth Mountains. He 
was able to divide the mafic dikes into four chem
ically distinguishable groups and into three and 
possibly four ages of mafic intrusion. His age group 
(1) 2,562±126 m.y. (concordant K-Ar and Rb-Sr ages) 
corresponds to Prinz' (1964) metadolerite group; his 
age group (2) 1,500-1,800 m.y. (discordant Rb-Sr and 
K-Ar ages) contains both Prinz' Archean Metadol
erites and late Precambrian dolerites. Mueller (1971) 
could not resolve which age technique was correct for 

group (2), and unfortunately he does not present 
enough petrographic description to allow one to sub
divide this group on the basis of mineralogic and 
textural criteria. 

AGE RELATIONS 

All the mafic dikes show intrusive relations that 
demonstrate they are younger than the other Pre
cambrian rocks exposed in the Stillwater Complex 
and adjacent units. Although none of the dikes has 
been dated, comparison with Mueller's (1971) chem
ical and isotopic study suggests that the metamor
phosed dikes were intruded about 2,562±126 m.y. ago 
and the unmetamorphosed ones atabo~t 1,200-1,500 
m.y. ago. 

LITHOLOGY 

Mafic dikes in the Stillwater Complex and ad
jacent rocks were not divided into groups in the field 
by Page and Nokleberg(1974), butsomeofthem were 
divided by Page, Simons, and Dohrenwend (1973a, b) 
on the basis of petrographic criteria. The dikes from 
which samples were collected in the Stillwater area 
were divisible into two major petrographic types: (1) 
metamorphosed mafic dikes with clouded plagio
clase and granoblastic aggregates of recrystallized 
pyroxene and (2) unmetamorphosed mafic dikes 
without these features. Group (1) was subdivided into 
metadolerite, metanorite, and porphyritic metadol
erite; group (2) into quartz dolerite and olivine dol
erite. Table 11 gives the location by coordinates of 
the dikes and the petrographic group and subgroup 
for the dikes examined. 

METAMORPHOSED MAFIC DIKES 

Metadolerite with hypidiomorphic to xenomor
phic, subophitic to ophitic textures where least re
crystallized, and with partly recrystallized plagio-

TABLE 11.-Lithologic classification of mafic dikes in the Still
water Complex and adjacent rocks 

Montana South coordinates 

North East 
505,560 1,864,520 
504,040 1,866,390 
510,600 1,855,570 
499,180 1,880,820 
516,680 1,840,200 

506,770 

494,840 
502,790 

541,360 
497,570 
536,340 
490,910 
517,000 

508,950 

1,856,180 

1,907,310 
1,903,080 

1,820,840 
1,919,170 
1,822,550 
1,915,630 
1,836,690 

1,900,740 

Group Subgroup 

Metamorphosed 
Metadolerite 

____ t-
Metanorite 

Porphyritic metadolerite 

l 
U nmetamorphosed 

Quartz dolerite 

I 
Olivine dolerite 

----------------'--------------
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clase and granoblastic aggregates of pyroxene 
where most recrystallized is the common type of 
mafic dike rock. Major minerals are augitic pyrox
ene, orthopyroxene, plagioclase, and reddish-brown 
hornblende. Minor and accessory minerals are bio
tite, olivine, apatite, and oxide minerals. Secondary 
minerals produced by metamorphism, deuteric alter
ation, or weathering include blue-green amphibole, 
epidote, quartz, talc, actinolite, chlorite, serpentine, 
and clay minerals. 

In a typical specimen, zoned plagioclase(Anso-A7o) 
forms 2-4-mm-long laths that are filled with inclu
sions or are clouded and intergrown with pyroxene. 
The clouding appears to consist of about 1 micro
meter or less fluid inclusions, oxide, and silicate 
minerals that locally occur in definite zones and 
rarely cross crystal boundaries (see Armbrust
macher and Banks, 1974). Locally the plagioclase 
recrystallized to a granular mosaic of grains about 
0.2-0.5 mm in diameter; these grains are :o.ot clouded. 
This recrystallization usually began at the margins 
of the grains. Orthopyroxene with exsolution lamel
lae forms 4-6-mm-diameter plates that make an 
ophitic texture with plagioclase. Clinopyroxene is 
the dominant pyroxene and locally replaces ortho
pyroxene forming a texture that is similar to clino
pyroxene-orthopyroxene reaction textures described 
from the Stillwater Complex (Jackson, 1961). Clino
pyroxene has recrystallized into granoblastic ag
gregates of grains a few tenths of a millimeter in 
diameter. When the clinopyroxene recrystallized, it 
seems to have freed iron that formed oxide mineral 
inclusions (probably magnetite or hematite) in the 
granoblastic pyroxene. Reddish-brown hornblende 
forms both euhedral crystals and anhedral masses 
that rim the oxide minerals and clinopyroxene. 
Biotite occurs as poikilitic flakes that rim the horn
blende. Olivine is sparse, but where it occurs, it is in 
small subhedral grains enclosed in orthopyroxene. 
Apatite forms euhedral crystals that are poikiliti
cally enclosed by biotite or brown hornblende. The 
oxide minerals form either vermicular intergrowths 
with clinopyroxene or inclusions in it. Blue-green 
amphibole locally replaced rims of the brown horn
blende. Other secondary minerals generally de
stroyed most of the textures described in proportion 
to the amount of alteration. 

Metanorite has a hypidiomorphic to idiomorphic 
texture and is composed of euhedral to subhedral 
orthopyroxene and minor clinopyroxene as pheno
crysts in a lath-shaped--plagioclase matrix. Other 
minerals present are biotite, brown-green horn
blende, oxide minerals, talc, and serpentine. The 
pyroxene phenocrysts are 2-4 mm in diameter and 

have no apparent orientation. Clinopyroxene is 
twinned and locally appears to have replaced ortho
pyroxene. The plagioclase in the matrix is zoned and 
averages 1-2 mm in length; locally plagioclase is 
recrystallized into a granular mosaic that commonly 
consists of untwinned grains. The opaque minerals 
are associated with the biotite and hornblende. 
Round to subround areas of talc, serpentine, and 
magnetite may be pseudomorphs of olivine. 

Porphyritic metadolerite has an ophitic to sub
ophitic groundmass containing plagioclase pheno
crysts up to 3 em in maximum diameter. It has two 
different occurrences: (1) in individual dikes that 
may or may not have fine-grained margins and (2) as 
a local facies of the metadolerite dikes. Most ex
amples, although extremely altered, contain abun
dant green-brown hornblende, tabular plagioclase, 
clinopyroxene, quartz, and oxide minerals as the 
groundmass and large plagioclase phenocrysts 
largely altered to sericite and epidote. Other abun
dant alteration products are talc, tremolite, chlorite, 
and serpentine. 

lTNMETAMORPHOSED MAFIC DIKES 

Quartz dolerite is the most abundant of the un
metamorphosed dikes. It ranges from very fine 
grained to medium-grained ophitic to subophitic 
textured rocks. Major minerals in approximate order 
of abundance are plagioclase, clinopyroxene, green
brown hornblende, pigeonite, and orthopyroxene. 
Minor minerals are quartz, potassium feldspar(?), 
biotite, and oxide minerals. Secondary minerals 
include tremolite, talc, serpentine, chlorite, sericite, 
epidote, and clay minerals. Zoned plagioclase 
(An50_70) forms euhedral to subhedral platelets that 
are intergrown with twinned anhedral masses of 
augitic clinopyroxene with subhedral grains of pi
geonite and orthopyroxene in interstices. Horn
blende forms anhedral crystals and rims (replaces?) 
clinopyroxene. Quartz and potassium feldspar form 
a micrographic intergrowth that fills some inter
stices. 

Olivine dolerite forms a dike of subophitic to dia
basic-textured rock with fine- to medium-grain size 
and consisting of (1) euhedral to subhedral zoned 
phenocrysts of clinopyroxene and orthopyroxene 
and (2) euhedral olivine in a lath-shaped locally poi
kilitic groundmass of zoned plagioclase. Biotite and 
iron oxides are the other minerals present. Only one 
dike of this type has been recognized; it is a com
posite with a quartz dolerite dike that occurs along 
the road in the Mountain View area (see table 10). 

CHE!\HCAL CHARACTERISTICS 

Because of the extensive chemical work (Mueller, 
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1971; Prinz, 1964) done on mafic dikes in the Bear
tooth Mountains and because the major objective of 
this study is not petrogenesis of mafic dikes, an 
extensive chemical study was not undertaken. Two 
samples of metadolerite, both from the same dike 
(one quartz dolerite and one olivine dolerite that con
tain less than 10 percent secondary minerals), were 
selected for analysis (table 12). Comparison with 
Muelltr's (1971) criteria for distinguishing different 
groups of mafic dikes on the basis of Ti02 content 
suggests that samples 19CM71 and 20CM71 fall into 
his group I. Amounts ofK20, Fe as Fe203, and AhOJ 
are also compatible with his group I. The samples 
also have low K-Rb ratios and moderately low Rb-Sr 
ratios similar to his group I. 

TABLE 12.-Chemical analyses of mafic dike rocks 
[Chemical analyses by S. D. Botts under supervision of Leonard Shapiro by rapid·rock 

methods; quantitative and semiquantitative spectrographic analyses by 
Chris Heropoulos] 

19CM71 20CM71 

Chemical analysis (weight percent) 

Si02 49.1 48.9 

Al203 15.1 15.0 

Fe203 .90 1.8 
FeO __ 10.9 10.4 
MgO 7.9 6.4 
CaO 10.9 10.5 
Na20 _ 2.2 2.4 

K20 ~--. - .27 .60 
H2o+_ 1.0 1.4 
H2o- _ .02 .02 

Ti02- 1.1 .99 

P205 .13 .12 
MnO ___ .16 .13 
C0

2 
__ - .02 .08 

Sum 100 99 
F .00 .00 
CP _ .013 .038 
81-- .05 .07 

Quantitive spectrographic and X-ray fluorescence 
analysis (parts per million) 

Co _ 40 49 
Cr _ 300 52 
Cu _ 140 200 
Ni 100 130 
Rb 1 8 16 
Sr1 145 179 

Semiquantitative, six-step spectrographic analyses 
(parts per million) 

Mn 1,500 1,500 
Ba _ 100 100 
Co 50 50 
Cr 300 50 
Cu _ 150 200 
Ni 150 200 
Sc 50 30 
Sr __ 150 150 
v_ 200 150 
Zn 30 15 
Zr __ 50 50 
Ga 15 20 
Yb- 3 3 
Rb/Sr .06 .09 
K!Rb 280 311 

1 Elements analyzed by X-ray fluorescence by L. F. Espos and B. P. Fabbi. 

19CM71-Coordinates: 516,690 N.; 1,840,220 E. 
20CM71-Coordinates: 516,690 N.; 1,840,220 E. 

PALEOZOIC AND MESOZOIC ROCKS 

Paleozoic and Mesozoic rocks consist of about 
2 440-3 050 m of alternating marine and continental 
s~dime~ts (pl. 1) deposited on the beveled edge of the 
gently inclined Stillwater Complex (Jones and 
others, 1960). The sedimentary rocks occur north of 
the complex in the Mt. Wood, Mt. Douglas, and Mt. 
Rae quadrangles (fig. 1). Downfaulted blocks of 
Middle and Upper Cambrian strata occur within the 
complex (Page and Nokleberg, 1974), and a down
faulted block of Paleozoic and Mesozoic sedimentary 
rocks occurs along the Mill Creek-Stillwater fault 
zone in the Mt. Douglas quadrangle (Page and 
others, 1973b). Because the Paleozoic and Mesozoic 
rocks were not studied in detail, the reader is referred 
to Vhay (1934), Richards (1958), and Jones, Peoples, 
and Howland (1960) for a discussion of these rocks. 

TERTIARY ROCKS 

A few dikes and sills of light-gray aphanitic felsic 
rocks with phenocrysts of biotite and potassium 
feldspar (such as at coordinates 513,520 N.; 1,862,550 
E.) cut the Precambrian rocks (Page and others, 
1973a, b). Vhay (1934) described several stocks that 
intrude sedimentary rocks of Paleozoic and Mesozoic 
age. The stocks, which are intermediate in composi
tion, are of different ages. Rouse, Hess, Foote, Vhay, 
and Wilson (1937) described similar rocks along the 
northern flank ofthe Beartooth Mountains, and Vail 
(1955) found them along the Dry Fork thrust. Jones, 
Peoples, and Howland (1960) discussed the timing of 
this intrusive event and placed it as post-Cretaceous. 

QUATERNARY DEPOSITS 

During the Quaternary Period, the area was gla
ciated similar to that elsewhere in the Rocky Moun
tains. The history includes, from oldest to youngest, 
a pre-Bull Lake glaciation, the Bull Lake and Pine
dale Glaciations, and two or three stades of Neo
glaciation (Ten Brink, 1968, 1972). These resulted in 
deposits of moraine, glaciofluvial materials, till, and 
terrace gravels and silts. Large fans of reworked 
glacial debris occur at the mouths of most streams 
draining into the major rivers. The rivers have cut 
into the fans and deposited alluvial gravel- to silt
sized material on top of them. Large landslides, 
consisting of glacial debris, talus, and semicoherent 
large blocks of bedrock, occur on the steep canyon 
sides of the major drainages, especially the Still
water River; parts of the landslides are so coherent 
that attempts were made to mine chromite zones in 
the large blocks (see Jackson and others, 1954, Moun
tain View map). Talus cones are quite extensively 
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developed on all steeper surfaces (Page and N okle
berg, 1974). 

1\tiET AMORPHISM 

Within theMt. WoodandMt. Douglas quadrangles 
(Page and others, 1973a, b), two types of metamor
phism are distinguished on the basis of their occur
rence and mineral assemblages: (1) regional meta
morphism characterized by widespread distribution 
of similar mineral assemblages throughout the 
metasedimentary and meta-igneous rocks that form 
gneisses and schists of the Beartooth Mountains and 
(2) contact metamorphism characterized by local 
distribution of mineral assemblages spatially re
lated to the intrusions of the Stillwater Complex and 
the quartz monzonite sequence. As demonstrated by 
Butler (1966, 1969) and Eckelmann and Poldervaart 
(1957), the limited amounts of gneiss and schist 
within Page and Nokleberg's (1974) map area were 
formed during a widespread metamorphic event in 
the Beartooth Mountains that occurred about 2 750 
m.y. ago (Gast and others, 1958). Physical conditions 
of the event correspond to those inferred for the 
amphibolite facies of Turner and Verhoogen (1960, p. 
545). Butler (1966, p. 59-60) indicated that the meta
morphic conditions for the gneiss and schist southof 
the Stillwater Complex were probably of slightly 
lower grade than those in the eastern Beartooth 
Mountains. The Stillwater Complex has a well
defined con tact metamorphic aureole consisting of 
pyroxene-hornfels facies rocks in the immediately 
adjacent metasedimentary rocks and hornblende
hornfels facies rocks farther from the complex. Page 
and Nokleberg (1972) commented on the paucity of 
metamorphic effects associated with the quartz mon
zonite sequence. In the subsequent sections of this 
report the physical conditions of metamorphism are 
refined, and metamorphic problems for which solu
tions are unknown at the present time are discussed. 

REGIONAL METAMORPHISM 

At least three different questions arise in a dis
cussion of regional metamorphism: (I) What were 
the physical conditions under which the schist 
gneiss, and migmatitic rocks of the Beartooth Moun~ 
tains formed? (2) Were the rocks that are now 
hornfels involved in this regional metamorphism 
before or after they were hornfelsed, or not at all? 
(3) Is there any evidence for a lower grade, perhaps 
retrogressive, regional metamorphism at about 1.6-
1.8 b.y. (billion years) ago, as postulated by Giletti 
(1966), Brookins (1969), Nunes and Tilton (1971), and 
Rowan and Mueller (1971)? At the present time not 
all these questions can be completely answered. 

PHYSICAL CONDITIONS OF 
REGIONAL METAMORPHISJ\1 

The conformable interlayering of biotite schist, 
granitic gneiss, and amphibolitic gneiss implies 
that they were all submitted to about the same 
physical conditions and that their mineral assem
blages should be broadly compatible with those con
ditions. Two characteristics of the mineral assem
blages produced by this regional metamorphism are 
the general lack of sillimanite, kyanite, or andalu
site and the association of cordierite, staurolite, and 
anthophyllite in pelitic rocks with the requisite bulk 
compositions. This assemblage of minerals led But
ler (1966) to suggest that the regional metamorphism 
was of a low-pressure intermediate type (Miyashiro, 
1961) similar to Read's (1952) Buchan type. In order 
to refine the metamorphic conditions, the metamor
phic mineral assemblages that occur are reviewed 
and compared with recent experimental and theo
retical studies. 

The association of anthophyllite, cordierite, gar
net, and staurolite in the biotite schist, which also 
everywhere contains biotite, plagioclase, quartz, and 
oxide minerals, is probably the best available in
dicator of metamorphic conditions. All combina
tions of minor amounts of the first four minerals with 
the last four minerals are reported here, except that 
no rock containing all eight minerals has been 
found. Butler (1969, p. 84) reported the assemblage 
biotite-quartz-plagioclase-garnet-staurolite-cordierite 
anthophyllite from an unspecified location, which 
suggests that all combinations of assemblages are 
present. An analysis of the phases and components 
shows that all of the biotite schists formed under at 
least divariant conditions if not under higher vari
ance. Assemblages of plagioclase-microcline
quartz-biotite-muscovite and plagioclase-quartz
biotite-muscovite are found in the granitic gneisses. 
The importance of these assemblages is the existence 
of muscovite+quartz and not the development of 
alumino-silicate polymorphs. 

Experimental studies delineating the conditions of 
temperature and pressure necessary for the stability 
of most of the metamorphic minerals in the schists 
have been done. Those necessary to define a model of 
the metamorphic conditions are studies of cordierite 
staurolite, muscovite, and anthophyllite. Figure 2B 
reproduces pressure and temperature plots of uni
variant reactions that limit the stability of these 
minerals. 

Richardson (1968) examined the reactions that 
limit the stability of Fe-staurolite+quartz. Curves 
I-IV (fig. 26) outline the limits of stability of this 



METAMORPHISM 41 

TEMPERATURE, IN DEGREES CELSIUS 

FIGURE 26.-Total pressure-temperature plot of various uni
variant metamorphic reactions that limit the stability of 
cordierite, staurolite, muscovite, and anthophyllite. Curve I, 
Mg-cordierite lower stability limit (Schreyer and Yoder, 1964; 
Schreyer and Schairer, 1961). Curve II, Fe-chloritoid+silli
manite=Fe-staurolite+quartz+water (Richardson, 1968). 
Curve III, Fe-cordierite+stillimanite+water=Fe-staurolite+ 
quartz (Richardson, 1968). Curve IV, Fe-staurolite+quartz= 
almandine+sillimanite+water (Richardson, 1968). Curve V, 
m uscovi te+q uartz=potassi urn feldspar+ Al2 Si (\ polymorph+ 
water (Evans, 1965). Curve VI, beginning of melting for 
sanidine-quartz-water (Shaw, 1963). Curve VII, talc+for
sterite=anthophyllite+water (Greenwood, 1963). 

assemblage. In rocks, several differences from this 
experimental model can be expected. The addition of 
MgO to the system will probably make the field of 
staurolite+quartz slightly wider in temperature and 
raise the lower pressure limits of staurolite+quartz 
(Richardson, 1968, p. 486). The experimental work 
was done under quartz-fayalite-magnetite buffered 
oxygen fugacity, and the oxygen fugacity in the 
gneisses and schists is unknown. In addition the 
pressure of the fluids in the experimental study must 
be assumed to be equal to total pressure in the 
natural system. 

Curve I for Mg-cordierite (Schreyer and Yoder, 
1964; and Schreyer and Schairer, 1961) limits the 

stability of Mg-cordierite to the area below the curve. 
Fe-cordierite (Schreyer, 1965) breaks down at slight
ly lower pressures. Curves I-IV define the limits of 
the stability of the assemblage Mg-cordierite, Fe
staurolite, and quartz and form a model for limits of 
temperature and pressure under which the biotite 
schist with these assemblages crystallized. Biotite, 
plagioclase, and garnet are also stable within the 
same field. 

Greenwood's (1963) work on the lower stability of 
anthophyllite (curve VII) implied that anthophyllite 
should not coexist in equilibrium with cordierite, 
staurolite, and quartz. Although the experimental 
work was done on the magnesium end member 
anthophyllite, calculations by Trommsdroff and 
Evans (1972) show that the addition of about a tenth 
of a mole fraction iron to anthophyllite will lower the 
equilibrium temperatures about 10°C. Therefore the 
addition of iron alone will not lower the stability of 
anthophyllite enough to put it in the Fe-staurolite+ 
Mg-cordierite+quartz field. Possibly a combination 
of increasing the mole fraction of iron in antho
phyllite and magnesium mole fraction in staurolite 
would make the stability fields overlap. 

The assemblage muscovite+quartz is stable only 
above curve V (Evans, 1965), and where this cuts 
through the Fe-staurolite+ Mg-cordierite+quartz field, 
it also probably limits the lower pressure conditions 
of biotite schist formation since gneisses containing 
this assemblage are interlayered with the schist. The 
association of migmatites and pegmatites with the 
schists and gneisses suggests conditions near the 
minimum melting_ of quartz-sanidine-water (curve 
VI). Butler (1969) reviewed the evidence and evalu
ated the different models for development of granitic 
gneiss and migmatite in the Beartooth Mountains. 
Magmatic, anatectic, or metasomatic models or com
binations thereof would require temperatures near 
the minimum melting curve of quartz-sanidine and 
water. 

Other experimental and theoretical studies on the 
paragenesis of cordierite in pelitic rocks are not 
applicable because they require the presence of either 
potassium feldspar (Reinhardt, 1968; Hess, 1969) or 
an AhSi05 polymorph (Hensen and Green, 1971). 

Mineral assemblages, rock compositions, and 
experimental data suggest that the regional meta
morphic rocks in the Stillwater Complex area were 
under conditions shown by the patterned area in 
figure 26. Limited occurrences of the assemblage 
cordierite-sillimanite in biotite schists from other 
parts of the Beartooth Mountains (T. J. Armbrust
macher, oral commun., 1972) suggest the higher 
pressure part of the patterned area. 
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REGIONAL METAMORPHISM OF THE HORNFELS 

The question of regional metamorphism of the 
hornfels is complicated by confusion over the extent 
of the thermal aureole of the Stillwater Complex and 
by the relative similarity in ages of the aureole and 
the main phase of the metamorphism. Previous 
confusion over the extent of the metamorphic aureole 
of the Stillwater Complex was caused by the nearby 
existence of two biotite-bearing schistose rocks with 
closely comparable isotopic ages. One is the pelitic 
biotite schist, which contains minor amounts of 
cordierite and is interlayered with the gneiss and 
migmatite; the other is the magnesium and iron
enriched schistose rock, which is part of the meta
sedimentary rocks in the Stillwater aureole and 
contains major amounts of cordierite. In the Mt. 
Douglas quadrangle, both rocks are adjacent to one 
another but are separated by the projected extension 
of the Mill Creek-Stillwater fault zone in the glacial
debris-filled valley of the West Fork of the Stillwater 
River (see fig. 2). 

Butler (1966, p. 52) considered the Stillwater aure
ole to consist of an inner part made up of cordierite
hypersthene hornfels that graded outward into a 
regional metamorphic biotite schist. The anthophyl
lite-cordierite rocks were not well known except 
along the Boulder River and were thought to be part 
of the regional metamorphic sequence (Butler, 1966, 
p. 59). This belief was based on their similarity to the 
schists and granofels containing minor amounts of 
cordierite and anthophyllite that had been found pre
viously in the gneiss. Mapping and compilation by 
Page, Simmons, and Dohrenwend (1973a, b) showed 
that the two biotite schists are separate units; all the 
cordierite-rich rocks north of the Mill Creek-Still
water fault zone are part of Stillwater aureole. 

The 390 m.y. between the maximum and minimum 
ages for the development of the hornfels aureole and 
the 2,750±150-m.y. date of amphibolite facies meta
morphism of the gneiss offer many possibilities of 
overlap of events in time and interpretation of the 
metamorphic history of the hornfels. There is little 
direct geologic evidence for the relative age of the 
gneiss and the Stillwater Complex because they are 
nowhere in contact. The hornfels aureole of the 
complex has not been observed in other than fault 
contact with the gneiss (Page and Nokleberg, 1974; 
Page and others, 1973a, b). All that can be stated is 
that all three groups of rocks are older than 2,750±60 
m.y., the age of the intrusive quartz monzonites. 
Butler (1966) interpreted the data by suggesting that 
regionally metamorphosed rocks were thermally 
metamorphosed by the Stillwater Complex. Evi-

dence from the styles of folds, rock compositions, and 
metamorphic mineralogy suggests that the hornfels 
was not involved with Butler's 2,750-m.y. amphibo
lite facies metamorphism. Table 13 summarizes 
what is known of the characteristics and ages of 
metamorphic events in various parts of the Bear
tooth Mountains and shows this interpretation. 

Unless the development of a schistose fabric in the 
biotite- and cordierite-rich rocks north of the Mill 
Creek-Stillwater fault zone in the Mt. Douglas quad
rangle is taken as evidence of a regional low-grade 
amphibolitic facies metamorphism older than the 
development of the thermal aureole, there is no 
evidence that the Stillwater block was affected by the 
2,750-m.y. event. The eastern third of the Stillwater 
block was intruded at 2,750±60 m.y. by quartz mon
zonites that apparently reset most of the isotopic 
clocks; I interpret ages at about 2,750 m.y. as the 
quartz monzonite contact metamorphic event in the 
Stillwater River area. The fold styles within the 
hornfels appear to be very different from the tectonic 
fabric developed in the regionally metamorphosed 
rocks. Therefore, no strong correlation of structural 
style can be used to infer that the hornfels structures 
were developed at the same time as the gneiss 
structures. The compositional differences between 
the hornfels and schist of the regional metamorphic 
rocks are extreme and afford little opportunity for 
relating the metamorphic histories of the two ter
ranes. Also, there are no metamorphic minerals or 
assemblages in the hornfels north of the Mill Creek
Stillwater fault zone that require an origin other 

TABLE 13.-Correlation of metamorphic events in the various 
parts of the Beartooth Mountains 

Stillwater Complex area 

Eastern Bear- North Snowy Gneiss terrane Hornfels terrane 
tooth Mountains block (Butler, 1966; (this report) 

(Rowan and (McMannis and this report) 
Mueller, 1971) others, 197la,b,c) 

Characteristics _ _ ______________ Hornblende- ---- _ ---- . .Stillwater Com
plex thermal 
aureole
pyroxene to 
hornblende
hornfels facies 

Age 

Characteristics Amphibolite 
facies associ
ated with F2 
open-isoclinal 
folding. 

Age __________________ .2,750±150 m.y. 

Characteristics F3 open folds, 
no meta
morphism 
reported. 

Age _ _ _______ 1.6-1.8 b.y. 

granulite 
facies. 

---- 3.14-2.75 b.y. 

Amphibolite Amphibolite Quartz monzo-
facies, Buchan facies, Buchan nite intrusion, 
type, associ- type, associ- local low-grade 
ated with iso- ated with open contact meta-
clinal F 2 folds. isoclinal morphism 

folding. 
2.7 b.y.? 2.75 b.y. 2.75±0.06 b.y. 

Greenschist or 
epidote
amphibole 
facies associ
ated with F3 
isoclinal flow 
folds. 

1.7 b.y. 

____ Low-grade green
schist facies 
metamorphism 
associated with 
penetrative 
foliation 
development 

1.6 b.y. 
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than by thermal metamorphism caused by the Still
water Complex. These arguments do not deny the 
possibility that the hornfels was regionally meta
morphosed before emplacement of the Stillwater 
Complex. But neither do they indicate with certainty 
that it was. 

LOW-GRADE REGIONAL METAMORPHISM 

Three types of evidence suggest that the Stillwater 
Complex hornfels, quartz monzonite, and mafic 
dikes were involved in a weak low-grade metamor
phic event at about 1,600-1,800 m.y. ago. The evi
dence includes (1) the development of a penetrative 
foliation with (2) the growth of low-grade mineral 
assemblages (Page and Nokleberg, 1970a, 1972) and 
(3) lead loss or uranium gain in apatite (Nunes and 
Tilton, 1971). The rest of the rocks that now form the 
Beartooth Mountains were involved in a greenschist
facies metamorphic event between 1,600 and 1,800 
m.y. ago (table 13) that had its strongest effects in the 
North Snowy block and is barely recognizable in the 
southeastern Beartooth Mountains. Since there is no 
evidence to suggest that the Stillwater Complex and 
adjacent rocks have not been part of the Beartooth 
Mountains since about 2,750 m.y. ago, some evidence 
of the 1,600-1,800-m.y. event should exist within the 
rocks of the Stillwater block. 

A metamorphic mineral foliation that strikes east
west and dips northward was observed and de
scribed in the quartz monzonite sequence, in biotite 
gneiss pendants in the quartz monzonites, in the 
hornfels pendants, the Ultramafic zone of the Still
water Complex, and locally in the granitic gneisses. 
In all the above rock groups, except the Ultramafic 
zone, the penetrative mineral foliation is defined by 
epidote and parallel chlorite and mica flakes. In the 
Ultramafic zone it is defined by serpentine-mag
netite veins and by flattened, parallel orthopyroxene 
oikocrysts. The widespread extent of a similar folia
tion in rocks of diverse origins and ages is evidence 
for a penetrative deformation that occurred (1) after 
the emplacement of quartz monzonite sequence, (2) 
after emplacement of the Stillwater Complex, (3) 
after the generation of two sets of folds in the horn
felses, and (4) after the development of F2 folds in the 
metamorphic rocks. Although many of the younger 
mafic dikes are altered to chlorite and epidote, their 
position in fault zones makes it difficult to separate 
effects of a regional metamorphic event from other 
hydrothermal alteration. Therefore, without more 
detailed study of dikes within the Stillwater block, 
they cannot be definitively used to date the low-grade 
metamorphic event_ 

Epidote, locally after plagioclase, and chlorite are 
widely developed in the mafic dikes, the quartz 
monzonites, the anorthosites and gabbros of the 
Banded and Upper zones, and locally in the hornfels. 
Gabbroic and anorthositic rocks in the western part 
of the complex appear to contain more chlorite and 
epidote than those in the eastern part. The develop
ment of the assemblage chlorite and epidote and its 
wide distribution are evidence for a low-grade re
gional metamorphism. In the Ultramafic zone, the 
development of serpentine-magnetite assemblages 
in veins and fractures parallel to a penetrative 
foliation also indicates a low-grade metamorphic 
change. Both groups of low-grade minerals are 
ascribed to the 1,600-1,800-m.y. event. 

Nunes and Tilton (1971) reported U-Pb age deter
minations for four apatites from a biotite schist in 
the Stillwater aureole, a quartz monzonite, and a 
granitic gneiss. Although the apatite analyses alone 
could not be uniquely interpreted, when combined 
with other isotopic data, they suggest a regional 
episodic gain or loss of lead in the apatite at about 
1,600 m.y. ago. Nunes and Tilton (1971) also investi
gated U-Pb ages of plagioclase from an anorthosite 
from the Stillwater Complex and obtained a model 
lead age of 1,700±300 m.y. I interpret these ages as 
indicating that the Stillwater block was affected by a 
low-grade regional metamorphic event between 
1,600 and 1,700 m.y. ago. 

CONTACT MET AMORPHISM 

Thermal aureoles produced by the Stillwater Com
plex and by the intrusive quartz monzonites have 
been recognized. The Stillwater aureole is the older 
and more extensive of the two, but both intrusive 
events developed mineral assemblages belonging to 
the same metamorphic facies. No metamorphic 
effects of the mafic dikes have been found. 

THER:\L\L Al'REOLE OF THE STILL\\':\TFR UniPLEX 

Rocks belonging to the thermal aureole occur 
extensively in the Mt. Douglas quadrangle (Page 
and others, 1973b) and to a limited extent adjacent to 
the Basal zone of the Stillwater Complex in the Mt. 
Wood quadrangle (Page and others, 1973a). Ex
posures of the aureole are limited to the area north of 
the Mill Creek-Stillwater fault zone and by the 
southern limit of the complex in the Mt. Wood 
quadrangle (see fig. 1). The exposures attain a maxi
mum map width of about 9. 7 km perpendicular to 
traces of the metamorphic facies boundaries. In the 
Mt. Wood quadrangle, exposures of the aureole rocks 
occur between the Basal zone and the intrusive 
quartz monzonite as inclusions in the lower part of 
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the Stillwater Complex and as pendants in the 
quartz monzonite. Assemblages of the pyroxene 
hornfels facies are found in the exposures in the M t. 
Wood quadrangle and in the band of exposures 
nearest the complex in the Mt. Douglas quadrangle. 
South of the Chrome Mountain area the band attains 
a maximum width of about 2.4 km. The change to 
hornblende hornfels-facies rocks is marked by the 
disappearance of orthopyroxene and the appearance 
of anthophyllite or cummingtonite, or both. The 
band of exposures with hornblende hornfels assem
blages has an irregular map width but attains a 
maximum thickness of about 3.2 km on the cliffs east 
of the Boulder River. The disappearance of antho
phyllite marks the next change of facies to the albite
epidote hornfels facies, which attains a maximum 
map thickness of about 5.6 km on the cliffs east of the 
Boulder River. Traces of the facies boundaries are 
fairly straight and indicate that the planes separ
ating the facies are fairly steep or vertical. 

Lithologies involved in the aureole include mas
sive and layered metasedimentary rocks, meta
quartzites, and iron-formation. Rock compositions of 
the massive and layered metasedimentary rocks 
plotted on A-C-F and A-K-F diagrams in figures 27 
and 28 illustrate their calcium- and potassium-poor 
nature as well as the limited variation in rock 
compositions found in the layered rocks. Minerals 
and tie-lines joining mineral assemblages in rocks of 
the pyroxene and hornblende hornfels facies are 

shown also (figs. 27 and 28), and the observed 
mineral assemblages (table 4) are consistent with 
those predicted by bulk composition. 

Pressure and temperature conditions of metamor
phism may be estimated for that part of the aureole 
immediately adjacent to the Basal zone. Irvine 
(1970), in a discussion of crystallization sequences in 
layered intrusions based on the sequence found in 
the Ultramafic zone and the estimated initial mag
ma composition and experimental phase diagrams, 
suggested a total pressure of 4.5 kb during crystalli
zation of the Stillwater Complex. Such a value seems 
too large because the complex is 4,880-6,100 m thick 
and no roof rocks are known, but it is compatible 
with the mineral assemblages found in the aureole 
and probably represents a maximum value. The 
initial magma of the Basal zone probably had 
temperatures between 1,200° and 1,300°C, and so the 
immediate contact hornfels could have had tempera
tures approaching these. Calculations of heat supply 
to surrounding country rock plotted as temperature 
versus distance from the contact (Jaeger, 1959; Wink
ler, 1965) accord with the widths of the metamorphic 
zones in the aureole of the Stillwater Complex. 

THERI\IAL AlTREOLE OF 
INTRllSI\'E Ql'A RTZ MONZONITE 

Page and Nokleberg (1972) commented on the 
paucity of thermal effects associated with intrusive 
quartz monzonite, especially along the contact be-

A EXPLANATION A . Andalusite . Andalus1te 
Rock analyses (this report) 

0 

Rock analyses (Beltrame, 1972) 

A B 

C F C F 
Wollastonite Diopside Hypersthene Wollastonite Anthophyllite 

FIGURE 27.-A-C-F diagrams showing rock compositions and observed mineral assemblages in the Stillwater thermal aureole. Quartz 
may be an additional mineral present. A=Ah03+Fez03+(Na20+K20), C=Ca0-(3P20sCOz), F=MgO+FeO+MnO in molecular 
percents and normalized to 100 percent. Lined area represents mineral assemblages present. A, Pyroxene hornfels mineral 
assemblages. B, Hornblende hornfels mineral assemblages. 



METAMORPHISM 45 

tween the Basal zone and coarse-grained quartz 
monzonite from the Benbow area to the Stillwater 
River. They ascribed the following thermal and 
metamorphic effects to the quartz monzonite: (1) 
local development of hornfels-textured rocks com
posed of interlocking antigorite laths with minor 
magnetite and relict olivine, orthopyroxene, and 
clinopyroxene in the Ultramafic zone and Basal 
bronzitite cumulate member, (2) coarsening in grain 
size of the hornfels in the Granite Ridge area toward 
the contact with the coarse-grained quartz mon
zonite, and (3) increased growth of biotite in the 
hornfels pendants along the ridge north of Flume 
Creek. The lack of observable thermal effects from 
Benbow to the Stillwater River is probably caused by 
later faulting and shearing along the contact, which 
acted as a channel way for solutions to chloritize and 
alter the original rock. In Nye Basin, the assemblage 
of cordierite-spinel in clots at the margins of one dike 
of quartz monzonite suggests that an aureole was 
developed. 

Since Page and Nokleberg's study (1972), hornfels 
near its contact with quartz monzonite has been 
found to contain metamorphic effects. These effects 
near aplite and quartz monzonite-hornfels contacts 
include (1) the development of assemblages con
taining microcline, spinel, and garnet (table 6), (2) 
inclusions in aplite dikes of hornfels that are now 
cordierite-spinel clots, cordierite-garnet, xenocrysts 
of cordierite and garnet, and cordierite-spinel- silli-

manite clots, and (3) the development of potassium 
feldspar clots and lenses in the hornfels away from 
aplite dikes. As in the Nye Basin area, local meta
morphic effects are associated with the quartz mon
zonite sequence, but the pyroxene hornfels facies 
rocks produced in the complex aureole are not retro
graded by the quartz monzonite sequence. 

The absence of retrogressive effects caused by the 
later quartz monzonite intrusion in the pyroxene 
hornfels facies rocks developed by the Stillwater 
Complex suggests fairly high temperatures of in
trusion for the quartz monzonite sequence. The 
inclusions of cordierite-spinel-sillimanite possibly 
formed at fluid pressures greater than 1.5 kb between 
about 750° and 850°C or more as indicated by 
comparison with experimental work of Richardson 
(1968, fig. 6, p. 483). The presence of garnet-cordierite 
and spinel-cordierite assemblages in the inclusions 
and at the contacts of the aplites suggests tempera
tures nearer 800°C. Page and Nokleberg (1972) sug
gested two models for the intrusion of the quartz 
monzonite: (1) passive emplacement of quartz mon
zonite at conditions of the pyroxene hornfels facies 
before the country rock had cooled down from the 
intrusion of the Stillwater Complex and (2) emplace
ment of quartz monzonitic magmas and their crys
tallization at conditions of undersaturation with 
respect to water. Either model or a combination fits 
the temperatures, pressure, and field constraints 
suggested above. 

A EXPLANATION A 
Andalus1te Andalusite . 

Rock analyses (this report) 
0 

Rock analyses (Beltrame, 1972) 

A B 

Biotite 

-~· 
K ° F K . . F 

Hypersthene Potassium feldspar Anthophyllite 

FIGURE 28.-A-K-F diagrams showing rock compositions and observed mineral assemblages in the Stillwater thermal aureole. 
Quartz may be an additional mineral present. A=Ab03+Fe20r([Ca0-(3P20s+C02)}+Na20+K20), K=K20, 
F= MgO+ FeO+ Mn 0 in molecular percents and normalized to 100 percent. Lined area represents mineral assemblages present. 
A, Pyroxene hornfels mineral assemblages. B, Hornblende hornfels mineral assemblages. 
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STRUCTURE OF THE STILLWATER COMPLEX 
AND ADJACENT ROCKS 

Northwest-trending bands of sedimentary, ig
neous, and metamorphic rocks that generally dip 
steeply to the north compose the overall structural 
pattern of the Stillwater Complex and adjacent 
rocks. However, this large-scale pattern is decep
tively simple because each band contains several 
complex structural elements. Moreover, the bound
aries between bands may also be complex structural 
features. In general, there are four groups of struc
tures that may be distinguished in a relative time 
sequence. Three groups were developed during Pre
cambrian time and include structures formed (1) 
before the Stillwater Complex was intruded, (2) dur
ing its intrusion, and (3) after its intrusion. The 
fourth group consists of structures developed during 
the Laramide orogeny. Except for the last group, the 
other groups of structures are generally limited to 
specific bands of rock. Therefore, the Stillwater 
Complex area was divided into 23 subareas (fig. 29) 
that reflect the relative age and limited distribution 
of penetrative and nonpenetrative structures to 
particular bands of rock. The subareas, numbered 
from 1 to 23, are arranged approximately in the order 
of formation with lower numbers assigned to the 
subareas containing the older structures. 

The structural elements, described in the approxi
mate order of formation during geologic time, are 
(1) those in the regionally metamorphosed rocks, (2) 
those in the hornfelses associated with the Still
water Complex, (3) those in the Stillwater Complex, 
(4) those in the quartz monzonites, (5) those in 
Paleozoic and Mesozoic sedimentary rocks, and (6) 
faults and joints in all rock units. This order also 
represents the spatial distribution of structures in 
rock bands from south to north. Table 14 sche
matically outlines the development of penetrative 
structures to be discussed and lists the symbols used. 
The penetrative structural elements, which are those 
found throughout a group of rocks and which are 
repeated at distances that are small compared with 
the body of rock they pervade (Turner and Weiss, 
1963, p. 11-32), consist of (1) planar features such as 
bedding, igneous layering, metamorphic foliations, 
cleavage, and axial planes of folds and (2) linear 
features such as fold axes, mineral lineations, and 
elongated bodies of rock. In addition to these ele
ments, there are nonpenetrative planar structures, 
defined as discontinuities, that include faults, joints, 
igneous contacts, and unconformities large enough 
to be shown at map scale. 

Structural terminology, symbology, and tech-

niques follow those of Turner and Weiss (1963) except 
for the method of contouring fabric diagrams. Fabric 
or structure diagrams were prepared from structural 
observations plotted and contoured on equal-area 
lower hemisphere projections at 1E intervals where 
E is the expected number of points within the 
counting area for a uniform distribution across the 
stereogram using a method developed by Kamb 
(1959) and computerized by C. E. Corbato(written 
commun., 1970). The counting area varies and is a 
function of the total number of data points and of the 
number of times that the concentrations deviate 
significantly from a uniform distribution. 

REGIONALLY METAMORPHOSED ROCKS 

TECTONIC STYLE AND DESCRIPTION OF 
PENETRATIVE STRUCTURES 

Compositional layering, planar mineral aline
ment, and axial planes of folds and fold axes are the 
penetrative elements found in the gneisses and 
schists (structural subareas 1 and 2) in metamor
phic rocks of the Beartooth Mountains. Mineral line
ations are rare, and none were measured. Composi
tional layering is defined by alternating bands of 
more felsic and mafic mineral layers in both the 
gneisses and schists. Parallel, elongate feldspar 
porphyroblasts and parallel mica and amphibole 
crystals form the mineral alinement that is called a 
metamorphic foliation. No structures or characteris
tics that could be assigned to a definite sedimentary 
origin were found in or associated with either planar 
structure, and since the two structures appear to be 
parallel and conformable, they are designated sl 
planes. Excellent examples of these are found in 
exposures along the trail nearest the Stillwater River 
(Page and others, 1973a), but exposures are generally 
poor. 

A small number of mesoscopic folds were found in 
the gneisses and schists; some occur on the west side 
of the Stillwater River valley (coordinates: 501,110 
N.; 1,893,050 E.) and some on the south side of the 
West Fork of the Stillwater River. At these localities, 
families of tight to moderately open isoclinal similar 
folds with wavelengths of 30 centimeters to a meter 
can be observed. In addition, at these localities the 
amphibolitic gneiss bodies form cores of somewhat 
larger folds in which the metamorphic foliations 
both within the amphibolitic gneiss and the granitic 
gneisses wrap around the nose of the fold. A few folds 
of a smaller scale, with wavelengths less than 30 em 
but with the same style, were found in the biotite 
schists, especially along Bluebird Ridge (coordin
ates: 500,920 N.; 1,877,050 E.). The axial planes (S.J of 
all the isoclinal folds observed are parallel to compo-
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FIGURE 29.-Structural subareas (1-23) in the Stillwater Complex and adjacent rocks. Subareas, reflecting relative age and limited 
distribution of structures to particular bands of rock, are arranged in approximate order of formation with lower numbers 
assigned to subareas containing older structures. 

sitional layering and foliation in the limbs of the 
individual folds. The measured fold axes are 
labelled L1. 

GEOMETRICAL ANALYSIS OF 
PE:'IIETRATIVE STRl'C:TllRES 

Poles to penetrative planar structural elements (81) 
measured in structural subareas 1 and 2 (fig. 29) are 
shown as contoured lower hemisphere equal-area 
plots in figure 30A and B. Both metamorphic folia
tion and compositional layering in granitic gneisses, 
biotite schists, and amphibolites are considered as 
one planar element because of the apparent cor
respondence between the two features. The poles to 
these planar features in structural subarea 2 suggest 
a girdle pattern and a B axis plunging N. 22° E. at 12° 
(figs. 30B and C). Isoclinally folded metamorphic 
foliation or compositional layering in the granitic 
gneisses is rare, but the seven observed fold axes (L) 
indicated in figure 30C have a scattered orientation 

between directions plunging northwest to northeast 
between 20° and 60° and by themselves offer no 
evidence that the B axis is indeed an axis of folding. 
The axial planes (82 ) of these folds were parallel with 
local 8 1 in the limbs of the folds. The southward and 
north ward spread of the maxima on the girdle of 
subarea 1 (fig. 30A) suggests a second fabric element 
that was not observed or separated in the field. A 
possible explanation of the divergence of the max
ima in subareas could be the presence of north west
plunging folds. The limited number (15) of observa
tions in structural subarea 1 and the lack of a strong 
fabric orientation preclude an interpretation. 

On the basis of reconnaissance mapping, Butler 
(1966) made a structural analysis of the granite 
gneisses in the Cathedral Peak area, which overlaps 
the subareas 1 and 2. He divided the Cathedral Peak 
area into subareas, two of which are separated by the 
Sioux Charley fault and correspond partly to sub-
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TABLE 14.-Relative ages and symbols used for penetrative struc
tures in various rock groups 

Structure and development 
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sediments sediments 
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(hypo- Development 
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possibly by 
Isoclinal fold- isoclinal 

ing to folding 
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:§ ing of S1 F1 
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Stillwater 
Complex 
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I 
~ 1.6-1.8 b.y. 
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S axial 
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areas 1 and 2 but which extend farther south. Butler 
interpreted the penetrative planar and linear fea
tures that he observed to be related to north
northwest shallowly plunging isoclinal folds and 
found a difference of 20°-40° in the plunge of these 
folds between the two subareas. He suggested that 
difference was due to rotation and movement on the 
Sioux Charley fault after the intrusion of the Still
water Complex. 

Our data combined with Butler's (1966) observa
tions support· the concept of large isoclinal folds in 
the granitic gneisses that plunge at low angles north
ward. Complete explanation of the complex struc
tures in the granitic gneiss blocks must await 
detailed analyses of their fabrics that are beyond 
the scope of this study. 

N N 

w 

s 
FIGURE 30.-Fabric diagrams of granitic gneisses and asso

ciated rocks in structural subareas 1 and 2. Contoured at 1E 
intervals where E is the expected number of points within 
the counting area for a random pattern using a method 
developed by Kamb (1959) and computerized by C. E. 
Corbato (written commun., 1970). Dashed contour is the 1E 
contour; solid contours are contours greater than 1E. 
A, Contoured poles to S1 for subarea 1, 15 points, counting 
area=0.211, E=3.16. B, Contoured poles to S1 for subarea 2, 
115 points, counting area=0.034, E=3.87. C, L1 fold axes and 
postulated rrS1-girdle and f3s

1 
axis for subareas 1 and 2. 

E 

The gneissic subareas are unique in type of struc
ture and the attitude of the planar and linear features 
and bear no similarity to the fabrics of the other 
groups of rocks. Because the gneiss terrane is older 
than the quartz monzonite sequence, these struc
tures also probably are older than the quartz mon
zonites (older than 2,750 m.y.). Butler (1966, p. 61) 
believed that the fold axes formed before regional 
metamorphism and pegmatite formation; the peg
matites yielded ages of about 2,700 m.y. or slightly 
younger. The fabric elements of the northward
pi unging isoclinal folds are therefore considered to 
be 2,750 m.y. old or older. 

HORNFELS ASSOCIATED WITH THE 
STILLWATER COMPLEX 

TECTONIC STYLE OF PENETRATIVE STRCCTlJRES 

The metasedimentary rocks present a monotonous 
and enigmatic series of layered and massive struc..
tureless rocks. The distribution of iron-formation 
and blue metaquartzite outcrops within the exten
sive areas of hornfels from the West Fork of the Still
water River to west of the Boulder River and the 
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distribution and attitudes of foliation and layering 
indicate that the metasedimentary rocks are com
plexly folded and faulted. Mesoscopic folds within 
these units also indicate a complex structural his
tory. Unfortunately, except in cliff faces, the meta
sedimentary rocks generally present relatively poor 
outcrops-a large part of their areal extent between 
Crescent Creek and Bobcat Creek having been infer
red from float patterns and diamond-drill holes. The 
areas that were mapped on the basis of float are 
indicated on the 1:12,000-scale map (Page and 
Nokleberg, 1974) by the lack of structural symbols. 
In order to unravel the history of the metasedi
mentary rocks, this discussion first concentrates on 
an analysis of a well-exposed series in the Mountain 
View area and then interprets the other structures in 
the light of that analysis. 

Penetrative planar elements in the hornfelsed 
rocks are of two types: (1) layering formed by varia
tion in mineral proportions or grain size and (2) 
incipient cleavage, cleavages, and axial planes asso
ciated with mesoscopic folds. Three broad categories 
of layering in the hornfelses are distinguished: (1) 
relatively large scale layering associated with the 
interleaving of the different rock types such as iron
formation, blue metaquartzite, and cordierite-ortho
pyroxene hornfels, (2) small-scale layering caused by 
changes in mineralogy and texture that is relict sedi
mentary bedding, and (3) mineralogic and textural 
variations that cannot be shown or assumed to be 
bedding. All three types of layering are assigned to 
an sl family of planes although some sl layering 
may be transposed foliation and otherS 1 may be bed
ding (So). The third category of layering is the most 
abundant and deserves some discussion here; both 
categories (1) and (2) are described in the strati
graphic section of this paper. 

Most type Slayers are 2.5-15.2 em thick, but some 
are as much as 0.6 m thick. Layers are defined 
mainly by a variation in proportions oflight-colored 
minerals (cordierite, quartz, and plagioclase) and 
dark-colored minerals (orthopyroxene and biotite). 
Some layers are isomodal, and others grade in 
mineral proportions; therefore some contacts are 
sharp, and others gradational. Layers may also be 
defined by textural criteria. For example, locally a 
layer contains orthopyroxene only as porphyro
blasts, and the adjoining layer contains it as an
hedral granular grains. Most layers seem to be con
tinuous for meters to tens of meters along strike, but 
locally they are lenticular. The quartz-rich layers are 
generally lensoid. Figure 11 shows several examples 
of compositional layering in the hornfels. Some 
intrafolial isoclines make it questionable that this 

layering should be called bedding. It is possible that 
some, if not all, of this layering is transposed bed
ding and therefore a metamorphic layering. 

All sl layering, regardless of origin, is folded (fig. 
31). The folds of the first recognizable generation 
(F 1), not necessarily the oldest, are closed to open, 
similar to isoclinal, slightly asymmetric folds. They 
form families with wavelengths as small as a few 
centimeters, but most have a wavelength of 2-3m 
with layering relatively thicker in the sharp to 
rounded hinge areas than on the limbs of the fold . 
Some limbs are sheared out and contain smaller 
minor folds with the same sense as the mesoscopic 
isoclinal folds . Figures 31 and 32 show the style of 
the F1 folds . Axial planes (S2) of these folds locally 
are paralleled by an incipient cleavage but generally 
are not accompanied by parallel cleavage or fracture 
planes, nor do any of the platy minerals seem to be 
alined parallel to the axial plane. Fold axes (L1) are 
not accompanied by any observable mineral linea
tions. Most mesoscopic F1 folds are similar in style 
and orientation to larger scale fold structures deci
phered from outcrop patterns of the different lithol
ogies in hornfels. 

The S1-layering and S2- axial planes are refolded 
by broad warps (F2). These warps have extremely 
open, rounded hinge areas that show no noticeable 
thickening compared with limb areas. A system of 
incipient cleavage or fracture planes, locally well 
developed, is parallel to the axial planes (S3) of broad 
warps. A closely spaced joint system locally also 
parallels the axial planes. The fold axes (L2) show no 
associated parallel mineral orientation. 

Three other styles of folds were found in the horn
fels, but owing to lack of exposures and the scarcity 
of these types of folds, their age relations could not be 
determined. About 20 intrafolial isoclinal folds (see 
Turner and Weiss, 1963, p. 116-117) were found in the 
S1 layering (fig. 32E). They have extremely sharp 
hinges, and their limbs are parallel to adjoining 
layering. Axial planes of these folds are parallel to 
the limbs and S1 layering. No examples were found 
in which these folds were refolded, but they probably 
represent remnants of pre- F 1 folding. They may also 
represent relict sedimentary slump structures. 

Another style off old occurs on the limbs ofF 1 folds. 
These are moderately open to tight asymmetric iso
clinal minor folds (fig. 32B) that fold S1 but appear 
not to fold S2. They have a reverse sense to any 
possible drag folds that might have developed as 
part of the F 1 folds . Their axial planes and fold axes 
also have a different orientation than possible drag 
folds would to the F1 folds . 

The third style of fold consists of bumps or open, 
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FIGURE 31.-Folded layering in the metasedimentary rocks. 

A, Open isoclinal fold in layered hornfels. B, Asymmetric 
folds in layered hornfels. C, Tight isoclinal folds and dis
rupted layers in layered hornfels. Length of specimen, about 
30 em. 

apparently concentric folds that fold sl but not s~ 
and are definitely discontinuous along their axial 
traces (fig. 32£). They have wavelengths of about 60 
to 150 em and fairly open, rounded hinge areas. 

Mineral lineations are very rare and are formed by 
elongate orthopyroxene porphyroblasts. In no ex
posures could the orthopyroxene lineation be related 
to any of the fold structures. 

GEOMETRICAL ANALYSIS OF PENETRATIVE STIWCTURFS 

i\10! 1:-JTA l ;\ \ ' IE\\' AREA 

An approximately 21/2-square-kilometer area of 
glaciated outcrops centered on lower Verdigris Creek 
in the Mountain View area was studied in detail in 
order to unravel the deformation history of the 
metasedimentary rocks (structural subarea 3, fig. 
29). These rocks lie between the Bluebird and Lake 
thrust faults and were rotated during Laramide de
formation (Jones and others, 1960). Therefore, the 
present orientation of structures need not be consis
tent with similar structures in the metasedimentary 
rocks elsewhere. The hornfelses in the Mountain 
View area were intruded by the Stillwater Complex 
and by the quartz monzonites after the folding ofthe 
hornfelses, thus adding additional complications. 
The detailed area (pl. 2), an enlarged segment of the 
1:12,000-scale map (Page and Nokleberg, 1974) with 
fabric diagrams, contains a large number of minor 
folds of various types and one large major fold that 
can be recognized on the basis of layering attitudes. 

Inspection of the S 1 layering attitudes (pl. 2) shows 
a large fold, probably broken by the Verdigris fault. 
The attitudes indicate northwest and southeast 
limbs steeply dipping to the west-southwest and 
northwest, respectively. The layering in the nose 
area of the fold dips off toward the northeast, and the 
fold axis plunges about 60° to the northeast. The fold 
is an open isoclinal synform, the axial plane of which 
dips northwest. 

Both limbs ofthe synform arenotequallyexposed; 
most of the outcrops occur on the southeast limb. 
Fabric diagrams for eight observation areas that 
were established in the field on the basis of amount of 
exposure and apparent homogeneity in their fabric 
are shown in plate 2. Areas 1 through 5 and 8 appear 
to have a fairly homogeneous fabric with respect to 
S 1• A summary diagram (fig. 33A) containing the 
maximum of each observation area plotted as a 
single pole supports this interpretation. The homo
geneity of the fabric of these areas is a consequence 
of their location on the same southeast limb of the 
major fold. Observation areas 6 and 7 (pl. 2) have a 
different fabric with respect to S1 as a consequence of 
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FIGURE 32.-Fold styles in hornfels. A, Open isoclinal folds (F ,) folding layering (S ,) and having axial plane traces (S2)folded by 
broad warps (Fz) which produce axial plane cleavage(S3). Width of A about 2.4m.B, Asymmetric folds in S 1 (stippled pattern); 
possible S3 fractures cuttingS,. C, S,(stippled pattern) folded by F, with axial planetraces(Sz). Joints (J)may be S3. Checked 
pattern, aplite. D, Open concentric folds or bumps folding S, (stippled pattern). E, Tight isoclinal intrafolial folds of meta
quartzite with axial planes parallel with S,. View parallel to S,. A, B, C, and D drawn from photographs. 

their location on the northwest limb and the nose of 
the major fold. In the contoured composite S 1 pole 
diagram (fig. 33B), a determination of Ss1 is biased 
by the number of observations on the southeast limb 
and therefore is not a solution for the fold axis, B~~. 

Minor open isoclinal folds with a similar style to 
the major synform yield fold axes (L1) that are shown 
on contoured plots by observation area on plate 2. 
Fewer observations are available for the orientation 
of the L1 fold axes because of the limited exposures; 
indeed in some areas there are not enough measure
ments to define the fabric orientation. Fabric max
ima from the areas indicate minor fold axes trending 

between N. 48° E. and N. 17° W. and plunging 
between 4 7° and 72° in a northerly direction. The 
summary diagram of L1 (fig. 34) from all observation 
areas shows a B~: axis plunging N. 49° E. at 62° on 
the basis of the maxima, but the fabric tends to be 
dispersed along an L1 maxima that lies along a great 
circle with an orientation of N. 47° W., 48° SW. 

Contoured fabric patterns of axial planes (S2) of 
mesoscopic folds in S1 appear to be fairly homo
geneous from one observation area to the next (pl. 2). 
Examination of the individual open isoclinal meso
scopic folds shows that their axial planes are folded 
and warped by broad open folds. Plots of pole 
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FIGURE 33.-Pole maxima and combined fabric diagrams of 

layering (S1) for Mountain View observation areas 1-8 of 
plate 2. A, St pole maxima. B, Contoured composite of St 
poles, 297 points, counting area=0.013, E=3.95. See figure 30 
for explanation. 

maxima to axial planes (S2) for all observation areas 
indicate that within individual areas the orientation 
of axial planes ranges in strike from N. 28° E. toN. 
69° E. and in dip between 20° and 60° NW. (fig. 35). 
The orientation of the S2 planes in the areas suggests 
the axial plane of the major fold is bent in an analo
gous way as the axial planes of the mesoscopic folds. 

s 
FIGURE 34.-Contoured fabric diagram of fold axes (Lt) for 

Mountain View observation areas 1-8 of plate 2. 79 points, 
counting area=0.048, E=3.81; dotted line shows dispersal of 
Lt. See figure 30 for explanation. 

The second set of mesoscopic folds (F 2), broad 
warps, have fairly homogeneous fabrics with respect 
to their fold axes, L2, and their axial planes, S3, over 
structural subarea 3 on the basis of comparisons of 
area fabrics. Figure 36 shows contoured plots of L2 
and S3 poles from all observation areas of plate 2. The 
second set of folds warp or fold both S1 and S2. The 
tendency for the s2 fabric to be dispersed along a 
great circle trending N. 66° E. (fig. 35B) indicates a 
refolded fold. Comparison of Bs

2 
with the fold axes, 

L2, m~asured in the field shows a close correspond
ence that indicates the {3s

2 
is representative of the 

fold axis Bs2 and that the outcrops examined offer a 
fairly valid sample of the second set of folds. The 
statistical axial plane, S3, of the second folds trends 
N. 2° W. and dips 68° NE. (fig. 36B); the fold axis, 
B~~82 , strikes N. 17° W. and plunges 48° NW. (fig. 
36A). The slight dispersal of the L1 poles along a 
great circle (fig. 35A) is probably due to rotation of 
the second set of broad warps. 

Three other styles of folding were also observed 
within structural subarea 3, all of which fold the 
layering, S 1, but cannot be shown to fold or affect any 
other structures. Asymmetric folds and discontin
uous broad folds are considered together in the fabric 
diagrams in figure 37. They have an average fold 
axis that trends N. 13° W. and plunges 53° NW. 
Examination of the geometry of the fold axes and 
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FIGURE 35.-Pole maxima and combined fabric diagrams of 

axial planes (S2) for Mountain View observation areas (1-6, 
8) of plate 2. A, S2 pole maxima. B, Contoured composite 
of S2 poles, 123 points, counting area=0.031, E=3.87. See 
figure 30 for explanation. 

axial planes suggests that they may have developed 
as part of the isoclinal open folding. 

A few (14 measurable ones) tight intrafolial folds 
and isoclines, the third type of minor folds, were 
observed in the plane oflayering,S1. Their limbs and 
axial planes are parallel to S 1. Figure 38 summarizes 
the fabric of poles to axial planes and shows an 
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FIGURE 36.-Contoured fabric diagrams of fold axes (L2) and 

axial planes (S3) for all Mountain View ob_servationa areas 
(1-8) of plate 2. A, L2 poles, 24 points, counting area=0.43. 
B, Poles to S3 and average S3 of axial planes of meso
scopic folds (F2), 48 points, counting at;ea=0.077, E=3.69. See 
figure 30 for explanation. 

average axial plane trending N. 75° E. and dipping 
53° NW. Only threefold axes were measurable, and 
they plunge off to the northwest at angles of30°-50°. 
This group of minor folds may represent folding that 
occurred before, and was almost completely obliter
ated by, the open isoclinal folding (F1). 
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FIGURE 37.-Contoured fabric diagrams of fold axes (L7) and 

axial planes (S7) of discontinuous broad folds and asym
metric folds. A, 1 7, 28 points, counting area=0.125, E=3.50. 
B, Poles to S7, 55 points, counting area=0.068, E=3.73. See 
figure 30 for explanation. 
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In summary, the layered metasedimentary rocks 
in the Mountain View area were folded into major 
and minor open isoclinal folds about axes that now 
have a northeast trend and about a 60° NE. plunge 
(F1 ). These folds were warped or refolded into broad 
open folds about axes that now have moderately 
plunging northwest axes (F2). Associated with the 
layering folded by F, are a few tight intrafolial folds 
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FIGURE 38.-Fabric diagram of contoured poles to axial planes 
showing average axial plane and threefold axes (L?) oftight 
isoclinal folds in structural subarea 3 (fig. 29). 14 points, 
counting area=0.222, E=3.11. See figure 30 for explanation. 

that can be interpreted as a phase of folding earlier 
than F1 • If this interpretation is true, all or some of 
the layering in the metasedimentary rocks may be a 
transposed foliation. Two other styles of folds, asym
metric and broad discontinuous folds, are present, 
but their relation to F1 and F2 is unknown. 

AREA FR0:\1 WEST FISHTAIL CREEK 
TO THE STILLWATER RI\'ER 

Hornfelses have a limited distribution between 
West Fishtail Creek and the Stillwater River (struc
tural subarea 4, fig. 29). They occur as inclusions in 
the Basal zone and as pendants and inclusions in the 
intrusive quartz monzonite sequence. Most expo
sures of inclusions in the Basal zone consist of float 
and rubble of massive, apparently structureless 
hornfels and therefore offer no possibility for struc
tural interpretation. Although exposures in the 
pendants are extremely poor and the area that they 
underlie generally consists of float and rubble, both 
layering and a few minor folds were observed along 
the northern ridge above Flume Creek. Contoured 
poles to compositional layering (Sr)(fig. 39) indicate 
an average layering plane that strikes approxi
mately east-west and dips north at about 60°. A few 
tight isoclinal folds (Fr) were observed with limbs 
and axial planes (S2) apparently parallel with com
positional layering. The axes (Lr) of the measurable 
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FIGURE 39.-Fabric diagram of layering (S!), axial planes (S2), 

and fold axes (L1) in hornfels pendant in structural subarea 
4 (fig. 29). Contours of poles of S1 and S2 based on 33 points, 
counting area=0.108, E=3.57. See figure 30 for explanation. 

folds have an east-west trend and plunge east or west 
at angles greater than 45°. Both the axial planes and 
compositional layering are refolded by broader open 
folds (F2 ). Unfortunately, these relations were ob
served only in larger pieces of rubble, and so the true 
orientations are unknown. The tight isoclinal folds 
probably correspond to the same style folds observed 
in the Mountain View area, and the broader, open 
folds may possibly correspond to the broad warps. 

AREA FROM THE WEST FORK OF THE 

STILLWATER RI\'ER TO FORGE CREEK 

Between the West Fork of the Stillwater River and 
the upper end of Forge Creek, structural subarea 5 
(fig. 29), exposures of metasedimentary rocks are 
poor. The observed compositionallayering(SI) has an 
average trend of N. 78° W. and dips abut 75° N. (fig. 
40). Minor tight open isoclinal folds were observed 
only in float of the iron-formation. The only other 
suggestion that the metasediments in this subarea 
are folded is the outcrop and float pattern of the blue 
metaquartzite near Iron Mountain (approximate 
coordinates: 512,300 N.; 1,855,000 E.). The lensoidal 
outcrop patterns resemble cores of isoclinal folds 
with axes trending about N. 70° W. 

AREA FR0:\1 FORGE CREEK TO THE 

BOl'LDER RI\'ER 

The distribution of the iron-formation and blue 
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FIGURE 40.-Fabric diagram of contoured poles to layering S 1 for 

structural subarea 5 (fig. 29), 15 points, counting area=0.211, 
E=3.16. See figure 30 for explanation. 

E 

metaquartzite outcrops within structural subarea 6 
(fig. 29) and the attitudes of compositional layering 
(S I) in the metasediments suggest complex folding of 
this sequence of rocks; in addition, the observed 
minor folds support this concept. A contoured fabric 
diagram of all poles to compositional layering (fig. 
41) in subarea 6 shows a very weak girdle with a 
weak maximum that may be a result of folding and 
complex faulting. In order to describe the structure, 
subarea 6 is broken up into smaller areas that are 
described from east to west. 

Between upper Forge Creek and the headwaters of 
Bobcat Creek in the Forge Creek drainage, the map 
pattern of blue metaquartzite and the iron-formation 
trends approximately north-south (coordinates: 
520,920 N.; 1,840,680 E.). The repetition of these rocks 
in this poorly exposed area suggests a major fold in 
the metasedimentary rocks that has an axial plane 
trending north-northeast. 

Further west in the upper Bobcat Creek drainage, 
across a major fault zone, attitudes of compositional 
layering and minor folds suggest that a major fold 
axis plunges west at low angles; the axial plane 
trends northeast-southwest. Within this area poles to 
compositional layering (SI) form a north-south rrS1 
girdle (fig. 42) with an easterly plunging /3S 1 axis. 
The shape of the major fold is unknown because of 
the lack of good marker horizons, but open isoclinal 
folds with a style nearly identical to the F1folds from 
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FIGURE 41.-Fabric diagram of contoured poles to compositional 

layering (S1) for structural subarea 6 (fig. 29), 176 points, 
counting area=0.022, E=3.91. See figure 30 for explanation. 

the Mountain View area have a similar orientation 
to the major fold. It is possible that the major fold has 
a similar shape. 

From upper Bobcat Creek westward to the east side 
of the Boulder River, apparent major folds are 
present, and several minor ones are indicated by the 
outcrop patterns of the iron-formation and blue meta
quartzite. Major folds probably are complexly fault
ed. The fold between Blakely Creek and the unnamed 
creek to the south appears to have an axial trace 
striking approximately N. 40° E., but the exposures 
are too poor for further analysis. 

West of the Boulder River, in an area of slightly 
better exposure, the outcrops of iron-formation and 
blue metaquartzite can be interpreted as a series of 
broad to open folds below the base of the Stillwater 
Complex (fig. 43). Figure 43 (inset) shows a plot of S1 
poles that form a rrS1 girdle with a southwesterly 
plunging f3s1 axis. The few minor folds observed in 
this area are of two styles: (1) broad open warps and 
(2) open isoclinal folds. 

In summary, the two dominant directions for axial 
planes of major folds between upper Forge Creek and 
the west side of the Boulder River are northeast and 
northwest (fig. 44). Those that trend northwest seem 
to be refolded about northeast axes (fig. 43). The few 
minor fold axes observed in the hornfels (fig. 44) are 
generally distributed along a north-south great 
circle. 
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FIGURE 42.-Fabric diagram of contoured poles to layering (S1) 

for the large fold in the headwaters of Bobcat Creek. 28 
points, counting area=0.125, E=3.5. See figure 30forexplana
tion. 

ALL STRllCTPRES EXC:Ll'SI\'E OF THE 
l\IOt:NTAil\' \'lEW AREA. 

The overall structural pattern in the hornfels rocks 
is elusive mainly because well-exposed outcrops exist 
only in the Mountain View area. The interpretations 
of the contoured plots of poles to layering and fold 
axes for all of the areas combined except Mountain 
View should be considered tentative and speculative 
because of the lack of good marker beds. A contoured 
fabric diagram for layering (S1)with twopossible1TS1 
girdles superimposed (fig. 45A) suggests that two 
sets of folds exist with fold axes that strike northeast 
for one set and north west for the other set. Although 
the evidence is sketchy and sparse throughout the 
hornfels area, two fold styles were observed: (1) open 
isoclinal folds and (2) broad concentric folds. Only in 
few examples and usually in float blocks could the 
broad concentric style be observed to fold the open 
isoclinal type. Figure 45B is a contoured fabric 
diagram for all the observed mesoscopic fold axes. 
Observed fold axes (L) tend to lie on a weak girdle 
pattern that has a maximum plunging 35° toN. 22° 
W. In figure 45C, the f3s, axes from each subarea, 
whether strongly or weakly developed, are plotted, 
and their distribution seems to form a small circle. 
The axis of the small circle shown in figure 45Cis Bs.) 
fold axes from the Mountain View area (fig. 36A)~ 
The earlier fold axes (BS 1 ) appear to have been 
rotated 30° by the next folds about the Bs2 axes. 
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FIGURE 43.-Interpretative geologic sketch map of folds in metasedimentary rocks west of the Boulder River. Inset shows a con
toured fabric di'agram for poles to S1layering, 28 points (not all shown on sketch map), counting area=O.l25, E=3.50; see figure 
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STILLWATER COMPLEX 

DESCRIPTION OF IGNEOUS AND 
METAMORPHIC STRUCTURES 

Since the early work of Peoples (1933, 1936), igne
ous layering in the Stillwater Complex has been the 
object of extensive studies. These include the de
scriptive work of Jones, Peoples, and Howland 
(1960), Hess (1960), and Jackson (1961, 1963, 1967, 
1968, 1969, 1971). Igneous layering, defined as repeti
tions of continuous sheetlike cumulates having uni
form or uniformly gradational properties, is of two 
types (Jackson, 1967, p. 22): (1) layering caused by 
variation in proportion of cumulus minerals and (2) 
layering caused by variation in physical properties 
or composition of cumulus minerals. Lamination is 
also present locally and is formed by planar parallel-

ism of one or more cumulus minerals (Jackson, 1967, 
p. 22; Jones and others, 1960, p. 291-293). Petrofabric 
studies by Hambleton (1947) and Jackson (1961) on 
the orientation of tabular minerals showed that the 
planar lamination is generally parallel to the layer
ing plane in the Stillwater Complex. Therefore, both 
layering and lamination in cumulate rocks were 
treated as primary igneous features and called So. 

Another type of penetrative planar structure pres
ent in the Stillwater Complex consists of the devel
opment of fine fractures, which are found in the 
Ultramafic zone and are especially well developed in 
olivine and olivine-bronzite cumulates. They are ac
companied by the formation of parallel veins of 
serpentine and magnetite. In the olivine cumulates 
the orthopyroxene oikocrysts are sheared and flat
tened parallel to the fine fractures. Figure 46 shows 
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an example of this foliation that is probably a meta
morphic foliation superimposed on the layered com
plex rocks. 
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FIGURE 44.-Trends of axial plane traces and minor fold axes 
in metasedimentary rocks between Chrome Mountain and 
the west side of the Boulder River. 
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GEOMETRICAL ANALYSIS OF IGNEOUS STRUCTURES 
IN THE ULTRAMAFIC ZONE 

Layering of structural subareas of the complex 
(fig. 29) is discussed from east to west. Mineralogical 
layering and laminations (S 1) and fine fractures (S 1) 
accompanied by serpentine and magnetite veins (S1) 
were measured and analyzed. The measurements of 
fine fractures were combined for all subareas. Con
toured plots-of poles to cumulate layering (So) for 
each of the subareas in the Ultramafic zone are 
shown in figure 47 A-H. These are summarized in 
figure 47 I. Cumulate layering in general for sub
areas 7, 8, 10, 11, and 12 (fig. 47 A, C, E, F, G) has a 
similar northwest strike and, except for layering in 
subarea 14 (fig. 47ll) which dips steeply to the south, 
has a northward dip. In contrast, cumulate layering 
for subareas 13, 9, and 14 (fig. 47B, D, H) has a 
northeast strike and dips toward the north at moder
ate angles. 

Layering in the Mountain View area, subarea 13 
(fig. 47 B), shows the greatest rotation with respect to 
the other cumulate layering in the Ultramafic zone. 
Contouring of poles to So from the Mountain View 
area shows a girdle fabric oriented N. 43° E. and 
dipping 34 o SE., whose {3Sv axis plunges 56° N.-4 7° 
W. A set of folds highly broken by faults was mapped 
in the Ultramafic zone of the Mountain View area by 
Jackson, Howland, Peoples, and Jones (1954) and 
Page and Nokleberg (1974). The major discernible 
folds have axial plane traces that trend about N. 60° 
W. The correspondence in trend within 15° between 
the traces of the axial planes and the statistical 
f3so axis suggests that the [3so represents the fold axis 
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FIGURE 45.-Contoured fabric diagrams of all structures in structural subareas (1, 2, 4, 5, 6) exclusive of the Mountain View area 
(subarea 3). A, Poles to layering (SI), 263 points, counting area=0.015, E=3.94; see figure 30 for explanation. B, L poles, 18 points, 
counting area=0.182, E=3.27. Long-dashed line, weak girdle formed by fold axes (L). C, Plot of f3S

1 
poles from all subareas (1-6) 

and parts of subareas. Dashed circle formed by f3s
1 

axes from each subarea. Bs
2 

fold axes from Mountain View area (fig. 36A). 
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FIGURE 46. - 0livine cumulate with flattened bronzite oikocrysts. 

of the highly broken folds in the Ultramafic zone in 
the Mountain View area. These folds cannot be cor
related with any folds found in the granitic gneisses 
or in the metasedimentary rocks but are thought to 
be a result of later folding related to compression 
between the Lake and Bluebird thrusts. 

The present attitude of cumulate layering, striking 
toward the northeast, in subarea 14 (fig. 4 7 H), is 
probably due partly to rotation and differential 
movement on this area between two thrust faults. A 
cross section (fig. 48) illustrates the structure in an 
adjoining area and shows the type of rotation of the 
Ultramafic zone between the Bluebird and an un
named thrust to the south. The contoured plot of 
poles to cumulate layering for subarea 14 (fig . 47H) 
shows no evidence of a girdle pattern, and the layer
ing shows no evidence of being folded. TheN. 77° E . 
strike and nearly vertical dip of the average layering. 
plane, a divergence from the northwest attitude, is 
most certainly a result of rotation between the two 
faults and is not considered to be the result offolding. 

Mapping in structural subarea 9, near Iron Moun
tain, by Page and Nokleberg (1974) and Howland 
(1955) showed what appear to be folds in the Ultra
mafic zone. Jones, Peoples, and Howland (1960) 
suggested that the changes in attitude of the cumu
late layering may be interpreted as a monoclinal 
bend, but the contoured plot of poles to the layering 
shows only a slight tendency, if any, to form a girdle 
pattern (fig. 47D). If the slight stretching out of the 

maxima pattern is interpreted as an incipient girdle, 
it would have a /3So axis plunging N. 50°- 60° W. at 
about 55° . Possible axial plane traces in the Iron 
Mountain area have trends between N. 40° and 50° 
W. The lack of data precludes any more extended 
interpretation, but the questionable girdle pattern in 
figure 4 7 D for the Iron Mountain subarea might be 
developed by a more detailed study of cumulate 
layering. The hypothesized fold patterns are similar 
to those in the Mountain View area, subarea 13, but 
the area containing them is not enclosed by identi
fied thrust faults . 

The curvilinear outcrop patterns of gently dipping 
layers in the Ultramafic zone between the East 
Boulder River and westward to the Boulder River 
generally reflect the mountainous topography. The 
outcrop patterns do not represent folds, and therefore 
the two western subareas (11 and 12, fig 29) have 
strong single maxima in contoured plots of poles to 
layering (figs. 4 7 F and G) and represent fairly 
consistent attitudes in the Ultramafic zone. 

Fine fractures accompanied by serpentine and 
magnetite veins and elongated orthopyroxene oiko
crysts are superimposed on the igneous layering and 
lamination. Unfortunately, although this metamor
phic foliation is common, it was not studied in detail 
during the field mapping, and few data were col
lected. Figure 50 summarizes the orientation data as 
poles to this plane (S 1) in the Ultramafic zone. This 
fabric has many similarities in orientation and style 
to the foliation in the intrusive quartz monzonite. 

CEOMETRICAL ANALYSIS OF IG NEO US ST R UCT URFS 
IN THE BAN DED AN D UPPER ZO NES 

Unlike the cumulus layering in the Ultramafic 
zone, the attitude of layering (So) in the Banded and 
Upper zones of the complex varies little in an east
west direction (figs . 50 A-D) and has an average 
attitude of N. 78° W. and 77° N. Subareas 15 and 16 
(fig. 50C), the western areas, have far fewer struc
tural data than do the other subareas and probably 
have less statistical validity. Within subareas, there 
are local departures from the average N. 78° W., 77° 
N. attitude, probably owing to differential movement 
on later faults. One example of differential move
ment is the slight difference in attitude between sub
area 18 and subarea 17 (figs. 50A and B), Benbow to 
the Stillwater River and the Stillwater River to the 
West Fork, respectively. The difference is believed to 
be significant and may represent the amount of 
differential rotation along the postulated fault of 
Laramide age (Page and Nokleberg, 1974) in the 
Stillwater River valley. Similarly, the 17° difference 
in dip between subarea 17 and subareas 15 and 16 
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FIGURE 47.-Contoured fabric diagrams and pole maxima of cumulate layering (So)for structural subareas in the Ultramafic 

zone. See figure 30 for explanation. A, Subarea 7, 61 points, counting area=0.062, E=3.75. B, Subarea 13, 106 points, 
counting area=0.036, E=3.85. C, Subarea 8, 50 points, counting area=0.074, E=3.70. D, Subarea 9, 45 points, counting 
area=0.082, E=3.67. E, Subarea 10, 11 points, counting area=0.767, E=2.93. F, Subarea 11,67 points, counting area=0.056, 
E=3.77. G, Subarea 12, 63 points, counting area=0.060, E=3.76. H, Subarea 14, 20 points, counting area=0.167, E=3.33. 
I, Summary of pole maxima; numbers refer to subareas. 

probably represents the differential rotation on the 
Sioux Charley Lake fault zone of Butler (1966), the 
continuation of which separates subarea 17 from 
subareas 15 and 16. 

A comparison of the attitudes of cumulate layering 
of the Upper zone with those of the Ultramafic zone 
is of value in unraveling the effects of tectonism on 
the Stillwater Complex after its emplacement. A 
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FIGURE 48.-Cross section (approximately north-south) along Bluebird Peak in structural subarea 14 (fig. 29). 

comparison of mesoscopic fabrics shown on figures 
4 7 and 50 shows that from West Fishtail Creek to the 
Stillwater River, subarea 7 (fig. 47A), the fabric of the 
Ultramafic zone is virtually the same as that of the 
Upper zone except that the Ultramafic zone has a 
slightly shallower dip. The close correspondence in 
attitude implies that after emplacement, the whole 
Stillwater Complex between West Fishtail Creek and 
the Stillwater River acted as a block under stress. In 
a general way, as noted by Jones, Howland, and 
Peoples (1960), the dip of the cumulate layering 
changes from overturned to the south near the 
mountain front at the north and gradually decreases 
in angle dipping toward the north in the southern 
exposures of the eastern part of the complex. 

Other subareas in the Ultramafic zone, subareas 8, 
11, and 10, also show a correspondence in attitude to 

the gabbroic rocks, except that in subareas 8 and 11, 
the dips are shallower and in subarea 10 the dip is 
steep and off to the south (compare figs. 47 and 50). 
These subareas were apparently more affected by 
fault rotation after the complex was emplaced than 
the area between West Fishtail Creek and the Still
water River. The rotation of the strike of subarea 12 
with respect to all the gabbroic rocks may have been 
caused by the Graham Creek fault in the Gish area. 

The relation of subareas 13, 14, and 9 in the 
Ultramafic zone to the Banded and Upper zones is 
unique in that the cumulate layering of the Ultra
mafic rocks does not conform with the orientation of 
the layering in the Upper zone. In fact, all these 
subareas are rotated with respect to the Upper zone. 

Overall, from east to west, there is a consistent 
decrease in dip of the cumulus layering in the gabbro 
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FIGURE 49.-Fabric diagram of contoured poles to metamorphic 
foliation (SI) in the Ultramafic zone. 18 points, counting 
area=0.182, E=3.27. See figure 30 for explanation. 
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FIGURE 50.-Fabric diagrams of contoured poles to igneous 

layering (So) in the Banded and Upper zones of the Still
water Complex. See figure 30 for explanation. A, Struc
tural subarea 18, 118 points, counting area=0.033, E=3.87. 
B, Structural subarea 17, 98 points, counting area=0.039, 
E=3.84. C, Structural subareas 15 and 16, 27 points, count
ing area=0.129, E=3.48. D, All subareas combined, 243 
points, counting area=0.016, E=3.94. 

rocks from nearly vertical to overturned on the east 
end to near 60° N. on the west end of the complex. The 
elongation of the maximum in figure 50D reflects 
this change. This implies that to an observer looking 
west the cumulus layers were rotated clockwise 
about a horizontal axis, with the largest amount of 
rotation at the east end. The movement of a single 
layer is analogous to a twisted ribbon. 

STYLE AND GEOMETRICAL ANALYSIS OF STRUCTURES 
OF THE INTRUSIVE QUARTZ MONZONITE SEQUENCE 

No igneous planar or linear structures (Page and 
Nokleberg, 1972) have been observed in the intrusive 
quartz monzonite sequence of rocks. The planar fea
ture formed by a late penetrative deformation (Page 
and Nokleberg, 1972) is a mineral foliation defined 
by elongated feldspar phenocrysts and parallel bio
tite and chlorite flakes (St). No folds or lineations 
have been observed associated with this mineral 
foliation. 

Attitudes of foliation marked by alinement of platy 
and tabular minerals in the quartz monzonite intru
sive sequence are divided into four structural sub
areas (fig. 29). Subareas 19 and 20 lie between West 
Fishtail Creek and the Stillwater River; subarea 19is 
totally in the coarse-grained quartz monzonite, and 
subarea 20 consists dominantly of medium-grained 
quartz monzonite. Subarea 22 contains all the rocks 
of the quartz monzonite sequence, west of the Still
water River, that are between the Bluebird and Lake 
thrusts. All of the rest of the quartz monzonite 
sequence to the west of the Mountain View area is 
contained in subarea 21. Contoured plots of the poles 
to the foliation for each subarea are given in figure 
51. The foliation is a penetrative structure, but no 
linear structures associated with the foliation were 
observed; that is, there are no known folds or mineral 
lineations within the quartz monzonite sequence. 

Subareas 19 and 20 were divided in order to 
compare fabrics between the coarse- and medium
grained quartz monzonites. The fabrics from sub
areas 19 (fig. 51B) and 20 (fig. 51A) show very little 
difference. The average attitudes between the two 
subareas differ by 13° in strike and 14° in dip. The 
change in dip is similar to the change from north to 
south observed within the Stillwater Complex and 
shows a general decrease toward the south. The 
overall fabric patterns are so similar that they imply 
that the medium- and coarse-grained quartz mon
zonite reacted homogeneously to the process that 
caused the foliation. Quartz monzonite in the Moun
tain View area, subarea 22 (fig. 51 C), has a fabric 
very similar to subareas 19 and 20. 
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FIGURE 51.-Fabric diagrams of contoured poles to foliation 

for structural subareas of quartz monzonite. A, Medium
grained quartz monzonite, subarea 20,22 points, counting 
area=0.154, E=3.38. B, Coarse-grained quartz monzonite, 
subarea 19,67 points, counting area=0.056, E=3.77. C, Sub
area 22, Granite Ridge area, 27 points, counting area= 
0.129, E=3.48. D, Subarea 21, 22 points, counting area= 
0.154, E=3.38. See figure 30 for explanation. 

The foliation in subarea 21 (fig. 51D) forms a fabric 
with difference in strike of 40°-45° from the other 
three subareas. This suggests the possibility that the 
quartz monzonites in the Bluebird-Initial area were 
rotated with respect to the other subareas after the 
foliation was formed. Probably this rotation was due 
to differential movement on later faulting-possibly 
on the Sioux Charley Lake fault zone. 

Comparison of fabrics of the granitic gneisses to 
the south (fig. 30) and the quartz monzonite sequence 
(fig. 51) shows an extreme contrast: (1) folds are 
lacking in the quartz monzonite sequence and (2) the 
strike of the foliation is approximately east-west in 
the quartz monzonite sequence in contrast to the 
northward strike in the granitic gneisses. This struc
tural contrast between the terranes cannot be recon
ciled by rotation and displacement by later faults. 
The quartz monzonite sequence and the granitic 
gneisses must have had different structural 
histories. 

STRUCTURES IN THE PALEOZOIC AND 
MESOZOIC SEDIMENTARY ROCKS 

Attitudes of bedding of sedimentary rocks that 

occur as downfaulted blocks within the Stillwater 
Complex and along the northern margin of the 
complex (structural subarea 23, fig. 29) were collected 
and their poles contoured in figure 52. The resulting 
pattern is a girdle with a {3so axis that plunges gently 
southeast. Asymmetrical folds, inclined toward the 
north, have been mapped (Jones and others, 1960; 
Page and Nokleberg, 1974)in theinfaultedsegments 
of the strata and on the margin of the complex. The 
axes of these folds generally plunge gently south
east, and the axial plane traces trend north west. 
Therefore the {3so axis in figure 52 is assumed to 
represent the Bso- fold axis for the sedimentary rocks. 
The attitude of these folds bears no correspondence 
of similarity to folds, foliations, or lineations de
scribed in the Precambrian crystalline rocks. Jones, 
Peoples, and Howland (1960) explained the develop
ment of these folds as part of the faulting and adjust
ment necessary for the Laramide deformation of 
what is now the Beartooth Mountains. 

Bedding in the Paleozoic and Mesozoic rocks on 
the north edge of the complex (fig. 52) and cumulus
layering in the Banded and Upper zones (fig. 50) 
have similar orientations along the mountain front. 
This implies that the present attitude of both rock 
types developed concomitantly in post-Cretaceous 
time. 
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FIGURE 52.-Fabric diagram of contoured poles to bedding (So) 
for Paleozoic and Mesozoic rocks in structural subarea 23, 
showing constructed rrSo girdle and /3S0 axis. 75 points, 
counting area=0.051, E=3.80. See figure 30 for explanation. 
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Another noticeable feature concerning the sedi
mentary and gabbroic rocks (Page and Nokleberg, 
1974) is the general parallelism of the bedding of the 
sedimentary rocks and the cumulus layering in the 
gabbroic rocks. Except between West Fishtail Creek 
and Grassy Knob, the West Fork of the Stillwater 
and the East Boulder River, and near Mount Ray and 
the extreme west end of the complex (Jones and 
others, 1960), the strike of the layering in gabbroic 
subareas is within 10° or 15° of the average strike of 
the contact of the complex and the Paleozoic rocks. 
In the excepted areas the divergence in strike reaches 
a maximum of 55° and must represent the apparent 
discordance, locally between the Stillwater Complex 
and the lowest of the Middle Cambrian strata. 

ROTATION OF STRUCTURES TO 
A PRE-MIDDLE CAMBRIAN POSITION 

In order to compare geometries of folds and other 
structures in the Stillwater Complex, we must know 
their attitudes with the effects of Laramide de
formation removed. Also, in order to compare the 
folds in the metasedimentary rocks along the base of 
the complex with those in the Mountain View area 
where they are best analyzed, it is necessary to 
eliminate the Laramide deformation. However, it is 
impossible at the present time to compare structures 
in the hornfels throughout the study area because 
the appropriate geometrical conditions do not exist 
to enable a rotation model to be developed. 

In any attempt to remove effects of Laramide 
deformation, there are several assumptions. The 
assumption·s used here are: (1) All the tilt of Paleozoic 
and Mesozoic sedimentary rocks is due to Laramide 
deformation, (2) most of the rotation and differential 
displacement along faults is a result of the Laramide 
deformation, (3) the Middle Cambrian and later 
sedimentation was on a virtually horizontal surface, 
and (4) the cumulus layering in the Stillwater Com
plex formed after intrusion on virtually horizontal 
surfaces. 

Assumption (1) is probably reasonable, but no 
Cenozoic rocks are exposed along the mountain front 
immediately adjacent to the complex, so it is difficult 
to assess the effects of later deformation. Assump
tion (2) is most certainly a poor assumption because 
the association of mafic dikes of late Precambrian 
age with faults suggests that some of the faults were 
active before Laramide time. Assumption (3) has its 
weakness because the discordance of the Middle 
Cambrian strata and the Upper zone is known 
locally to reach a maximum of 55°. Also, as the 
Lower Cambrian section is missing above the Still-

water Complex, Jones, Peoples, and Howland (1960) 
postulated that the complex formed an ancestral 
Precambrian-Lower Cambrian mountainous ter
rain. However, assumption (3) is supported by the 
general close parallelism of the Stillwater Complex 
and sediments along the upper contact. Assumption 
(4) is probably generally true; however, the contact at 
the base of the Stillwater Complex is known to be 
irregular locally, and there is a large-scale irregu
larity consisting of a sequence of what may be 
termed basins and topographic highs. Page (unpub. 
data) documented the irregularities in the Basal 
zone, and Jackson (1963) showed that these irregu
larities continue up through the Peridotite member of 
the Ultramafic zone. W. J. Nokleberg (oral commun., 
1969) documented local discordances of a few degrees 
between cumulus layers in the Banded zone. In 
addition, Jones, Peoples, and Howland (1960) re
ferred to lensoid shapes of individual units within 
the complex. In general, the cumulus layers must 
have been nearly horizontal. 

Accepting these assumptions and using bedding 
and cumulus-layering attitudes in local domains 
between West Fishtail Creek and the Stillwater 
River, each domain was rotated to the attitude that it 
had pre-Middle Cambrian time. In each of the 14 
subareas the present strike of the bedding was taken 
as the rotation axis, and the amount of rotation was 
the amount necessary to rotate the bedding from its 
present attitude to horizontal. The cumulus layering 
in each domain was then rotated by the same 
amount which then gives the apparent (nominal) 
attitude of the Stillwater Complex in pre-Middle 
Cambrian time. An example of the nominal attitude 
of cumulus layering in pre-Middle Cambrian time in 
the Benbow-Nye Basin area is shown in figure 53. 
Because of the geometry used in the rotation process, 
not all cumulus layering is inclined at 25 °-35 ° NE. as 
suggested by Jones, Peoples, and Howland (1960, p. 
325). Some of the differences in attitude may be 
evidence of differential rotation or displacement on 
the various fault systems that is not accounted for by 
the rotation. 

Analysis of possible rotation axes, their amounts, 
and directions of rotation in the 14 separate areas 
suggests that the more likely rotation axis, appli
cable to the gabbroic and ultramafic rocks, is one 
striking N. 298.5° E. with a rotation to the south of 
69.1°. This is the arithmetic average rotation axis for 
the 14 areas. When applied to maxima from the 
contoured plot of poles to cumulus layering (fig. 54) in 
the Benbow to the Stillwater River area, it results in 
rotation of the present attitudes to nearly east-west-
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FIGURE 53.-Geologic sketch map of Benbow-Nye Basin areas showing nominal attitudes of cumulus layering rotated back to 
pre-Middle Cambrian time. 

trending, gently north-dipping maxima for cumulus 
layers in the Ultramafic, Banded, and Upper zones 
at the onset of Middle Cambrian sedimentation. 

In the area between the Stillwater River and the 
West Fork of the Stillwater River, it is much more 
difficult to establish a rotation axis by the above 
method. Most of the contact of the complex with 
overlying sedimentary rocks is a thrust fault and 
cannot be used for rotation. In addition, the down
faulted inliers of Cambrian sedimentary rocks on the 
Banded and Upper zones are highly folded and not 

easily unfolded and rotated back to a horizontal 
plane. There are two ways of estimating a rotation 
axis for this block of ground. One is to assume that 
the cumulus layering in the Banded and Upper zones 
was parallel to the cumulus layering in the Benbow 
to the Stillwater River area. This results in a rotation 
axis of N. 286° E. and a rotation of 56°-63° (average 
59.5°) counterclockwise to the south. The other 
method is to use one of the rotation axes necessary to 
make contact with the Cambrian horizontal at the 
beginning of sedimentation. Most such axes would 
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FIGURE 54.-Rotation of poles to cumulate layering for the 

Ultrasonic, Banded, and Upper zones in the Benbow to 
Stillwater River area to pre-Middle Cambrian positions. 
U, Ultramafic zone maxima, present orientation; G, Banded 
and Upper zone maxima, present orientation; U', Ultra
mafic zone position, pre-Middle Cambrian; G', Banded and 
Upper zone position, pre-Middle Cambrian. 

trend between east-west and north-northwest, but 
the sense of rotation and amount would be variable 
and offers no unique solution with which to obtain 
the upper Precambrian-pre-Middle Cambrian nom
inal attitude of the cumulus layering. Therefore, the 
first method was used for rotation of the cumulus 
layering in the Stillwater River to West Fork of the 
Stillwater River area. Figure 55 shows the results of 
this rotation for the contoured maxima of poles to 
cumulus layering (fig. 55A) for the Ultramafic, 
Banded, and Upper zones. 

The cumulus layering in the Ultramafic zone and 
that in the Banded and Upper zones are not parallel 
from this rotation. The Ultramafic zone in the Moun
tain View area, subarea 3, lies between the Bluebird 
and Lake thrusts and was probably rotated during 
thrusting either during Laramide time or before. 
In order for the cumulus layering in subarea 3 to 
parallel the cumulus layering in the Banded and 
Upper zones, the layering in subarea 3 must be 
rotated about a N. 327° E. axis through 34° to the 
north (the poles of layering to the south). Figure 55B 
shows the results of the rotation. 

Mter establishing a technique of reasonable rota
tions to obtain parallelism of cumulus layering from 

Rotation 
axis 

N 

w U' 
]Average U' E 

w 

U' or G' I 
Average GJ 

~(G' I 
~ I 

(U' 

~/ I I 6~1tramafic zone 

s 
FIGURE 55.- Rotation of poles to cumulus layering for the 

Ultramafic, Banded, and Upper zones in the Stillwater 
River to West Fork of the Stillwater River area to pre-Middle 
Cambrian positions. U, Ultramafic zone, present orienta
tion; G, Banded and Upper zones, present orientation; U', 
Ultramafic zone position pre-Middle Cambrian; G', Banded 
and Upper zones position pre-Middle Cambrian. A, Rotation 
to pre-Middle Cambrian. B, Rotation of axis necessary to 
make layering in the Ultramafic zone and the Banded and 
Upper zones parallel. 

E 

the Benbow area to the West Fork of the Stillwater 
River area, including the Mountain View area, the 
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rotations were applied to the structures in the horn
fels in the Mountain View area. Table 15 compares 
the attitudes of the structures in the metasedimen
tary rocks at the present time, pre-Middle Cambrian 
time, and the time of intrusion of the Stillwater 
Complex. In order to obtain the attitudes ofthe struc
tures in the metasedimentary rocks at the time of 
intrusion of the Stillwater Complex, the attitude of 
the pre-Middle Cambrian cumulus layering in the 
complex must be rotated to horizontal. The rotation 
axis necessary to do this is N. 80° E. and 20° toward 
the south for the layering (fig. 56). Figure 56 shows 
the results of rotating some of the hornfels. 

From the West Fork of the Stillwater River to the 
Boulder River and western end of the Stillwater 
Complex, there is very little information available to 
establish rotation axes. Further detailed mapping in 

TABLE 15.-Rotated attitudes of structures of hornfels in the 
Mountain View area 

Structure 

1fS1 circle 
(layering) 

B2 (fold axis) .. 
B3 (fold axis) .. 

Present orientation Cambrian orientation 
Orientation before 

intrusion 

Strike 

N. 43° E. 
N. 38° E. 
N. 17° W. 

Dip Strike Dip Strike 

42° SE. N. 65° E. 79° NW. N. 85° W. 
62° NE. N. 19° E. 32° NE. N. 15° E. 
48° NW. N. 78° E. 25° NE. N. 69° E. 

N 

Pole'to S:i 

,11 ~1 v _/ 

a::/p I ' S' b \ e to 3 

Po le to S 2 ~2 
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Dip 

8° sw. 
14° NE. 
23° NE. 
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FIGURE 56.-Rotation of attitudes of cumulus layering(SJ), axial 
pland cleavage (S2), cleavage (SJ), and fold axes(.Bs ,) and 
.BS2)in hornfels in the Mountain View area to their position 
at the time of intrusion of the Stillwater Complex. Rotation 
axes: R , N. 298.5° E., 59.5° counterclockwise to south; R2, N. 
327° E ., 34° clockwise to north; R3, N. 80° E. , 20° clockwise 
to south. 

the Banded and Upper zones of the complex and of 
the contact with Paleozoic and Mesozoic sedimen
tary rocks would change this situation. Examination 
of cumulus layering in the complex implies that the 
amount of rotation would be less. Jones, Peoples, and 
Howland (1960) also suggested that there would be 
less twist west of the West Fork of the Stillwater 
River. 

DESCRIPTION AND ANALYSIS OF FAULTS 

AGE AND PREVIO US WORK 

Most of the faults within the Stillwater Complex 
are believed to have developed during the Laramide 
orogeny; some were probably active in Precambrian 
time since they contain Precambrian mafic dikes. 
However, the region seems to have been active on 
through the Cenozoic Era and into the Holocene 
epoch (Pardee, 1947), when movement along some 
faults was probably renewed. Movement on most of 
the faults can be dated no more closely than post
Cretaceous because the youngest rocks cut by the 
faults are Late Cretaceous in the Mt. Wood and Mt. 
Douglas areas (Page and others, 1973a, b). Some of 
the faults may have developed more recently than 
the Laramide orogeny; north of Chrome Mountain 
(coordinates: 528,730 N.; 1,835,130 E.) a fault appears 
to have a scarplet less than a meter high developed in 
glacial deposits (fig. 57). The scarplet also lines up 

FIGURE 57.-Fault scarplet (center) 2-3-ft-high in glacial 
deposits northeast of West Serpentine (Montana South 
coordinates: 528,730 N.; 1,835,130 E.) Photograph by R. A. 
Koski . 
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with a small sag pond to the south. This fault most 
certainly has been active in Holocene time. 

Jones, Peoples, and Howland (1960, p. 312-321) 
described some of the major faults found in the Still
water area and recognized four types: (1) longi
tudinal ramp and thrust faults that strike N. 40°-80° 
W. and dip northeast, (2) westerly striking, south
dipping, longitudinal steep reverse or flat thrusts, (3) 
vertical faults that trend east-west, and (4) steeply 
dipping, transverse faults striking between N. 30° E. 
and N. 30° W. Table 16 shows the categories of 
faults, the names assigned, and the characteristics 
of those structures. 

At the time of Jones, Peoples, and Howland's work 
(1960), the northeast-dipping thrust faults and verti
cal east-west-trending faults were thought to be 
earlier structures than the others, but no differences 
in age between the south-dipping thrust and trans
verse faults were recognized. Since then, mapping by 
Page and Nokleberg (1974) has shown that many 
of the northeast-dipping ramp faults and south
dipping reverse or thrust faults are offset by the 
steeply dipping transverse faults. In other examples, 
offset between the two fault sets cannot be proved 
because of lack of exposures, but it is suspected to 
occur. The south-dipping thrust between Crescent 
Creek and Upper Forge Creek at the Stillwater 
Complex-hornfels contact is an excellent example of 
this relation (Page and Nokleberg, 1974). Jones, 
Peoples, and Howland's (1960) fault categories (1) 
and (2) are probably older relative to their category 
(4) . 

GENERAL ATTITUDE AND OFFSET 

Although the distribution of faults and their strike 
directions can be assessed from the 1:12,000-scale 
maps (Page and Nokleberg, 1974), a more concise 
summary of fault strikes is shown in the rose dia
gram of figure 58. From the 1:12,000-scale maps the 
characteristics of 501 faults were cataloged. The 
properties included strike or trend, dip, offset, and 
strike separation. The measured strikes are the basis 
for figure 58 from which the three most frequently 
occurring groups of strikes can be distinguished. One 
group lies between N. 80° E. and N. 80° W., another 
group between due north and N. 30° E., and a third 
group between due north and N. 30° W. The most 
frequently occurring strike directions are those be
tween N. 30° E. and N. 30° W. and account for about 
half the faults cataloged. The N. 80° E.-N. 80° W. 
group consists dominantly of ramp faults; the other, 
two groups of transverse faults. 

Dip directions on faults are much more difficult to 
obtain because of the lack of good exposures in the 
critical areas, but 206 dip directions were observed 

TABLE 16.-Faults and their characteristics described by Jones, 
Peoples, and Howland (1960) 

Name of fault Type 

Iron Creek ...... Ramp and 
thrust. 

Brownlee Creek ....... do . 

South Prairie ....... do . 

North Prairie ....... do 

Castle Creek ........ do . 

Dry Fork Thrust .. 

Suce Creek ...... Ramp and 
thrust. 

Horseman Thrust ... 
thrust. 

Lake fault .. ...... ........ do . 

Nye Creek ............ .. do . 

Bluebird thrust ...... do . 

East of Fishtail ........ do 
Creek. 

Graham Creek .......... do . 

Mill Creek- Wrench 
Stillwater 
fault zone. 

Lost Creek fault ....... do . 

Attitude 
Remarks 

Strike Dip 

N. 65' W. 

N. 80' W. 

N. 40' -
60' W. 

N. 60' -
70' w. 

N. 60' -
70' w. 

N. 60°-
70' w. 

West 

50' NE. 

50° NE. 

Flattens(?) with depth; believed 
by Jones, Peoples, and 
Howland (1960) to be con
nected with Brownlee Creek 
fault. 

50' - Related casually to parallel 
80' NE. folds in Paleozoic strata; 

55°- offset at depth by Horseman 
80' NE. thrust('?). 

Northeast 

. .................. North of northern margin of 
complex. See Vail (1955). 

North See Richards (1952, p. 56). 
north-west 

N. 75' - 30'- Some drag effects on sedi
ments; 457 m stratigraphic 
throw maximum. 

80' w. 35's. 

N. 75°-
80' w. 

East-west 

N. 65'-
90' w. 

N. 90' -
80' E. 

.. .. N. 60' N. 

55°-
600 s. 

45°-
55' S. 

Follows mafic dike. 

Assumed to be eastern contin
uation of Lake fault; used to 
account for about 900 miss
ing meters of ultramafic zone. 

40°- Hanging-wall block thrust in a 
60' SW. northerly direction for about 

900 meters. 
South 

60' - Dip slip equals about 91 m. 
700 s. 

About About Pivotal motion; south block 
east-west vertical moved east relative to north 

block, see Wilson (I 936). 
About N. .. .................. See Richards (1952). 

80' w. 
Big 7 ................. Tran.sverse N. 5°- 85°- Associated with mafic dikes 

15' E. 90' W. apparent offset of about 
305m 

Central Benbow ....... do . N. 5' - Steeply Apparentoffsetofabout610m. 
shift zone. 15° E. east or 

west. 
Other minor ........ ...... do . 

faults 
sen bow area. 

N. 15° E. 
N. 15° W. 

Aggregated apparent offset of 
about 305 m; many follow 
mafic dikes. 

and measured. They were recorded either during the 
1:12,000-scale mapping or in earlier planetable map
ping at various scales of small areas-maps of which 
have been either open filed or published (Howland 
and others, 1949; Howland, 1955; Jackson and 
others, 1954; Peoples and Howland, 1940; Peoples 
and others, 1954). Poles to the 201 fault planes were 
computer plotted and contoured on a lower hemis
phere net (fig. 59). The contoured pattern has several 
maxima lying in an east-west girdle, indicating the 
general north-south trend of measured faults and the 
spread in amount and direction of dip. The maxima 
represent the following approximate planes: N. 88° 
W., 31° 8.; due north, 78° E.; N. 8° E., 52° E.; N. 19° E., 
76° E.; and N. 31 o E., 70° E . (fig. 59). TheN. 88° W., 
31° S. average fault plane represents a generalized 
attitude for thrust faults, whereas the other maxima 
are typical of the transverse faults. Most measured 
transverse faults strike between north and northeast 
and dip between 52° and 78° E.; the dip values are 
slightly lower than those inferred by Jones, Peoples, 
and Howland (1960) for transverse faults. 
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FIGURE 58.-Strikes of 501 faults, measured from the 1:12,000-
scale maps of the Stillwater Complex area (Page and 
Nokleberg, 1974). 

The amounts and nature of movement along the 
faults can only be determined in a limited number of 
examples, but measurements of strike separation 
and offset2 were possible for 142 faults, a large 
proportion of which are transverse faults that cut the 
Ultramafic zone. Figure 60 shows the frequency of 
occurrence of strike separation and offset at 15-m 
intervals. Over half of the measured offsets and 
separations lie between 0 and 30m and most between 
0 and 90 m, although one measurement is over 750 m. 

THE MILL CREEK-STILLWATER FACLT ZONE 

The Mill Creek-Stillwater fault zone was traced 
across the northwestern part of the Beartooth Moun
tains by Wilson (1936) from Mill Creek, a tributary of 
the Yellowstone River, to the West Fork of the 
Stillwater River (fig. 1). Authors since then, in
cluding Roberts (1972), and Jones, Peoples, and 
Howland (1960), have placed the eastern continu
ation of this fault somewhere south of the Stillwater 
Complex running from the West Fork of the Still
water River to West Fishtail Creek. Jones, Peoples, 
and Howland (1960), following Wilson (1936), dashed 
its continuation up Flume Creek eastward through 
the saddle between Flume and Rocky Creeks and 
through Chrome Lake on the basis of the alinement 
of stream drainages. Although there is shearing and 
quartz veining in the saddle, first described by 
Wilson (1936) (coordinates: 493,160 N.; 1,917,220 E.), 
there is no evidence of faulting or shearing either 
east or west of the saddle where the Mill Creek-Still
water fault is postulated to go. Neither Butler (1966), 
Page, Simons, and Dohrenwend (1973a, b), nor the 
present study could find evidence for a vertic~l f~ult 
of the type described by Wilson (1936) continuing 
farther east than where the Sioux Charley fault zone 
intersects the West Fork of the Stillwater River. Even 

~strike separation and offset are used in the sense defined by Billings (1954, p. 136). 
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FIGURE 59.-Contoured poles to 201 measured fault planes. 

201 points, counting area=0.019, E=3.92. See figure 30 for 
explanation. 

Wilson (1936, p. 85) was not able to trace the fault 
across Saderbalm Creek (coordinates: 503,440 N.; 
1,874,660 N.) and based the eastward continuation 
on the alinement of Flume Creek and an unnamed 
creek adjoining the Stillwater River at the Beartooth 
Ranch. 

West from the Sioux Charley Lake fault zone on 
the west edge of the Mt. Wood quadrangle and in the 
Mt. Douglas quadrangle, the Mill Creek-Stillwater 
fault zone follows the valley of the West Fork of the 
Stillwater River and westward over the East Boulder 
Plateau where it juxtaposes regional metamorphic 
rocks and the magnesium- and iron-enriched meta
sedimentary rocks of the Stillwater thermal aureole. 
The fault also puts a syncline of Paleozoic and 
Mesozoic sediments in contact with the regional 
metamorphic rocks, suggesting that the upthrown 
side is on the south. Wilson (1936) estimated that on 
the East Boulder Plateau there was at least 366m of 
stratigraphic throw on the fault zone. The Paleozoic 
and Mesozoic rocks in the fault zone suggest that 
there probably was movement on the fault in the 
Laramide orogeny. West from the Boulder River, the 
fault zone was traced by Wilson (1936) up Four Mile 
Creek, along the East Fork of Mill Creek, throug~ 
Arrow Peak into the Yellowstone Valley where It 
either terminates or is offset by the Emigrant fault. 
Along the western extension the north side is up
thrown, which led Wilson (1936) to describe the fault 
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FIGURE 60.-Frequency of occurrence of measurable offset 
and strike separation for 142 faults on the 1:12,000-scale 
map of Page and Nokleberg (1974). 

zone as having pivotal motion with the south block 
moving east relative to the north block. 

We can speculate on where the Mill Creek-Still
water fault zone may have continued east of Sader
balm Creek and how Laramide movement on it may 
have been distributed to the east. The fault zone, as a 
vertical one, ends on the Sioux Charley fault zone, 
but eastward there are a series of thrusts, including 
the Bluebird and Lake faults, that may have dis
sipated the movement on the Mill Creek-Stillwater 
fault zone. Both Jones, Peoples, and Howland (1960) 
and Butler (1966) suggested this interpretation in 
showing a split of the Mill Creek-Stillwater fault 
zone continuing as the Bluebird thrust. The aline
ment of hornfels pendants at the contact of the 
medi urn- and coarse-grained quartz monzonites on 
the northern ridge of Flume Creek suggests the 

possibility of an east-west preintrusion fault. The 
Mill Creek-Stillwater fault zone and the postulated 
preintrusion fault have comparable attitudes, which 
suggests to the author that the Mill Creek-Stillwater 
fault zone may have had an eastern extension and 
may be an extremely old (at least 2, 750 m.y.) struc
ture or structural zone. Such a structure would allow 
the juxtaposition of orogenic Beartooth regional 
metamorphic rocks with a fairly stable cratonal Still
water block in the Precambrian and would act as a 
zone of crustal weakness in which to introduce the 
2,750-m.y.-old quartz monzonite sequence between 
the two terrains. Laramide movement on the eastern 
extension would be limited by a fairly cohesive stable 
block that might then cause the movement to be 
taken up in-thrusting such as observed in the Moun
tain View area. 

THE BLUEBIRD THRUST 

Although used by Jones, Peoples, and Howland 
(1960) as the name of the thrust that runs fron 
Bluebird Ridge to the Stillwater River valley, the 
term Bluebird thrust is used here for the family of 
thrust faults that are found near the base of the 
Stillwater Complex both east and west of Bluebird 
Ridge. Mapping (Page and Nokleberg, 1974) has 
shown that the Bluebird thrust (in the strict sense) 
and an accompanying thrust south of it place a block 
of the Ultramafic zone northward up and over the 
Banded and Upper zones of the complex and emplace 
quartz monzonites up and over the Ultramafic zone 
(see cross section, fig. 48). TheBluebirdfaultappears 
to have its eastern ends in the Stillwater River 
valley. Westward from Bluebird Ridge, regional 
metamorphic rocks are thrust over the Ultramafic 
zone; only outcrops of the Bronzitite member could be 
found in the poorly exposed area east of the West 
Fork of the Stillwater River (coordinates: 504,870 N.; 
1,876,560 E.). On the north side of the West Fork of 
the Stillwater River westward to the Crescent Creek 
area, the projection of the thrust is assumed to 
emplace hornfels northward up and over the lower 
part of the Still water Complex. From Crescent Creek 
westward to upper Forge Creek area, the thrust 
emplaces hornfels northward up and over the Basal 
zone of the complex. One member of the thrust 
emplaces quartz monzonite northward and over the 
hornfels (coordinates: 503,530 N.; 1,862,420 E.). In 
upper Forge Creek (coordinates: 522,060 N.; 1,842,810 
E.), this system of thrusts seems to end on a fairly 
steep fault trending about N. 30° W. 

Evidence for the westward continuation of the 
Bluebird thrust comes from (1) the low dip of the 
contact between the complex and the hornfels espe-
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cially in the Crescent Creek area (coordinates: 
505,000 N.; 1,866,980 E.), (2)theexistenceofwindows 
through the upper plate in the Iron Mountain area 
(coordinates: 504,540 N.; 1,858,900 E.), (3) the exist
ence of klippe in the Iron Mountain area (coordi
nates: 511,340 N.; 1,856,540 E.), (4) the lack of 
exposures of the Basal zone of the complex, and (5) 
drilling data in the Iron Mountain and Crescent 
Creek areas. Earlier workers probably mistook the 
float of a fine-grained diabase dike in the Iron 
Mountain area for the Basal zone, did not recognize 
the absence of the Basal zone in this area, and 
therefore did not interpret the contact as a fault. In 
drill core, the fault zone is marked by extensive 
shearing and alteration over at least a 50-m interval, 
and from the outcrop pattern and drill data the fault 
zone dips shallowly to the south. Both surface and 
subsurface information were used in constructing an 
interpretive cross section across the thrust in the 
Iron Mountain area (fig. 61). 

Westward from the Stillwater-West Fork of the 
Stillwater River divide, the trace of this thrust 
system is not continuous but is offset on many 
transverse faults. These transverse faults occur in 
Cathedral Creek (coordinates: 507,350 N.; 1,882,630 
E.), at the northward continuation of the Sioux 

Southwest 

Charley fault zone (coordinates: 504,480 N.; 
1,877,860 E.), in the Crescent Creek area (coordi
nates: 506,880 N.; 1,864,080 E.), near Iron Mountain, 
on the east side of the East Boulder River (coordi
nates: 515,000 N.; 1,851,080 E.), and in Upper Forge 
Creek. The thrusting preceded the approximate 
north-south steep normal faulting. 

INFERRED STILLWATER RIVER VALLEY FAULT 

The mismatch of geologic contacts and faults be
tween the west and east sides of the Stillwater River 
valley suggests the existence of a transverse fault 
(here named the Stillwater River valley fault) in the 
valley, which is now covered by extensive alluvial 
and glacial deposits. Figure 62 shows an interpreta
tive geologic sketch map of the structural relations in 
the Stillwater River valley. The mismatch between 
projected structures and contacts, such as the Horse
man thrust, the Lake-Nye Creek fault, and the thrust 
separating medium-grained quartz monzonite and 
granitic gneisses are clearly shown. All the separa
tions between structures across the valley have the 
same sense in that the east side moved north relative 
to the west side. Yet all the structures show different 
amounts of separation by the inferred fault. The 
pattern of the thrust faults being offset by a trans-
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verse fault is consistent with other observations to 
the west of the area. In addition the projected 
Ultramafic-Banded zone contact shows a similar 
sense and magnitude of separation. As can be seen 
from figure 62, the amount of apparent separation 
along the fault is greatest in the southern part of the 
area and appears to die or decrease toward the north. 
The data suggest that the west side of the inferred 
fault is structurally higher relative to the east side. 
This is consistent with ideas that the coarse-grained 
quartz monzonite on Granite Ridge represents part 
of the quartz monzonite intrusion near its top and 
that the exposures along Flume Creek-Nye Basin 
ridge represent a slightly deeper level in the in
trusion. 

Other evidence for the fault in the Stillwater River 
valley includes extensive shearing and parallel 
minor faults east of the Beartooth Ranch (coordi
nates: 495,000 N.; 1,900,680 E.). Shear zones and 
joints parallel to the inferred valley fault are found 
(1) on Granite Ridge in the coarse-grained quartz 
monzonite (coordinates: 502,610 N.; 1,902,030 E.), (2) 
in granitic gneiss south of the Beartooth Ranch near 
the bridge crossing the Stillwater River(coordinates: 
494,250 N.; 1,898,100 E.), and (3) in the plagioclase 
gneiss east of the Beartooth Ranch. The parallel 
faults, east of the Beartooth Ranch, trend northeast 
and dip between vertical and 50° both east and west. 
They are interpreted as steeply dipping normal 
faults. The inferred Stillwater River valley fault is 
probably a steep normal fault, the west side up 
relative to the east side, with a rotational component 
that resulted in greater separation along its southern 
part. 

SIOUX CHARLEY LAKE FAULT ZONE 

Several parallel, nearly vertical, northwest-strik
ing faults form a fault zone that extends from Sioux 
Charley Lake (see the Mount Wood quadrangle) on 
the Stillwater River to the West Fork of the Stillwater 
River northeast of Saderbalm Creek and continues 
into the Banded and Upper zones of the complex; it is 
called the Sioux Charley Lake fault zone. This zone 
seems to terminate the Mill Creek-Stillwater fault 
zone. These faults are best shown on the map by 
Page, Simons, and Dohrenwend (1973a), and parts of 
them were first described by Butler (1966) who stated 
that these faults are associated with mylonites and 
altered rocks within the regional metamorphic rocks. 
Within the Stillwater Complex, however, they are 
marked by shear zones and serpentinite. One of the 
faults that juxtaposes the Bronzitite member against 
the Banded zone and shows at least 450 m of offset is 
fairly well exposed in the cliffs south of theW est Fork 
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(coordinates: 506,140 N.; 1,877,490 E.). Another 
parallel fault in Cathedral Creek, which offsets the 
Bluebird thrust (coordinates: 507,350 N.; 1,882,630 
E.), probably continues northward across the West 
Fork of the Stillwater River, and although it could 
terminate against the Iron Creek fault, the fault 
probably offsets the Iron Creek fault. Offset on a 
transverse fault could explain the difficulty in identi
fication of the Iron Creek fault east of the West Fork 
of the Stillwater River, as discussed by Jones, Peo
ples, and Howland (1960, p. 314). 

FAULTS IN CRESCENT CREEK 

Several northward-trending steeply dipping faults 
are found in the Crescent Creek area with an aggre
gate offset of the complex of more than 610 m. The 
result of this faulting was to move the Stillwater 
Complex northward on the west side of Crescent 
Creek. Some of the northward-trending structures 
offset the Bluebird thrust, but of more interest are the 
structures (for example, coordinates: 508,400 N.; 
1,863,540 E.) that apparently do not offset the thrust. 
They offer some suggestion that rocks beneath the 
thrust have been affected by a set of prethrust trans
verse faults. 

FAULT ON THE EAST SIDE OF THE 
EAST BOULDER RIVER 

A major transverse fault occurs on the east side of 
the East Boulder River (coordinates: 515,000 N.; 
1,851,080 E.) that has about 600-1,200 m of offset 
along it. The northward extension of this fault prob
ably continues parallel to or in the East Boulder 
Valley. If it does continue northward, the projections 
of the Iron Creek and Brownlee Creek faults would 
not connect, as suggested by Jones, Peoples, and 
Howland (1960), and may represent offset segments 
of the same northeast-dipping fault. 

JOINTS 

Although joints are common throughout the area 
of the Stillwater Complex, they were not systema
tically studied except in the Verdigris Creek part of 
the Mountain View area. Within this area attitudes 
of 62 joints were measured. The results of contouring 
poles to these joints are shown in figure 63. The 
average joint plane strikes about N. 8° W. and dips 
about 87° NE. Comparison of this pattern with the S3 
axial plane fabric (fig. 36) or with the fault pattern 
(fig. 59) shows many similarities, and it is difficult to 
decide which feature more closely correlates with the 
joint pattern. 

SUMMARY OF STRUCTURAL HISTORY 

Structural development and history in the Still-
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FIGURE 63.-Contoured poles to joint planes from the Verdigris 
Creek part of the Mountain View area. 62 points, counting 
area=0.061, E=3.76. See figure 30 for explanation. 

water Complex area falls naturally into two distinct 
time periods, Precambrian and Laramide. The pres
ent attitude and position of most rock units were 
finalized in the Laramide orogeny, but a large part of 
the intricate folding developed in Precambrian time. 
The intrusive quartz monzonites (~2,750 rn.y.) are 
important to the history of the Precambrian because 
they separate the development of folding of the 
hornfelsed metasedimentary rocks and intrusion of 
the Stillwater Complex from a penetrative defor
mation in the younger Precambrian. These siliceous 
intrusive rocks also separate the terrane north of the 
Mill Creek-Stillwater fault zone, here called the 
Stillwater block, from the terrane south of the fault 
zone here called the Beartooth block (see fig. 1). 

A diagrammatic summary of the structural events 
in the major lithologic units is given in figure 64. At 
least two and possibly three sets of folds were 
developed in the metasedimentary rocks prior to the 
intrusion of the Stillwater Complex. The latest folds, 
broad warps(F2), have northwest-plunging fold axes 
and north-striking, eastward-dipping axial planes. 
The original orientation of the fold axes and axial 
planes of F 1, open isoclinal folds, cannot be defined 
because they were rotated about the F2 folds. Most 
open isoclinal folds that were observed have axes 
plunging northeast and axial planes striking north
east. A deformation event before the open isoclinal 
folding probably formed the few intrafolial folds, but 
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because of the limited data on these structures, they 
have not been assigned to a fold generation. The 
asymmetric folds in the hornfels seem to have 
similar attitudes to the open isoclinal folds and are 
probably related to the event. 

The Stillwater Complex intruded the folded meta
sedimentary rocks and formed virtually horizontal 
layers of cumulates. The present northward tilt of 
cumulate layering and lamination was caused by 
late Precambrian and Laramide orogenies. In the 
late Precambrian, a penetrative presently steeply 
dipping east-west-trending foliation was developed 
in the Stillwater Complex. This metamorphic folia-

tion has the same attitude as the foliation observed 
in the intrusive quartz monzonites. 

During Laramide time folding, faulting, and tilt
ing were dominant processes. Asymmetric folds with 
shallowing, southeast-plunging axes were developed 
in the Paleozoic and Mesozoic sedimentary rocks. 
These folds probably developed in response to south
ward and northward thrusting along northwest
striking faults. Folds were formed at the Mountain 
View area in the Ultramafic zone as a result of 
compression between two thrusts. Most if not all the 
thrust and transverse faults were either formed 
during the Laramide orogeny or were Precambrian 
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structures reactivated during the Laramide orogeny 
in order to tilt and place the Stillwater block into its 
present attitude. 

SUMMARY OF GEOLOGIC HISTORY OF THE 
STILLWATER AREA 

Any discussion of geologic history that concen
trates on the older Precambrian should be considered 
highly interpretative because the evidence upon 
which it is based is extremely fragmentary. Most of 
the events within the Stillwater block, before the 
intrusion of the quartz monzonites 2,750 m.y. ago, 
may have occurred in an area many miles removed 
from the other structural blocks. After the intrusion 
of the quartz monzonite all the events that have 
affected the Beartooth block should also have af
fected the Stillwater block. 

Sometime before 3,140 m.y. ago, a source area 
existed for the sediments that are now hornfels, and 
a basin or basins in which they were deposited 
formed. The source area probably contained abun
dant exposures of mafic and ultramafic rocks that, 
when weathered, could produce the high contents of 
magnesium, iron, nickel, and chromium observed as 
compositional components of the hornfels. Siliceous 
rocks must have also been present in the area as a 
source for the relict clastic quartz, feldspar, and rock 
fragments found in the hornfels. The probability of a 
mixed clastic and chemical precipitate origin of 
these rocks and the presence of iron-formation and 
metaquartzite (possibly chert?) suggest that the 
basin of deposition may have at times been of a very 
local nature. Sedimentary structures in the hornfels 
imply deposition under water, and the fine scale of 
the sedimentary features may imply a high-energy 
environment such as a surfzoneorturbiditeenviron
ment for part of the sedimentation. The fairly exten
sive, although thinly interbedded diamictite may 
indicate some local glaciation. 

Probably soon after deposition, these rocks were 
isoclinally folded and then refolded by broad warps 
along northwest-plunging axes. Previous to or at this 
time they may have been subjected to low-grade 
metamorphism. Mter folding, the rocks were in
truded by the Stillwater magma, which cooled and 
crystallized in a nonorogenic environment, as evi
denced by the continuously traceable thin cumulate 
layers. The complex may have been intruded either 
in a fault zone or along an unconformity because its 
eastern part cuts out some of the stratigraphy recog
nized in the western exposures of hornfels. Heat from 
the cooling and crystallizing complex produced a 
metamorphic aureole in the folded sediments. In the 
early stages of cooling, that is during the time 

represented by the Basal zone, there probably was 
minor tectonism that caused some of the irregular
ities in the basement contact. Before or immediately 
after intrusion of the complex, some mafic dikes and 
sills were intruded into the metasedimentary rocks. 

No evidence for either structural features or meta
morphic features formed during the 2,750-m.y. event 
in the North Snowy block or in the Beartooth block is 
found within-the Stillwater block (see fig. 1). The 
contact zone between the Stillwater block and the 
Beartooth block is occupied by intrusive quartz 
monzonites about 2, 750 m.y. old, which suggests that 
the Stillwater block moved into its present position 
before the intrusion of quartz monzonite and after 
the peak of deformation and metamorphism in the 
Beartooth block. The Stillwater block probably 
moved along wrench faults similar to those now 
marked by the Mill Creek-Stillwater fault zone and 
the West Boulder fault. After the positioning of the 
Stillwater block, the complex and the hornfels were 
intruded by a sequence of quartz monzonites with the 
accompanied metamorphic effects. 

Between 1,600 and 1,800 m.y. ago the Stillwater 
and surrounding blocks were involved in a weak low
grade regional metamorphic event, and a penetra
tive foliation developed. This event is documented in 
the southern Beartooth Mountains by Rowan and 
Mueller (1971) and by McMannis, Palmquist, and 
Reid (1971a, b, c) in the North Snowy block. At about 
the same time or possibly after the event, more mafic 
dikes and sills were emplaced throughout the region. 

By Middle Cambrian time, faulting had elevated, 
and erosion exposed the upper part of the complex. 
The complex was also slightly deformed and tilted 
north ward. Elsewhere in the Beartooth Mountains, 
the Flathead Sandstone lies unconformably on the 
Precambrian basement, but it is absent over the 
Stillwater Complex. This implies that the complex 
formed a topographic high at the beginning of 
Cambrian sedimentation (Jones and others, 1960). 
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