





Geology of the Blue Mountains Region of
Oregon, Idaho, and Washington:

Petrology and Tectonic Evolution
of Pre-Tertiary Rocks of the
Blue Mountains Region

TRACY L. VALLIER ard HOWARD C. BROOKS, editors

U.S. GEOLOGICAL SURVEY PROFESSIONAL PAPER 1438

UNITED STATES GOVERNMENT PRINTING OFFICE, WASHINGTON : 1995



U.S. DEPARTMENT OF THE INTERIOR
BRUCE BABBITT, Secretary

U.S. GEOLOGICAL SURVEY

Gordon P. Eaton, Director

Any use of trade, product, or firm names
in this publication is for descriptive purposes only and
does not imply endorsement by the U.S. Government

Text and illustrations edited by
Helen Gibbons and Andrea C. Eddy

Library of Congress Cataloging-in-Publication Data

Petrology and tectonic evolution of pre-Tertiary rocks of the Blue Mountains region / Tracy L. Vallier and Howard C.
Brooks, editors.

p. cm. — (Geology of the Blue Mountains region of Oregon, Idaho, and Washington) (U.S. Geological Survey
professional paper ; 1438)
Includes bibliographical references.
Supt. of Docs. no.: 119.16: 1438

1. Geology, Structural—Blue Mountains Region (Or. and Wash.) 2. Island arcs—Blue Mountains Region (Or. and
Wash.) 3. Rocks—Blue Mountains Region (Or. and Wash.) 1. Vallier, T. L. (Tracy L.) II. Brooks, Howard C.
III. Series. IV. Series: U.S. Geological Survey professional paper ; 1438.
QE747.B58P48 1995

551.7'009795—dc20 94-48560

CIP

For sale by U.S. Geological Survey, Information Services
Box 25286, Federal Center, Denver, CO 80225



PREFACE

U.S. Geological Survey Professional Paper 1438 is
one volume of a five-volume series on the geology,
paleontology, and mineral resources of the Blue
Mountains region in eastern Oregon, western Idaho,
and southeastern Washington. This professional pa-
per deals specifically with petrology and tectonic evo-
lution. Other professional papers in the series include
Professional Paper 1435 on paleontology and bio-
stratigraphy, Professional Paper 1436 on the Idaho
Batholith and its border zone, Professional Paper
1437 on Cenozoic geology, and Professional Paper
1439 on stratigraphy, physiography, and mineral re-
sources. The purpose of these volumes is to familiar-
ize readers with work that has been completed in the
Blue Mountains region and to emphasize the region's
importance for understanding island-arc processes
and the accretion of an allochthonous terrane to a
continent. These professional papers provide current
interpretations of a complex island-arc terrane that
was accreted to ancient North America in the late
Mesozoic Era, of a large batholith that was emplaced
after accretion had occurred, and of overlying Cenozo-
ic volcanic rocks that were subsequently uplifted and
partly stripped off the older rocks by erosion.

Modern island arcs are not well understood, and
even less so are ancient arcs that have been de-
formed, metamorphosed, and subsequently accreted
to continents. We have learned that characteristics of
modern arcs change significantly both along and
across the arcs’ axes and that studies of arc frag-
ments are less than satisfactory because they gener-
ally do not characterize an entire arc. For example,
the landward trench slopes of arcs can differ greatly,
depending on whether materials from the descending
slab are being accreted or the slope is being tecton-
ically eroded; which process dominates apparently is
related to the volume of sediment in the adjacent
trench and the vector of plate convergence. In addi-
tion, some arcs (Aleutian) have broad, long, and sedi-
ment-filled fore-arc basins, whereas in others (Tonga-
Kermadec) the fore-arc insular slopes descend precip-
itously to trench depths and are only interrupted in

places by narrow fault-bounded terraces. Moreover,
some arcs (Tonga-Kermadec) have erupted primarily
tholeiitic igneous products throughout their histories,
and others (Aleutian) have a long history of both calc-
alkaline and tholeiitic eruptive activity. Ridge axes of
island arcs may be narrow or broad, and in some arcs
(Solomons and Vanuatu), the axial regions have ex-
tended to form deep bathymetric and sedimentary ba-
sins. Even back-arc basins have different origins and
histories of development. Some (Mariana Trough and
Lau Basin) have active spreading ridges, whereas
others (Aleutian basin) are floored by ancient oceanic
crust that was trapped behind the arc.

Because our knowledge of the diverse processes
within modern arcs is limited, it becomes even more
important to study ancient analogs. Just by the na-
ture of their on-land exposures, ancient arcs can pro-
vide insights into sedimentary facies, magmatic
evolution, and deep crustal processes that can only be
studied in modern arcs by geophysical methods,
dredging, and drilling. Few ancient island arcs have
exposures as well developed and as extensive as
those in the Blue Mountains region. Particularly
spectacular and helpful are outcrops provided by in-
tensive stream erosion, which has left some canyon
walls more than 2 km deep (Snake River canyon west
of the Seven Devils Mountains).

Most earth scientists who have worked in the Blue
Mountains region agree that pre-Tertiary rocks there
form one or more allochthonous terranes. The impor-
tance of such terranes in the evolution of circum-Pa-
cific continental margins has been recognized for
more than a decade, but many complex questions re-
main. For example, how, when, and where did most
of the circum-Pacific allochthonous terranes form?
How did they accrete to continents? What are the
mechanisms of amalgamation processes during ter-
rane. formation and transport? And, perhaps most
importantly, what are the effects of these processes
on mineral and hydrocarbon resources? While these
volumes provide some answers, the data and inter-
pretations contained in them will no doubt raise new
and equally intriguing questions for future genera-
tions of earth scientists.
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ABSTRACT

The Permian Canyon Mountain Complex of northeastern Oregon
has many attributes of ophiolites, including a stratified structure
and characteristic lithologic succession. The stratigraphic sequence
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consists of a basal harzburgite tectonite overlain successively by an
ultramafic-to-mafic cumulate member (penetratively deformed in
the eastern part of the complex and undeformed in the western
part), and an upper sheeted member (plagiogranites, mafic dikes
and sills, and keratophyres). The majority of the keratophyres ap-
pear to have formed prior to the sheeted member and may represent
part of a Permian island arc. The tectonite and metamorphosed
cumulate rocks are cut by undeformed isotropic gabbro, which may
be cogenetic with the layered cumulate gabbros and possibly some
of the mafic dikes. However, because clinopyroxenes from basaltic
rocks of the sheeted member differ (lower Ca contents and higher
Fe/Mg ratios) from those in the gabbros, it is probable that most of
the mafic dikes were emplaced during a separate event. Field rela-
tions and %CAr/3%Ar age determinations demonstrate that the pla-
giogranites, mafic dikes, and some keratophyres were emplaced in
the sheeted member more or less contemporaneously at about 260
Ma. U-Pb zircon geochronology for a single high-level cumulate gab-
bro (Walker, 1986) suggests a time interval of perhaps 15 m.y. be-
tween formation of the gabbro and emplacement of the sheeted
member. The mafic dikes, sills, and minor flows apparently formed
by partial melting of a source that was strongly depleted with
respect to incompatible trace elements. A source resembling that for
midocean-ridge basalt (MORB) from which melts had been previous-
ly extracted is plausible. The plagiogranite suite appears to have
been derived by hydrous partial melting of a mafic source rock (such
as amphibolite), possibly representing subducted oceanic crust.
Thus, the Canyon Mountain Complex appears to be a composite
body whose members formed over a significant period of time, pos-
sibly in different tectonic settings; there is no compelling reason to
propose a cogenetic relation between magmas of the sheeted mem-
ber and other rocks of the complex. For the mafic magmas, discrim-
inant diagrams indicate transitional affinities between ocean-floor
and primitive island-arc basalts. However, striking depletions in Ta
and Hf, relative to other incompatible elements, suggest a subduc-
tion-related volcanic-arc (or possibly fore-arc or marginal-basin) set-
ting for their origin.

INTRODUCTION

Participants at a Penrose Field Conference conclud-
ed that ophiolites are pseudostratified rock assem-
blages (Anonymous, 1972) comprising four diagnostic
lithologic units or members—from bottom to top, an
ultramafic member, a gabbroic member, a mafic sheet-
ed-dike complex, and a mafic volcanic complex—as
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well as associated minor rock types that commonly
are found in ophiolites. These associated rock types
include chromitites, sodic felsic intrusive and extru-
sive rocks (such as trondhjemites, keratophyres), and
sedimentary rocks (such as chert, shale, limestone).
Although no genetic significance was intended in the
Penrose Conference definition, many geologists con-
sider ophiolites to have formed at midocean spreading
centers (see Coleman, 1981). In recent years, the rec-
ognition that ophiolites have quite varied characteris-
tics has led to alternative interpretations of their
tectonic settings and processes of formation.

One or more of the four key lithologic members
may be absent in surface exposures of some ophio-
lites as a result of tectonic disruption. However,
many apparently intact ophiolite complexes lack one
or more of these units, or have units that are similar
but occur in uncharacteristic style. For example, the
Point Sal ophiolite (southern California) has a sill
member but no dike member (Hopson and Frano,
1977). The (informal) Sparta (ophiolite) complex of
eastern Oregon is characterized by an unusually
large proportion of silicic intrusive rocks (Prostka
and Bateman, 1962; Phelps, 1978, 1979); in fact, non-
trivial volumes of felsic igneous rocks are associated
with most so-called ophiolites in Oregon and Califor-
nia (Bailey and Blake, 1974). Coleman and Peterman
(1975) designated such silicic intrusive rocks as “oce-
anic plagiogranites” and proposed that they formed
by extensive fractional crystallization of basaltic
magmas at midocean ridges.

Alternative tectonic environments proposed to ac-
count for the now-recognized ophiolite variants in-
clude actively spreading back-arc basins such as the
Marianas (Karig, 1971), leaky transform faults such
as the Cayman Trough (Thompson and others, 1980;
Holcombe and Sharman, 1983), and island arcs such
as Tonga (Ewart and Bryan, 1972). The uncertainty
over tectonic setting is well illustrated by the various
interpretations of the Troodos ophiolite (Cyprus); an
island-arc origin is suggested on the basis of geochem-
ical and petrologic data (see Miyashiro, 1973; McCul-
loch and Cameron, 1983; Robinson and others, 1983),
but this model has been widely contested (for exam-
ple, Hynes, 1975; Moores, 1975; Church and Coish,
1976). Multiple magmatic suites that may have origi-
nated in different tectonic settings and (or) at differ-
ent times have been recognized in some cases (see
Coleman, 1977; Thayer, 1977b), including the Betts
Cove (Coish and others, 1982), New Caledonia (Dupuy
and others, 1981), Troodos (Robinson and others,
1983; Schminke and others, 1983), Vourinos (Noiret
and others, 1981; Beccaluva and others, 1979), Pindos
(Capedri and others, 1980), and Oman ophiolites (Ala-

baster and others, 1982). Juxtaposition of coherent
stratal sequences formed in distinct settings may be
more the rule than an exception in convergent-margin
tectonic zones (Moores and others, 1984).

The Canyon Mountain Complex, Sparta complex,
and several other possible ophiolite fragments occur
in the Blue Mountains province of northeastern Ore-
gon (see Mullen, 1985). This province consists of five
tectonostratigraphic terranes (Silberling and Jones,
1984) believed to have formed at indeterminate dis-
tances from the North American craton and then to
have been accreted to the craton at later times (see
Coney and others, 1980). In order to reconstruct the
plate tectonic evolution of these terranes, it is neces-
sary to understand the original tectonic settings of
ophiolite remnants preserved in suture zones sepa-
rating the terranes.

The Canyon Mountain Complex is the best exposed
and most completely preserved ophiolite in the prov-
ince. Herein, we review published petrologic, geo-
chemical, and structural data, and present new
geochemical data for this body, especially for the ba-
saltic components. We specifically address the petro-
genesis of felsic and mafic magmas associated with
the sheeted member and late-stage intrusions, and
the geochemical constraints on the type of tectonic
setting in which these rocks formed. To further eluci-
date ages of formation, we also present new radio-
metric ages for samples from the Canyon Mountain
Complex and Sparta complex.
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REGIONAL GEOLOGIC SETTING

Postulated remnants of ophiolites occur throughout
the Blue Mountains province of northeastern Oregon
and adjacent areas of Idaho. Their bearing on region-
al tectonic interpretations is discussed within the
context of four of the five tectonostratigraphic ter-
ranes of the province. From north to south, these are
the Wallowa, Baker, Izee, and Olds Ferry terranes
(Silberling and Jones, 1984; the fifth terrane, the
Grindstone, will not be discussed in this chapter). An
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oceanic affinity is inferred for these terranes on the
basis of their internal geology and the fact that the
igneous rocks within each terrane are characterized
by initial Sr isotopic compositions (87Sr/86Sr) at or
below 0.704 (Armstrong and others, 1977). There is
no compelling evidence for the presence of old conti-
nental crust within the province.

The Wallowa terrane (formerly called the Seven
Devils terrane by Dickinson, 1979) consists of Permi-
an and Upper Triassic volcaniclastic and volcanic
rocks with affinity to low-KoO basalt-andesite-dacite-
rhyolite suites typical of present-day island arcs (Val-
lier and Batiza, 1978). In three areas in the Snake
River canyon (Vallier, 1974), the volcanic rocks overlie
gabbro, plagiogranite, and diabase of Permian to Tri-
assic age (Balcer, 1980; Walker, 1981, 1982); contacts
between the plutonic and volcanic rocks are intrusive
or tectonic. The supposed basement exposures in the
Snake River canyon are lithologically similar to the
Late Triassic Sparta complex (fig. 1.1), which is usu-
ally included in the Baker terrane. Phelps (1978,
1979) and Avé Lallemant and others (1980) concluded
that the Sparta complex is the plutonic equivalent of
a low-KyO island-arc volcanic suite; they suggested
that it is a part of the root of the Wallowa arc. Volcan-
ic rocks of the Wallowa terrane are overlain by Upper
Triassic limestone and Upper Triassic to lower Upper
Jurassic clastic sedimentary rocks (Morrison, 1964;
Nolf, 1966; Vallier, 1974, 1977).

The Baker terrane (formerly called the Central Me-
lange terrane by Dickinson, 1979) consists of disrupt-
ed fragments of oceanic crust, including local melange
deposits, large coherent tectonic slices of ophiolitic
and volcanic assemblages, and Triassic to possibly
Lower dJurassic chert-argillites (Dickinson and Vi-
grass, 1965; Blome and others, 1983; Nestell, 1983;
Blome and others, 1986). Analyses of basaltic and
gabbroic blocks (Mullen, 1985; Bishop, chap. 5, this
volume) indicate that they are varied in composition
and include tholeiitic (that is, midocean-ridge), calec-
alkaline, and rare alkalic basalt types. Late Triassic
blueschists occur near Mitchell (fig. 1.1; Hotz and oth-
ers, 1977), and somewhat lower pressure schistose
rocks occur in serpentine-matrix melange elsewhere
in the Baker terrane (Bishop, chap. 5, this volume).
The Canyon Mountain Complex is by far the largest
and most complete ophiolite fragment in this terrane.

The Olds Ferry terrane (formerly called the Hun-
tington terrane by Dickinson, 1979) is a poorly ex-
posed Late Triassic volcanic arc (Brooks and Vallier,
1978). It consists of Upper Triassic volcanic (basalt,
andesite, and rhyolite) and volcaniclastic rocks and
rare limestone (Brooks and Vallier, 1978; Brooks,
1979). Gabbro and plagiogranite plutons were em-

placed locally during the Late Triassic (Henricksen,
1975). Lower Jurassic volcanogenic flysch-like depos-
its, tectonically overlying the Triassic rocks (Avé La-
llemant, 1984a), were previously included in the
Mesozoic Clastic terrane of Dickinson (1979).

The Izee terrane (formerly called the Mesozoic
Clastic terrane by Dickinson, 1979) comprises Upper
Triassic to Upper Jurassic turbidites deposited on the
Baker terrane. Volcanic tuff beds occur mainly in its
lower parts. Dickinson (1979) proposed that the tur-
bidites were deposited in a fore-arc basin associated
with the Olds Ferry arc to the south; however, the
upper units of Jurassic age may represent an overlap
sequence. Fault-bounded lenses and blocks of chert-
argillite, gabbro, and serpentinite occur throughout
this terrane.

Two major orogenic events apparently affected the
rocks in the Blue Mountains province (Avé Lallemant
and others, 1980; Avé Lallemant, chap. 7, this vol-
ume). First, during Triassic and Early Jurassic time,
south to southeastward subduction of an oceanic plate
beneath the Olds Ferry volcanic arc caused the forma-
tion of the melange and blueschists of the Baker ter-
rane, and resulted in tectonic imbrication and folding
of the melange into Upper Triassic and earliest Juras-
sic forearc-basin turbidites (Brown and Thayer, 1966;
Dickinson and Thayer, 1978; Avé Lallemant, chap. 7,
this volume). Exposed rocks of the Olds Ferry terrane
do not appear to be affected by the Late Triassic defor-
mation. However, a Late Triassic to Early Jurassic
depositional hiatus signifies uplift of the terrane at
that time (Brooks and Vallier, 1978). Neither uncon-
formities nor folds of this age are apparent in the
Wallowa terrane; Late Triassic deformation there
seems to be confined to three major northeast-trend-
ing left-lateral shear zones (Vallier, 1974; Avé Lalle-
mant, 1983; Avé Lallemant and others, 1985).

The second orogenic event was manifested by short-
lived north-south shortening that affected all terranes
(Avé Lallemant, 1984a, chap. 7, this volume). Timing of
this event is well constrained in the Wallowa terrane,
where the youngest deformed sediments are of early
Oxfordian age (Morrison, 1964) and the oldest post-
tectonic granitic intrusion is 160 Ma or late Oxfordian
in age (Armstrong and others, 1977). This deformation
may correspond to the collision of the Wallowa (or Blue
Mountains) arc with the other four terranes. Subse-
quently, between 160 and 120 Ma (Armstrong and oth-
ers, 1977), a number of granitic intrusions were
emplaced in all four terranes, and locally these Juras-
sic and Cretaceous plutons crosscut contacts between
terranes. No penetrative structures younger in age
than Late Jurassic have been recognized in the Blue
Mountains province of Oregon, but they are developed
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TABLE 1.1—%Ar /%°Ar age determinations using hornblende separates from hornblende diorites of the Canyon Mountain Complex
and from hornblende gabbro of the Sparta complex

[Error estimates in Age column reflect analytical precision and are calculated following methods of Cox and Dalrymple (1967) and Dalrymple and others (1981). Monitor
mineral was MMhb-1, which has an accepted age of 519.4 Ma. Samples were irradiated in U.S. Geological Survey’s TRIGA (Training Research Isotope General Atomic)
reactor in Denver, Colo. Corrections for Ca- and K-derived Ar isotopes were made using constants suggested by Dalrymple and others (1981); decay constants used in
age calculations are from Steiger and Jéger (1977). J, irradiation parameter; pct, percent; T, temperature]

T 4°Ar/39Ar 37Ar/39Ar 36A1‘/39AI 39Ar 4°Ar 39Ar K/Ca Age
(°C) (pet) (pet) (moles) (molar) (Ma)
Sample CMG-190A, hornblende diorite, Canyon Mountain Complex
[44°18'59" N., 118°51'44" W.; J=0.006618+0.000033; sample weight=0.9740 g]
800 352.7 64.00 1.125 3.0 7.1 0.294 0.00777 276.5+12.8
950 77.17 41.59 1916 15.2 30.8 1.50 .0122 263.5 1.8
1150 43.87 60.93 .0849 62.4 53.6 6.08 .00818 260.6+1.3
Fuse 109.8 61.22 .3096 194 21.0 1.89 .00814 255.712.6
Total gas age 260.6
Plateau age (950 and 1150 °C steps) 261.2+1.6
Sample CMG-190B, hornblende diorite, Canyon Mountain Complex
[44°18'59" N., 118°51'44" W.; J=0.006349+0.000032; sample weight=1.0376 g]

950 116.2 41.92 0.3188 20.1 21.7 1.90 0.0121 267.7+1.5
1150 94.80 71.97 .2563 58.2 26.0 5.39 .00688 261.9+3.3
Fuse 315.0 69.80 .9922 21.6 8.7 2.01 .00710 287.61+21.4

Total gas age 268.7
Preferred age (1150 °C step) 261.943.3
Sample SP-96A, hornblende gabbro, Sparta complex
[44°48'35" N., 117°22'45" W.; J=0.006614+0.000033; sample weight=1.0039 g)
550 221.8 26.02 0.7090 0.9 6.4 0.448 0.0196 162.5+13.3
650 157.2 24.33 4971 1 7.8 .0073 .0210 140.4467.3
750 72.72 16.09 .1891 7 24.9 .249 .0320 203.6+10.5
850 26.68 12.02 .02433 12.8 76.5 6.68 .0429 228.5+1.2
950 23.30 11.72 .01288 28.2 87.6 14.7 .0440 228.3+1.2
1050 22.62 11.93 .01140 445 89.2 23.1 .0432 225.9+1.2
1150 28.05 12.56 .02980 9.8 72.1 5.09 .0410 226.3+1.5
Fuse 115.3 16.91 .3281 3.0 17.1 1.57 .0304 220.7+4.6
Total gas age 226.0
Plateau age (950 and 1150 °C steps) 227.0+1.3

in Idaho along the North America-Blue Mountains su-
ture between Orofino and McCall (Sutter and others,
1984). However, post-Cretaceous 65° clockwise rotation
of the Blue Mountains province (Wilson and Cox, 1980;
Hillhouse and others, 1982) may be responsible for
many faults and long-wavelength, low-amplitude folds
that affect the Canyon Mountain Complex and overly-
ing Eocene rocks (Thayer, 1956).

GEOCHRONOLOGY

A major question about the origin of the Oregon
ophiolites concerns relationships between the associ-
ated mafic rocks (gabbros, basalts) and silicic rocks

(plagiogranites, keratophyres). Thus, absolute ages
for these different rock types constitute an important
constraint on their formation. Because reliable age
determinations for ophiolites of the Blue Mountains
province are sparse, we have determined three new
40Ar/39Ar ages using hornblende separates from
rocks of the Canyon Mountain Complex and Sparta
complex (table 1.1). These are discussed within the
context of other available data.

CANYON MOUNTAIN COMPLEX

Previous age determinations include concordant zir-
con U-Pb ages of 278 Ma for an undeformed intrusive
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gabbro from Canyon Mountain, and 278 Ma for a plagi-
ogranite that cuts cumulate gabbro; U-rich zircon (with
5-10 times more U than zircons from the plagiogran-
ite) from a quartz diorite yielded slightly discordant U-
Pb ages of about 268 Ma (Walker and Mattinson, 1980;
Walker, 1981, 1986). Hornblende from a late-stage
hornblende pegmatite yielded a 40Ar/39Ar plateau age
0f262+14 Ma (Avé Lallemant and others, 1980).

New 40Ar/39Ar hornblende ages are reported herein
(table 1.1) for two relatively late-stage hornblende dio-
rite intrusions. One of these samples yields a 40Ar/39Ar
plateau age of 261.2+1.6 Ma (for 78 percent of the
argon released). The other sample may be slightly dis-
turbed as it did not yield a plateau age. However, more
than 58 percent of the argon released (the 1,150°C
step) yielded an age of 261.9+3.3 Ma; the total-gas age
obtained is about 269 Ma. The ages for these samples
are analytically indistinguishable.

From the available geochronological data, it can be
argued that all intrusive phases of the Canyon
Mountain Complex are older than 260 Ma but proba-
bly no older than about 280 Ma. The data appear to
resolve a small but significant difference in age be-
tween the gabbroic and sheeted members of the com-
plex. Considering the uncertainties of these ages, we
cannot preclude that the magmas of the gabbroic and
sheeted members of the complex were coeval and
possibly cogenetic; at the least they may have formed
in the same general tectonic environment.

SPARTA COMPLEX

Although some investigators previously included
both the Sparta complex and the Canyon Mountain
Complex in the Baker terrane, this interpretation is
questionable because of the similarity between rocks
in the Sparta complex and those in the Wallowa ter-
rane. Also, the Sparta complex differs from the Canyon
Mountain Complex in that it lacks an ultramafic mem-
ber, owing to faulting (Prostka and Bateman, 1962).
The structurally lowest member of the Sparta complex
consists mainly of cumulate pyroxenites, which grade
upward into cumulate gabbros; the highest gabbros
are massive and contain primary amphibole and
quartz (Phelps, 1978). Overlying and intruding the
gabbros is a composite trondhjemite-quartz diorite
pluton. It also intrudes volcanic rocks that were con-
sidered to be part of the Wallowa terrane by Vallier
(1977). The apparently large proportion of felsic mag-
mas supports the idea that the Sparta complex is part
of the Wallowa terrane (Phelps, 1978, 1979; Phelps
and Avé Lallemant, 1980). Phelps (1979) interpreted
the gabbro-plagiogranite association to be cogenetic.

Published ages for the quartz diorite include (1) a
K-Ar biotite age of 21345 Ma (Marvin and Cole,
1978), (2) hornblende 40Ar/39Ar plateau ages of
223.043.3 and 223.2+5.5 Ma and a 40Ar/39Ar total-gas
biotite age of 212.1 Ma (Avé Lallemant and others,
1980), and (3) a concordant U-Pb zircon age of 223
Ma (Walker, 1983, 1986). The reasonably close agree-
ment among these ages suggests that the plagiogran-
ite unit was emplaced about 223 Ma. Walker (1986)
also reported a concordant U-Pb zircon age of 253 Ma
for an albite granite unit within the plagiogranite
member. These data indicate that silicic magmatism
occurred over a relatively wide range in time.

Because no age information was available to ascer-
tain the relationship of the cumulate gabbro member
to the silicic units, we dated a hornblende separate
from the massive hornblende-quartz gabbro unit; a
40Ar/39Ar plateau age of 227.0+1.3 Ma was obtained
(table 1.1). Thus, the formation of the gabbro was
nearly coeval with that of most(?) of the plagiogran-
ite. The sole Permian plagiogranite must be part of
an older basal complex, possibly a part of the Permi-
an segment of the Wallowa arc or perhaps an alloch-
thonous fragment of older basement (see Walker,
1982; T.L. Vallier, oral commun., 1987). It seems un-
likely that the gabbro is as old as Permian. The exact
relationship between the albite granite and the gab-
bro-plagiogranite assemblage remains unresolved.

GEOLOGY OF THE CANYON MOUNTAIN COMPLEX
PREVIOUS INVESTIGATIONS

The first detailed map of the Canyon Mountain
Complex (Thayer, 1956) showed it as an almost rectan-
gular east-trending body about 22 km in length and 8
km in width (fig. 1.2). An ultramafic member in the
northern part is overlain successively southward by an
ultramafic-mafic layered zone, a gabbroic member, a
sheeted sill-like (multiply intruded) zone, and a vol-
canic sequence. Plagiogranite intrusions occur locally
throughout the complex but are concentrated near the
contact between the gabbroic and sill-like members.
Thayer (1963a) interpreted the Upper Permian and
(or) Lower Triassic volcanic rocks in the southern part
of the complex (keratophyre, quartz keratophyre, and
spilite) to be hosts to the younger ultramafic and gab-
broic intrusions of the complex. Apparently, emplace-
ment of late-stage plagiogranite (quartz diorite to
albite granite) magmas in the upper part of the com-
plex caused metasomatism of the gabbroic and volcan-
ic wallrocks. The ultramafic and gabbroic rocks were
believed to have formed at upper-mantle and lower-
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crustal depths, respectively, in a large stratiform com-
plex (analogous to the Stillwater intrusion) and to
have been remobilized as a crystal mush and emplaced
into higher structural levels (Thayer, 1963a, b; Thayer
and Himmelberg, 1968; Thayer, 1969a). According to
Thayer (1963b), layering in these rocks formed due to
flow differentiation; primary structures were largely
destroyed except for nodular structures in the podi-
form chromitite deposits (Thayer, 1969b).

On the basis of detailed structural and petrofabric
studies, it has been demonstrated that the Canyon
Mountain Complex consists of two distinct mantle di-
apirs that were emplaced at relatively high tempera-
tures (Avé Lallemant, 1976; Misseri and Boudier,
1985). To account for the disproportionately large vol-
umes of plagiogranite and silicic volcanic rocks, Avé
Lallemant (1976) suggested that these diapirs as-
cended either beneath a volcanic island arc or at
least proximal to such an arc in a marginal basin.
Thayer (1977a) briefly accepted this model but later
in the same year stated that the ultramafic-mafic
rocks of the complex formed in a stratiform intrusion
beneath a midoceanic ridge, that these rocks were
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deformed during ascent as a crystal mush, and that
they were subsequently intruded by diabase and pla-
giogranite magmas and then covered by equivalent
volcanic rocks (Thayer, 1977b).

On the basis of petrologic and geochemical studies
of the ultramafic and gabbroic rocks, Himmelberg and
Loney (1980) concluded that (1) the major harzburgit-
ic component of the ultramafic member represents re-
sidual upper-mantle material that had been subjected
to a previous partial-melting event unrelated to the
formation of the remainder of the ophiolite, (2) the
podiform chromitite found only in dunite bodies repre-
sents cumulate material in the basal harzburgite unit,
(3) the gabbroic member formed by fractional crystal-
lization of basaltic magma that had been emplaced
into depleted mantle wallrocks, and (4) the large vol-
ume of silicic rocks implies an island-arc setting for
the formation of the Canyon Mountain Complex.

Detailed geologic mapping of the sheeted member
(Gerlach, 1980) confirmed the abundance of silicic
magmas (fig. 1.3) and provided information on rela-
tive timing for the emplacement of its respective
magma types. On the basis of petrologic and geo-
chemical studies, Gerlach, Avé Lallemant, and Lee-
man (1981) and Gerlach, Leeman, and Avé Lallemant
(1981) interpreted the plagiogranites as the products
of partial melting of hydrated mafic rocks at relative-
ly shallow depths within an island arc; emplacement
of basaltic magmas was invoked to provide the neces-
sary heat.

Further detailed mapping and petrologic studies of
the ultramafic and gabbroic rocks led E.M. Bishop
(Mullen, 1983a, b; Bishop, chap. 5, this volume) to
conclude that (1) several generations of gabbros (some
of which are penetratively deformed) intruded the de-
pleted harzburgite tectonite member, and (2) the most
primitive gabbros were tholeiitic whereas the more
evolved gabbros were calc-alkalic. Considering the re-
gional geology, she proposed that the Canyon Moun-
tain Complex formed in a fore-arc setting. On the
basis of regional tectonic constraints, Avé Lallemant
(1984b) suggested that it formed in an intra-arc ex-
tensional basin produced by en echelon strike-slip
faulting related to oblique subduction.

Despite uncertainties concerning details of the
original setting for the Canyon Mountain Complex,
the overall evidence indicates that the ultramafic
rocks (plus some of the mafic rocks in the eastern
part of the complex) ascended diapirically, that early
mafic magmas were intruded syntectonically or pre-
tectonically, and that post-tectonic mafic and felsic
intrusions cut the ultramafic rocks and led to forma-
tion of high-level magma chambers, dike and sill
complexes, and possibly lava flows as well.
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GEOLOGIC DESCRIPTIONS OF UNITS

In general, the lithologic units (or members) of the
Canyon Mountain Complex (fig. 1.4) are characteris-
tic of many ophiolites; they are described individually
later. E.M. Bishop (Mullen, 1983a, b; Bishop, chap. 5,
this volume) presents additional details of the geolo-
gy and mineralogy of the ultramafic and mafic mem-
bers of the complex. Contacts between lithologic
units trend approximately east-southeast to west-
northwest and are near vertical. On the east, north,
and west the ophiolite is fault bounded; on the south
it is overlain by Eocene conglomerates and volcanic
rocks (Thayer, 1956).

ULTRAMAFIC MEMBER

The ultramafic member consists mostly of harzburg-
ite with rare lherzolite. In a few areas, the peridotites

show faint layering due to orthopyroxene concentra-
tions along foliation planes. Large irregular dunite
bodies occur throughout, and these commonly include
layers of nodular and disseminated chromitite. Pretec-
tonic or syntectonic (diapiric) gabbro, gabbro pegma-
tite, and pyroxenite dikes crosscut the peridotites.
Clearly post-tectonic dunite occurs in veinlike layers
and as dikes in the peridotites. Interstitial plagioclase
occurs in rocks toward the top of the ultramafic mem-
ber and locally near dikes of gabbro.

All rock types in the ultramafic member are pene-
tratively deformed and have well-developed foliation
and lineation (Avé Lallemant, 1976). The chromitites
have relict cumulate textures (Thayer, 1969b); Him-
melberg and Loney (1980) suggested that the chromi-
tites and the enclosing dunite bodies together
represent the basal part of the overlying gabbroic
member, which was folded into the tectonite harz-
burgite. The dunite dikes and veins are not folded,
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but have a tectonite fabric; they appear to have
formed by metasomatic transformation of harzburgite
(Dungan and Avé Lallemant, 1977). Subsequent to
dunite formation, gabbro, pyroxenite, rare diabase,
and very rare plagiogranite dikes and sills intruded
the ultramafic rocks. Most of the peridotites, particu-
larly those exposed near the bounding fault along the
north margin of the complex, locally are serpenti-
nized and sheared to various extents.

GABBROIC MEMBER

Unlike the petrographically and structurally homo-
geneous harzburgite tectonites of the wultramafic
member, the gabbroic member is very heterogeneous.
Most primary igneous textures in the eastern part of
the complex have been obliterated by intense pene-
trative deformation, whereas in the west primary
textures are preserved.

Cyclical igneous layering in the western massif is
consistent with crystal fractionation by gravitational
settling within a periodically refilled basaltic-magma
chamber. The lowermost units are dunites and
chromitites, which are overlain by olivine pyroxe-
nites. Relict cumulate textures are ubiquitous, and
rocks are not penetratively deformed. The olivine py-
roxenites in turn are overlain by layered gabbroic
rocks that locally contain lenses of wehrlite or olivine
pyroxenite. The gabbroic rocks comprise various pro-
portions of plagioclase, clinopyroxene, olivine, and
rare orthopyroxene; corresponding rock types include
gabbro, troctolite, norite, and anorthosite. Deposition-
al structures such as slumps and trough banding are
rare. Diabase dikes occur throughout this unit but
are more numerous southward toward the contact
with the sheeted member. At Canyon Mountain, they
form a northeast-trending swarm and locally form
coarse-grained stocks (the ophitic gabbros of Avé La-
llemant, 1976).

In contrast, the gabbroic member of the eastern
massif represents a number of small independent in-
trusive bodies. The main rock type is coarse-grained
gabbro containing relict cumulate structures. This
gabbro in turn contains inclusions of fine-grained
gabbro and is cut by gabbro pegmatite, olivine pyrox-
enite, and several other gabbroic intrusions (Avé La-
llemant, 1976; Mullen, 1983a, b; Bishop, chap. 5, this
volume). Penetrative deformation overprinted all of
these rocks as they were partly folded into the tec-
tonite harzburgites of the ultramafic member. This
deformation was followed by intrusion of isotropic
gabbro, pyroxenite, diabase, hornblende pegmatite,
and plagiogranite bodies.

PETROLOGY AND TECTONIC EVOLUTION OF PRE-TERTIARY ROCKS, BLUE MOUNTAINS REGION

SHEETED (SILL-LIKE) MEMBER

The sheeted member consists of east-west-striking,
steeply dipping layers of gabbro, keratophyre, basalt,
basaltic andesite, diabase, and plagiogranite. The
contact with the underlying gabbroic member is gra-
dational. Gabbro, diabase, and plagiogranite are
mostly concentrated in the structurally lower north-
ern part, and keratophyre, basalt, and basaltic ande-
site are more abundant at structurally higher levels
to the south. The largest plagiogranite bodies occur
near the contact between the sheeted and gabbroic
members. Field relations indicate that gabbros,
keratophyres, and basalts are the oldest rocks in the
sheeted member and that they were intruded by dia-
base and plagiogranite. Rocks of the plagiogranite
suite were emplaced in the general sequence horn-
blende diorite, quartz diorite, and trondhjemite;
these rocks were intruded by later basalts and dia-
bases. Rare banded keratophyre lenses apparently
represent one of the latest magmatic phases. Relative
timing and duration of intrusive events as deduced
from crosscutting relations in the sheeted member
are shown in figure 1.5.

Because neither pillow basalts nor cherts were
found in the sheeted member, Thayer (1977b) inter-
preted it to be a dike complex. However, some kerato-
phyres display fine lamination, which Avé Lallemant
(1976) previously interpreted as pyroclastic layering.
Also, the presence of vesicles in some basalt and ba-
saltic andesite units suggest that they are lava flows.
If these rocks are indeed extrusive, then conformable
attitudes between them and the diabase and plagio-

Decreasing relative age ————p

Gabbro OO

Hornblende diorite
Quartz diorite

Trondhjemite

Diabase and basalt E=

Keratophyre

F1GURE 1.5.—Relative timing and duration of magmatic pulses that
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trusive contacts, crosscutting dikes and lenses, and presence of
xenoliths and intrusion breccias. Segments are dashed where
uncertain.
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granite lenses imply that the sheeted member is a
sill rather than a dike complex.

STRUCTURE

The penetrative-deformation structure in the ultra-
mafic member and in the eastern part of the gabbroic
member is manifested by well-developed foliation,
lineation, and strong preferred orientation of all con-
stituent minerals (Avé Lallemant, 1976). As deduced
from the preferred orientations, the major principal
extension direction (X) is vertical. This inference and
the overall structural style led to the conclusion that
the Canyon Mountain Complex was emplaced as two
separate massifs by diapiric flow in the upper mantle
(Avé Lallemant, 1976). In the western massif, the ex-
tension axis (X) is vertical in the north, but rotated
and even overturned to the south near the contact
with the gabbroic member, where the cumulate layer-
ing is vertical to slightly overturned. These data indi-
cate that the ophiolite is folded into a large
asymmetric east-west-trending anticline (Avé Lalle-
mant, 1976; Thayer and others, 1981). The contact
between the gabbroic and sheeted members is steep,
but aeromagnetic data (Thayer and others, 1981)
suggest that at depth the contact rotates toward a
more southerly dip of about 45° and that the ophio-
lite extends southward for some distance beneath
surface cover. If this anticline is unfolded, the cumu-
late layering in the gabbroic member, layering in the
keratophyre units, and the intrusive layers of dia-
base and plagiogranite all become subhorizontal. Ro-
tation of the sheeted member is poorly constrained in
time; it may have occurred during Late Triassic sub-
duction, during Triassic subduction, during Jurassic
collision, or possibly in Eocene or later time. Because
Eocene conglomerates overlying the southern part of
the ophiolite also have a steep southward dip (aver-
age is about 45°, but locally as high as 70°), folding
of the Canyon Mountain Complex cannot be dated
closely (Thayer, 1956). Although we consider the
sheeted member to be a stack of rotated sills and
minor flows (Gerlach, Avé Lallemant, and Leeman,
1981), others (for example, Thayer, 1963a; Misseri
and Boudier, 1985) favor emplacement of this mem-
ber as steeply dipping dikes because elsewhere in the
complex most dikes are steeply dipping.

PETROGRAPHY AND MINERALOGY

The peridotite of the ultramafic member is general-
ly harzburgite of uniform composition consisting of

olivine (Fogg_g1) with 10 to 25 percent orthopyroxene
(Engg_g2), 3 to 5 percent clinopyroxene (0.8-1.0 per-
cent Crg0g), and 1 to 2 percent chrome spinel (Him-
melberg and Loney, 1980). Pargasitic amphiboles
commonly border or enclose pyroxene grains. Only
rarely does the peridotite contain enough clinopyrox-
ene (as much as 10 percent) to make it a true lherzo-
lite. The texture is xenoblastic-granular; most grains
are slightly flattened and elongate parallel to folia-
tion and lineation, respectively. Olivines and orthopy-
roxenes in the dunites in which chromitite deposits
occur are slightly enriched in Mg (Fogg_gg, Enga_gs),
and rare clinopyroxenes contain 1 to 2 percent CrqO3
(Mullen, 1983a, b); textures in the dunites are simi-
lar to those in the harzburgites, except for the chro-
mitite layers, which contain subhedral to euhedral
chromite grains. Dunite veins and dikes have tex-
tures similar to those in the harzburgite, although
the olivines are coarser. All peridotites and dunites
are somewhat serpentinized.

Ultramafic and gabbroic rocks in the eastern part of
the gabbroic member are mostly tectonites that dis-
play the same penetrative-deformation structures as
found in harzburgites of the ultramafic member. Al-
though these gabbroic rocks have relict primary
banding, their overall texture is xenoblastic-granular;
only rarely are cumulate textures preserved (Avé La-
llemant, 1976). Himmelberg and Loney (1980) found
evidence of a slight Fe-enrichment trend in going
from dunites to gabbros, on the basis of compositions
of olivine (Fogs in dunites to Fogg in gabbros), or-
thopyroxenes (Engg to Enyg), and -clinopyroxenes
(CaggMgygFey to CayggMgyoFer2); plagioclases in the
same rocks range in composition from Angg in dunites
to Angq in gabbros. Pearcy (1987) observed that such
compositional trends are not necessarily regular.

The mafic cumulates of the western massif are
folded but not penetratively deformed. Cumulate tex-
tures are generally preserved except where the rocks
are altered near diabase and plagiogranite intrusions
and near brecciated zones. Mineral compositions for
these rocks are similar to those given for the tecton-
ite metacumulates in the eastern part of the complex
(Himmelberg and Loney, 1980).

Both the ultramafic and gabbroic members contain
gabbro, gabbro pegmatite, and pyroxenite dikes that
were emplaced prior to penetrative deformation. Their
textures are similar to those described above for com-
positionally equivalent rocks. Post-tectonic dikes and
veins have igneous textures. For example, in some
gabbro dikes, euhedral plagioclase crystals are aligned
parallel to the dike walls; this texture may reflect flow
alignment of crystals parallel to conduit walls. Pyrox-
enite, gabbro pegmatite, and hornblende pegmatite
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dikes are very coarse grained and have allotriomor-
phic to hypidiomorphic textures. Diabase dikes display
subophitic textures but vary in grain size.

The gabbroic rocks have undergone subsolidus al-
teration of at least two different types. Proximal to
intrusions of hornblende pegmatite or plagiogranite
or near mylonite zones, clinopyroxenes are partly to
completely amphibolitized. In contrast, gabbroic
rocks in permeable zones are commonly altered to
greenschist-facies assemblages, including hydrogros-
sular, chlorite, prehnite, calcite, and serpentine.

The sheeted member consists of screens of cumu-
late gabbros in the lower (more northerly) part and
keratophyres and basaltic rocks in the upper (more
southerly) part; these rocks are intruded by many
sills, dikes, and stocks of plagiogranite, diabase, and
minor basalt. The keratophyres are porphyritic, bear-
ing phenocrysts of quartz and plagioclase in a fine-
grained felty, spherulitic, or trachytic groundmass;
quartz phenocrysts tend to be embayed but common-
ly display high-temperature bipyramidal morphology.
Basalts are fine grained with intergranular to inter-
sertal textures, and consist of plagioclase, clinopyrox-
ene, and opaque minerals. A few vesicular basaltic
andesites contain elongate plagioclase phenocrysts in
a groundmass containing abundant microlites of pla-
gioclase and oxides. Diabases contain diopsidic to
subcalcic augite, plagioclase, magnetite, and ilmenite
and have characteristic ophitic texture. Plagiogran-
ites consist of plagioclase, quartz, hornblende, and
small amounts of biotite and opaque minerals; their
textures include hypidiomorphic-granular, granophyr-
ic, and porphyritic. Plagioclase phenocrysts display
oscillatory zoning in some samples. Modal green
hornblende varies from less than 10 percent in trond-
hjemites to more than 50 percent in some diorites; it
occurs as an interstitial phase, as euhedra, and rare-
ly as poikilitic grains with inclusions of plagioclase
and quartz. Severe local alteration of rocks in the
sheeted member produced secondary albite, chlorite,
epidote, and calcite.

Electron-microprobe analyses of fresh clinopyrox-
enes in selected mafic rocks mainly from the sheeted
member (fig. 1.6) display a marked difference in com-
position from those of clinopyroxenes in the cumulate
and tectonite members. These data suggest that the
basaltic magmas that intruded different parts of the
complex do not represent cogenetic liquids.

PALEOTHERMOMETRY AND PALEOBAROMETRY

Information on pressures and temperatures of for-
mation for rocks of the Canyon Mountain Complex is

sparse. Himmelberg and Loney (1980) estimated tem-
peratures of about 880 to 975 °C for the harzburgite
tectonites and cumulate pyroxenites using analyses
of coexisting orthopyroxenes and clinopyroxenes and
the geothermometer of Wells (1977). These tempera-
ture estimates are unreasonably low for near-liqui-
dus conditions, and it is probable that the mineral
compositions have readjusted to subsolidus condi-
tions due to low cooling rates or to recrystallization.
Mercier (1980; oral commun., 1982) applied his
own geothermometer-barometer to seven harzburg-
ites and obtained apparent equilibration tempera-
tures of 1,000 to 1,100 °C and rather high pressures
of 15 to 25 kb for samples from the deformed eastern
part of the complex, and 900 to 1,000 °C and 8 to 15
kb for the western part. Because Mercier’s method is
based largely on empirical relationships, the calculat-
ed temperatures and pressures may not be correct in
an absolute sense; however, they are internally con-
sistent and suggest at least relative pressure-temper-
ature conditions for recrystallization of the two
structurally distinct parts of the complex.

GEOCHEMISTRY AND PETROLOGY

Reconnaissance geochemical investigations were un-
dertaken to characterize all common rock types of the
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Canyon Mountain Complex. Representative samples
have been analyzed for major and (or) trace elements
using a variety of methods (see section “Analytical
Methods,” below). These samples include the plagio-
granite and keratophyre suites previously described in
detail by Gerlach, Leeman, and Avé Lallemant (1981).
Of primary concern here are the volcanic and hypa-
byssal rocks that most closely represent magmatic lig-
uids; relatively little emphasis has been placed on the
cumulate gabbros or the various ultramafic tectonites,
the chemical and (or) mineralogical compositions of
which have been described by others (Thayer and
Himmelberg, 1968; Himmelberg and Loney, 1980;
Mullen, 1983a, b; Bishop, chap. 5, this volume). Ana-
lytical results as well as brief descriptions of the ana-
lyzed samples are given in tables 1.2 through 1.6.
Specific sample locality information is available from
the authors.

Most of the rocks selected for geochemical study are
relatively fresh and have retained their original miner-
al compositions and textures. However, because many
of our samples exhibit at least some alteration or low-
grade metamorphic recrystallization, it is necessary to
carefully assess those geochemical parameters that
supposedly reflect primary petrogenetic processes. The
problems of evaluating the effects of element mobility
in altered rocks and of deciphering tectonic setting and
petrogenetic history of ophiolitic rocks have been sum-
marized by Pearce and Cann (1973), Winchester and
Floyd (1977), Pearce (1982, 1983), and others. Most
attention has focused on geochemical comparisons
with modern basaltic associations such as midocean-
ridge basalt (MORB), oceanic-island or within-plate
basalt (WPB), and island-arc basalt (IAB) suites, which
have diagnostic geochemical features. To facilitate
such a comparison, it is first necessary to identify those
samples that retain or closely approach their original
magmatic compositions.

ANALYTICAL METHODS

Representative samples were analyzed in two
batches as follows: Group I (CM-prefix samples) and
Group II (CMG- and OC-prefix samples). Major-ele-
ment analyses were determined for Group II samples
by combined electron microprobe analysis (EMPA) of
fused glasses and atomic absorption spectrophotome-
try (AAS) (Gerlach, Leeman, and Avé Lallemant,
1981), and for Group I samples by X-ray fluorescence
(XRF) analysis of flux-fused samples (see Jacques
and Chappell, 1980). Trace-element analyses were
obtained on Group II samples by instrumental neu-
tron activation analysis (INAA) at Oregon State Uni-

versity and at the National Aeronautic and Space
Administration (NASA) Johnson Space Center
(Gerlach, Leeman, and Avé Lallemant, 1981), and by
XRF analysis of pressed powder disks at the Univer-
sity of Massachusetts (Frey and others, 1984). Group
I samples were analyzed for a few trace elements by
the latter method at the Australian National Univer-
sity. For selected Group II samples, Sr, Ba, Sc, V, Cr,
Ni, Zn, and Zr were determined by inductively cou-
pled plasma (ICP) spectroscopy at Rice University.

Analytical uncertainties are generally within 1 to 5
percent of the amount present for the major elements
and 5 to 10 percent for most trace elements. Uncer-
tainties may be somewhat larger for elements with
low abundance or low sensitivity, such as Th, Ta, Ba,
and Nb; the results for these elements (and especial-
ly for Nb) are reported to indicate the extremely low
abundances in most samples. Dashes in tables indi-
cate that abundances either were not determined or
were below detection limits.

Analysts included the following: XRF, D.C. Gerlach
at the University of Massachusetts and Bruce Chap-
pell at the Australian National University; INAA,
W.P. Leeman at Oregon State University and D.C.
Gerlach at NASA; AAS, D.C. Gerlach at NASA;
EMPA, D.C. Gerlach at Rice University; ICP, WP.
Leeman at Rice University.

Data are presented in separate tables (tables 1.2 —
1.6) according to rock type. However, we have arbi-
trarily included gabbroic samples with greater than
0.7 weight percent TiOg in table 1.4 with diabase, dol-
erite, and basaltic rocks because all of these rocks are
believed to approximate original magmatic liquids in
composition. Throughout this paper, all samples in
table 1.4 have been plotted together as “magmatic”
samples. Inspection of figures 1.7 and 1.8, for exam-
ple, shows that the compositions of these samples do
indeed resemble basaltic compositions and define co-
herent geochemical trends. All major-element data
shown in diagrams are based on analyses recalculat-
ed to 100 percent totals on an anhydrous basis.

GENERAL GEOCHEMICAL CHARACTERISTICS

Major-element characteristics of the rocks of the
Canyon Mountain Complex generally resemble those
of most ophiolites. The main lithologic groups are
easily distinguished in SiOy variation diagrams (fig.
1.7). The ultramafic rocks define a restricted group-
ing (low SiO,, alkalis, TiOg, P5O5, and AlyOg, and
high MgO) consistent with their dominantly olivine
and pyroxene mineral assemblages. With exception of
the cumulate gabbros, which have relatively high
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TABLE 1.2.—Analyses of major-element oxides and selected trace elements in ultramafic rocks (peridotite, harzburgite, pyroxenite) of the
Canyon Mountain Complex

Sample ------- CM65 CM37 CM38 CM60 CM54 CM64 CM61 CM62 CM63
Rock type ---- Serpentinized Tectonite Tectonite  Pyroxenite Pyroxenite Pyroxenite Cumulate olivine Plagioclase- Olivine-plagioclase
peridotite  harzburgite harzburgite pyroxenite bearing pyroxenite pyroxenite
Major-element oxides, in weight percent
Si0g -----mn 37.43 42.71 43.78 47.32 51.27 49.77 42.30 41.24 41.33
TiOg ---—--- 0.09 0.01 0.01 0.04 0.16 0.15 0.11 0.08 0.07
Al,Oq -—---- 5.70 1.19 0.80 1.19 3.33 2.82 2.73 6.23 6.21
Fey0g------ 4.33 2.10 1.45 2.35 1.23 1.19 4.28 2.30 2.75
FeO ----mem- 4.85 5.56 6.42 2.36 4.47 4.53 5.66 6.14 5.77
MnO ------- 0.15 0.13 0.14 0.10 0.15 0.14 0.16 0.15 0.16
MgO ------- 32.73 42.25 42.97 26.56 19.44 20.51 26.85 26.01 25.76
CaQ-----—--- 3.11 1.10 0.79 13.08 17.77 18.49 9.42 9.72 9.42
NayO ------ 0.04 0.02 0.01 0.08 0.17 0.14 0.10 0.16 0.13
KoO -~ 0.08 0.02 0.01 0.08 0.03 0.03 0.03 0.03 0.03
Py0g ---emem 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
HyO0" - 11.09 4.44 0.01 6.07 1.19 1.52 7.41 6.98 741
HyO - 0.30 0.31 0.31 0.30 0.20 0.17 0.30 0.39 0.38
COg -------- 0.18 0.32 3.01 0.18 0.21 0.14 0.28 0.23 0.20
Total --- 100.09 100.17 99.72 99.72 99.63 99.61 99.64 99.67 99.63
Trace elements, in parts per million
V s 62 41 38 70 262 228 125 93 84
Cr - 4,325 2,960 3,300 2,985 2,255 4,360 1,495 1,895 1,785

MgO and AlyOg, the remaining rocks define what ap-
pear to be coherent trends more or less typical of ig-
neous liquid lines of descent. A plot of AlyO3 versus
SiOq (fig. 1.7) is particularly effective in discriminat-
ing those rocks with compositions appropriate for
magmatic liquids (that is, non-cumulate gabbro, dia-
base, basaltic rocks, and the more siliceous plagio-
granite and keratophyre suites) from rocks having
high proportions of cumulate minerals (cumulate
gabbro and pyroxenite) and rocks from which melt
may have been extracted (harzburgitic peridotites).
Solely on the basis of petrography or field relations,
it is often difficult to differentiate coarse-grained,
dominantly cumulate gabbroic rocks from gabbros
that represent magmatic liquids. For example, many
dolerites and coarse-grained diabases have higher
contents of incompatible elements (such as K, Ti, P)
than expected for purely cumulate gabbros. Also, be-
cause the cumulate rocks represent concentrates of
plagioclase, olivine, and pyroxenes, they are relative-
ly enriched in Al, Mg, and Ca. A plot of the relatively
immobile components AlyO3 versus TiOs (fig. 1.8)
clearly discriminates a group of mafic rocks that re-

semble modern oceanic basalts (see Melson and oth-
ers, 1976; Bryan and others, 1981) from the other
lithologic groups. In this chapter we rely mainly on
these presumably magmatic or near-magmatic sam-
ples to understand petrogenetic processes.

The basaltic to felsic rocks of the intrusive complex
and the extrusive keratophyres are characterized by a
relatively strong covariation between SiOg and the ox-
ides CaO, MgO, FeO* (total Fe as FeO), NayO, and
TiOg (fig. 1.7)—not unlike that expected for magmatic
liquid lines of descent. However, considerable scatter
for contents of KoO and possibly PsO5 may reflect al-
teration. Alteration effects are more clearly seen in
plots of various elements against TiOg (fig. 1.8), which
tends to be one of the least mobile constituents of
igneous rocks under conditions of alteration (Pearce,
1983).

The possible effects of crystal-liquid fractionation
must be considered in evaluating overall composition-
al variations for both the felsic and mafic rocks. The
mafic rocks alone display strong positive correlations
between TiO9 and P9Os, Ce, and Hf (fig. 1.8), as well
as between TiOg and Zr (see fig. 1.14). Weaker posi-
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TABLE 1.3.—Analyses of major-element oxides and selected trace elements in gabbroic rocks (with less than 0.7 weight percent TiOg) of the
Canyon Mountain Complex

(---, not determined or below detection limit]

Sample -------- CM55 CM56 CM57 CM58 CM28 CM34 CM35 0C277
Rock type --—- Anorthositic Foliated Foliated Foliated Cumulate Cumulate Cumulate Olivine-
gabbro anorthositic gabbroic gabbroic gabbro anorthositic  anorthoesitic  plagioclase
gabbro anorthosite anorthosite gabbro gabbro cumulate
(troctolite)
Major-element oxides, in weight percent
Si0g ------------ 45.54 44.31 44.07 43.93 47.05 45.19 45.82 47.50
TiOg ----r--eeem- 0.09 0.09 0.05 0.08 0.18 0.16 0.27 0.01
Al,Oq ---—eeeee 20.57 14.86 26.00 22.21 18.00 23.76 20.69 24.40
0.61 0.64 0.56 0.65 0.96 1.09 2.08 -
2.51 5.08 1.89 3.08 3.51 2.63 3.98 5.70
0.06 0.11 0.04 0.07 0.10 0.07 0.09 0.08
MgO ------eeee- 11.90 16.77 6.42 8.85 10.06 6.70 7.80 9.54
CaO---- 13.08 11.60 16.47 15.08 17.11 16.83 15.49 11.90
Na,0 1.82 1.47 1.22 117 0.90 1.00 1.14 1.46
0.06 0.04 0.06 0.09 0.06 0.05 0.03 0.02
0.01 0.01 0.01 0.01 0.01 0.01 0.01 -
2.87 431 2.76 3.92 2.03 2.03 2.07 -
0.19 0.12 0.30 0.30 0.17 0.21 0.25 ---
0.30 0.19 0.14 0.15 0.01 0.06 0.01 -
Total -------- 99.61 99.60 99.99 99.59 100.15 99.79 99.73 100.61
Trace elements, in parts per million
47 79 50 87 146 114 150 ---
1,130 1,085 496 357 429 354 86 6
47.4
- --- - - - - --- 53
--- - - - 0.03
—-- -~ - - — - -— 0.11
- - - - - 0.05
0.17
0.012
0.062
- - . 0.007

tive correlations between TiOg and Th, Ba, and possi-
bly K20 in the mafic rocks (fig. 1.8) may reflect
alteration of some samples, because normally these
incompatible elements are coherently enriched in
evolving mafic liquids. Negative correlations between
TiOg2 and Mg number (fig. 1.8) and between TiOs and
abundances of Sc, Co, Cr, and Ni (table 1.4) and the
positive correlations just mentioned are consistent
with differentiation involving removal of Fe-Ti-oxide-
poor mineral assemblages from the evolving mafic
liquids. Under such conditions Ti behaves as an es-
sentially incompatible element, and its abundance

correlates with that of other incompatible trace ele-
ments (see Cann, 1970; Saunders and others, 1980).
On some of the TiOg variation diagrams (see fig.
1.8), the plagiogranites and keratophyres show trends
that preclude their derivation by simple fractionation
from mafic precursor magmas. In the felsic rocks,
TiOg and Mg number decrease together—along with
other transition metals (tables 1.5 and 1.6)—in accord
with fractionation of Fe-Ti oxides and ferromagnesian
minerals. Fractionation of such minerals is consistent
with the small degree of Fe enrichment (fig. 1.9) and
the strong alkali-enrichment trend (fig. 1.10) observed
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TABLE 1.4.—Analyses of major-element oxides and selected trace elements in mafic rocks (diabase, dolerite,

[-—, not determined or

Sample ------—- CM26 CM27 CM19 CM20 CM21 CM39 CM40 CMGI124A CMG49 0C244 0C256 0C259
Rock type----- Olivine Olivine Hornblende- Gabbro Cumulate Gabbro Gabbro Porphyritic Quartz Diabase Diabase Diabase
gabbro gabbro  plagioclase gabbro plagioclase- diabase
dolerite clinopyroxene
diabase
Major-element oxides,

Si0g------ 48.56 49.52 49.75 49.54 50.83 49.99 47.29 50.80 56.30 53.90 52.20 54.30
TiOg------ 1.29 1.22 1.89 2.14 2.34 1.20 2.12 1.44 1.73 0.84 1.61 1.05
Aly,0q----- 15.19 15.52 14.87 14.62 14.59 15.17 15.13 15.10 14.90 16.70 15.50 15.10
Fe,Og - 2.22 2.03 0.75 0.63 1.16 2.58 3.64 e - - - -
FeO ------ 7.81 7.27 10.53 11.54 10.93 6.94 7.92 10.20 9.59 8.68 9.57 10.20
MnO ----- 0.19 0.18 0.20 0.22 0.23 0.18 0.22 0.21 0.24 0.15 0.19 0.16
MgO --—- 8.04 7.76 5.72 4.85 4.67 6.58 6.94 7.78 5.79 6.25 8.81 6.93
CaOQ ------ 11.16 10.81 10.05 9.10 7.36 9.03 8.13 10.10 6.09 9.74 7.21 7.99
NayO----- 2.45 3.07 3.91 4.24 4.89 421 3.98 2.70 3.79 3.49 3.98 4.49
K50 ------ 0.15 0.13 0.20 0.19 0.29 0.19 0.40 0.22 0.29 0.03 0.13 0.32
PyO5------ 0.06 0.09 0.16 0.20 0.21 0.07 0.17 - - - - -
HyO% ----- 2.43 1.96 1.92 1.78 2.31 3.12 3.34 - -—- - - -
Hy,O ----- 0.17 0.24 0.08 0.09 0.16 0.28 0.35 - - - - -
COy ----- 0.08 0.01 0.07 0.53 0.04 0.09 0.29 - - - -—- -

Total-- 99.80 99.81 100.10 99.67 100.01 99.63 99.92 98.55 98.72 99.78 99.20 100.54

Trace elements,

) - - -—- - -—- - - 132 109 72 125 83
Ba ----m--- 15 30 30 35 20 15 30 12 27 - 20 31
Sc ---mnem - - - -— -—- — - 36.5 31.1 40.5 35.9 41.1
Voo 329 278 370 396 430 286 356 236 174 244 262 293
Cre——— 272 262 86 38 26 113 133 173 124 60 220 71
Co -------- - - - - - -— - 41.6 26.6 30.4 36.8 371
Ni--eeeeee - - --- --- -— - - 106 47 22 96 36
Zn - - -- - - -—- - -—- 102 121 88 114 104
Ta -------- - - - - -— - --- - 0.06 - - -
Nb ------- - - - - -— - --- 0.1 0.2 - 0.1 0.2
Hf-emeeeee - -— -—- - - - --- 2.99 3.79 1.19 241 2.04
Th -------- - - - - - - -—- 0.54 0.60 - - -
Zr —---ee- - - - - - - - 102 138 44 102 74
La -—----- -— - - - - - - 2.62 3.06 1.15 2.83 2.00
Ce ----mmm- 7 9 18 18 16 7 11 9.0 11.2 3.7 9.0 6.4
Nd -----—-- -—- -—- —- - - - -—- 7.3 10.7 4.0 9.8 7.2
Sm -------- - - - -— - - -—- 3.40 4.39 1.77 3.56 2.76
Eu - - -- - - -—- ——- --- 1.32 1.48 0.74 1.26 0.97
Tb -------- - - -— -— - -— - 0.97 0.96 0.52 0.83 0.72
Yb - - -—- - - - - - 3.69 4.41 1.92 2.88 2.85
Lu - - -—- - - - - - 0.53 0.68 0.30 0.52 0.42

in these rocks. A small number of samples described The positive correlation between TiOg and P05 in

as basaltic andesites and spilites, and probably some
so-called epidiorites, display significant alkali enrich-
ment that in part is due to alteration; these rocks
have been lumped in with the plagiogranite suite in
fig. 1.10.

the mafic rocks is consistent with concurrent fraction-
ation of apatite and Fe-Ti oxides (see fig. 1.8). Negative
correlations of TiOy with Ce, Hf, and Zr simply indi-
cate that Ti is not incompatible in the more evolved
magmas, whereas Ce, Hf, and Zr are (tables 1.4-1.6).
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basaltic rocks, and gabbroic rocks with more than 0.7 weight percent TiOy) of the Canyon Mountain Complex
below detection limit]
CMG- CMG- CMG- CMG- CMG- CM8 CM6 CM25 CMG32 CMGS81 CMG- 0C216 CMGI8A CMG146B
162 166 211 207 43C 227
Diabase Diabase Diabase Diabase Horn- Gabbro Plagio- Basalt  Basalt Basalt Spilite  Spilite Porphyritic Porphyritic
blende clase basaltic basaltic
epi- phyric andesite andesite
diorite basalt
in weight percent
51.30 52.40 52.50 55.90 51.90 48.65 50.91 50.07 53.00 54.90 61.00 61.50 57.80 59.10
1.00 1.23 1.86 1.32 0.72 1.49 1.55 1.21 1.39 1.57 1.04 1.23 1.30 1.00
15.50 16.30 14.90 14.80 15.90 15.97 14.84 1556 15.40 15.10 15.10 15.70 15.20 15.1
- -—- --- - -—- 1.87 1.84 1.18 - - --- - -- -
9.57 10.10 11.50 10.00 9.64 8.18 8.53 8.71 10.90 11.90 9.71 7.68 8.38 10.00
0.19 0.19 0.18 0.18 0.18 0.20 0.30 0.18 0.19 0.18 0.18 0.23 0.13 0.14
7.75 7.42 6.95 6.15 8.46 7.91 7.33 6.69 7.02 5.97 3.48 2.83 5.62 6.43
10.20 8.63 8.29 7.55 9.15 8.41 5.89 9.01 7.64 5.65 4.19 2.12 5.16 2.59
2.68 3.33 3.33 4.36 2.81 3.21 4.19 3.60 443 5.18 5.58 6.64 5.45 4.92
0.10 0.12 0.60 0.20 0.68 0.55 0.46 0.77 0.20 0.09 0.04 0.15 0.89 0.42
- -—- - -—- - 0.12 0.10 0.07 - - - - -—- -
-—- - — - -—- 3.08 3.23 2.56 - - - - - -
-—- -—- - - -—- 0.24 0.34 0.09 -—- - - - - -—-
--- -—- -—- -—- - 0.21 0.10 0.14 - - - - -—- -
98.29 99.72 100.11 100.46 99.44 100.09 99.61 99.84 100.17 100.54 100.32 98.08 99.93 99.70
in parts per million
167 197 - 79 -— - - -— 129 78 45 --- 91 83
7 9 -- 22 - 50 50 40 19 1 --- - 141 33
42.8 40.1 41.3 374 424 - -—- - 39.8 40.4 29.4 20.4 34.9 33.5
289 288 --- 214 - 332 325 321 303 349 - - 7 248
162 124 80 138 121 267 240 123 162 15 2 4 250 26
37.6 38.2 40.3 314 38.9 -—- - -—- 36.3 33.0 21.1 8.8 27.6 26.9
66 49 - 44 -— - - - 67 17 8 - 32 17
82 91 - 109 — - - - 98 117 106 - 76 95
-—- 0.09 0.09 - -— - --- - - - - 0.09 - -
0.2 0.4 —-- 0.8 -—- - -—-- -—- -—- - --- - 0.2 -
1.50 2.09 3.28 2.40 1.31 - - - 2.65 2.01 2.00 4.04 2.27 1.58
0.28 0.28 0.68 0.21 0.37 - --- - 0.63 0.45 0.38 0.19 0.55 0.54
55 77 -—- 85 -—- - - - 90 69 68 - 84 51
1.57 1.77 2.86 2.86 1.10 - - - 2.19 1.71 1.75 3.62 2.09 1.34
5.2 7.5 10.2 8.3 2.5 8 7 9 7.9 5.0 54 14.2 6.6 54
5.3 6.4 8.8 8.2 34 - - --- 6.9 6.8 6.0 17.1 7.0 8.4
2.18 2.79 4.03 341 0.96 - - - 3.77 2.85 2.45 6.16 3.08 4.08
0.80 0.97 1.40 1.02 0.43 - - - 1.47 1.18 0.98 1.78 1.09 1.84
0.50 0.71 1.03 0.82 0.26 - - - 0.87 0.73 0.57 1.43 0.72 0.99
2.15 2.65 3.88 3.10 1.25 - -—- -—- 3.16 2.74 2.37 4.95 2.81 3.12
0.34 0.43 0.60 0.49 0.18 - - --- 0.50 0.44 0.40 0.74 0.42 0.45

The scatter observed for some elements or oxides may
reflect alteration (Ba, K9O) and possibly analytical un-
certainties (Th) at low concentration levels. More im-
portantly, the significant decrease in contents of many
incompatible elements (Ce, Hf, Zr, Th) and the reten-
tion of comparable levels for others (K5O, Th, Ba) ob-

served in going from the basaltic rocks to the felsic
ones is inconsistent with a comagmatic relationship
between these two groups of rocks. Further compari-
sons of covariations between other expectedly incom-
patible elements (fig. 1.11) reveal that, among the
mafic rocks, La (like Ce) correlates strongly with Ty,
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TABLE 1.5.—Analyses of major-element oxides and selected trace

[---, not determined or

Sample ------- CM17 CM15 CM51 CM41 CM42 CM11 CM10 CM18 CM44
Rock type ---- Feldspathic  Diorite with Diorite Hornblende Hornblende Hornblende Diorite Quartz diorite Hornblende
diorite cumulate diorite diorite diorite (xenolith in (chloritized) plagiogranite
clinopyroxene pegmatite keratophyre)
plagioclase
Major-element oxides,
SiOg----v-- 53.64 55.01 55.44 52.70 58.11 54.15 59.58 71.46 75.95
TiOg-----me- 0.69 0.68 0.94 0.57 0.80 1.17 1.10 0.30 0.14
Al;Oq ------- 17.39 16.14 16.66 16.67 14.86 15.49 15.38 14.61 11.95
Fe,0g ------- 1.38 4.56 2.14 2.36 1.57 2.74 1.97 0.50 0.73
FeO ---—-- 5.80 4.80 6.29 4.59 6.20 8.19 6.38 0.45 1.63
MnQO --------- 0.15 0.17 0.16 0.17 0.18 0.19 0.15 0.02 0.07
MgO --------- 5.33 4.45 4.10 5.04 4.45 4.12 3.00 0.56 0.73
CaQ - 6.32 6.41 4.36 10.14 5.72 6.33 6.19 3.72 0.85
NayO ------ 4.86 3.81 5.49 3.62 4.76 3.87 3.94 6.35 6.24
K50 --ermeee 0.84 0.31 0.28 0.15 0.43 0.38 0.32 0.25 0.07
PyOg-emmnnme- 0.07 0.08 0.13 0.04 0.05 0.08 0.10 0.05 0.01
H,0" —oeeem- 2.75 3.38 3.01 3.08 2.35 2.67 1.67 1.12 0.91
H,O e 0.25 0.31 0.37 0.62 0.26 0.27 0.19 0.15 0.13
COy --=mnreen 0.11 0.05 0.38 0.34 0.15 0.09 0.01 0.05 0.18
Total -----  99.58 100.16 99.75 100.09 99.89 99.74 99.98 99.59 99.59
Trace elements,
) — — -—- — - - - --- -
Ba -—--oeeeeee 85 35 35 15 40 55 50 30 20
S¢ ---meeeemeee - - -—- - - - - - ---
V---- 155 185 216 223 166 371 164 6 5
Clecemeeee 17 13 7 113 76 5 3 1 2
Co —--mmemmmmee - - - - -—- - - - -
[\ . - - - — - -—- - - -
Y/ — - - -—- - —— - - - -
Ta ----eomeeme-e - -—- -—- -—- - - - - -
J\\] o Y — — — — —— — —— — - —
Hf--reeeem - - - - - —- - --- - -
| ¢ . — — — — —— —— ——— —— ——
Zr ——meemeeeee - -—- - - - - - - -
La —-meeeeeee - - - - - - - --- -
Ce ---—-meeem- 5 2 7 6 8 9 6 4 13
[\ [ EEEN— - - - - - - - - -
Sm oo .. .- - - —— -—- -- --- -
) D17 E—— - - - - - -—- --- - -
| - -—- - -—- - -—- - - - -
YD oo — — — — - .
| 7 e — —— - - - - - - --- -—-

Hf, and Zr, and slightly less so with Th. Thus, it seems
reasonable that all of these elements and probably Ta
and Nb as well (see Wood, Joron, and Treuil, 1979) are
controlled mainly by magmatic processes and are not
significantly affected by alteration or weathering proc-
esses (see Menzies and others, 1977). On the other
hand, the alkalis (K, Na, Ba) usually display poor cor-

relations with the other determined incompatible ele-
ments, and it appears that they may be unreliable as
petrogenetic indicators (see Pearce, 1983). Despite the
wide range in bulk composition and the apparent in-
fluence of alkali metasomatism, it is notable that KoO
contents are generally low (<1 weight percent) in all of
the rocks studied.
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elements in rocks from plagiogranite suite of the Canyon Mountain Complex

below detection limit]

CM12 CM43 CMG174C CMG190B 0C314 CMG137 CMG2 CMG55A CMG191 0C114
Plagiogranite =~ Hornblende Epidiorite Hornblende Hornblende Tonalite Tonalite Trondhjemite Trondhjemite Trondhjemite
plagiogranite altered diorite diorite
gabbro)
in weight percent
74.45 77.42 59.40 62.30 59.40 61.10 67.30 69.70 71.90 76.00
0.30 0.10 0.44 0.65 0.90 0.65 0.55 0.50 0.36 0.21
12.45 11.72 15.10 14.20 14.90 16.30 16.10 15.80 15.50 13.80
1.27 0.85 - - - - - -- -- -—-
1.96 1.06 6.06 7.67 7.26 8.30 5.54 4.22 3.31 1.56
0.07 0.04 0.13 0.16 0.18 0.18 0.18 0.10 0.07 0.06
0.85 0.34 791 4.90 4.84 3.71 0.94 1.12 0.60 0.38
2.37 1.16 6.62 5.47 6.28 5.31 3.30 3.29 3.65 1.04
5.49 6.01 3.62 4.54 4.71 441 5.00 4.40 3.91 5.99
0.17 0.08 0.11 0.56 0.40 0.26 0.40 0.98 0.48 0.15
0.04 0.01 - - - - - - - -—-
1.30 0.68 - - - - -—- - - -
0.15 0.12 - - -- - - - - -—-
0.01 0.08 -—- - -—- -—- - - -- -
100.88 99.67 99.39 100.45 98.87 100.22 99.31 100.11 99.78 99.19
in parts per million
- --- --- 146 - - 107 148 100 49
15 20 - 28 -—- --- 57 63 46 23
--- --- 22.0 33.8 31.3 28.4 15.8 12.5 4.7 4.5
16 3 --- 164 - - 8 45 28 6
1 1 206 73 72 10 7.4 13 13 3
--- - 29.7 23.8 21.8 20.7 6.2 7.5 4.8 1.8
- --- - 32 47 - 1 4 4 10
- - - 87 --- - 76 57 38 19
- - . - - - - 0.09 0.11 0.10
- - - 0.2 -—- - - - 0.6 -
- - 1.57 2.29 2.20 1.71 3.12 2.99 4.65 5.83
- - 0.63 0.49 0.12 0.46 0.35 0.42 0.42 0.29
- - - 63 -—- - 100 108 153 198
- - 3.44 1.88 1.95 1.74 3.42 3.07 2.34 4.21
10 20 9.2 7.0 6.2 5.7 10.4 9.3 6.7 14.0
- - 3.9 6.5 8.9 5.2 9.6 8.3 49 11.1
- - 1.25 2.56 2.82 2.14 3.39 2.68 1.80 3.84
- --- 0.47 0.84 0.83 0.91 0.83 0.80 0.59 0.97
- - 0.20 0.60 0.63 0.65 0.86 0.70 0.53 091
- - 0.84 2.68 2.87 2.26 4.03 2.90 2.68 4.74
- - 0.15 0.44 0.49 0.36 0.63 0.49 0.41 0.77

Considering the more reliable elements, it is clear
that the least fractionated felsic rocks with the high-
est TiOg contents have lower incompatible-element
contents than many of the basaltic rocks. This point
is well illustrated in comparing chondrite-normalized
rare-earth-element (REE) profiles for rocks of the
Canyon Mountain Complex (fig. 1.12). This figure

contrasts REE contents for a variety of mafic to felsic
rocks, including the basaltic andesites and spilites.
Despite evidence for selective alteration of some of
these rocks, REE contents and relative abundances
are broadly similar for the mafic rocks. From this ob-
servation, it appears that the REE have not been sig-
nificantly mobilized and they should be useful for
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TABLE 1.6.—Analyses of major-element oxides and selected trace elements

[---, not determined or

Sample --------- CMG15 CMG157A 0C214 0C224 0C241 0C243 CM1
Rock type------ Quartz Plagioclase Plagioclase Quartz Keratophyre Quartz Keratophyre
keratophyre keratophyre keratophyre keratophyre keratophyre
Major-element oxides,
75.80 75.00 73.20 79.40 76.60 76.10 77.92
0.14 0.27 0.59 0.16 0.18 0.18 0.14
14.20 12.60 12.60 11.00 12.80 12.70 11.47
- --- - --- - - 1.17
2.70 3.94 5.75 1.73 3.21 3.82 0.60
0.10 0.07 0.15 0.04 0.04 0.10 0.02
0.25 0.49 2.56 1.01 0.24 0.52 0.31
0.56 0.83 0.77 0.97 1.50 0.52 0.82
6.23 6.19 5.09 5.10 5.49 6.07 5.85
0.11 0.06 0.03 0.09 0.09 0.09 0.10
- - - -— --- - 0.02
— -— - -— - -— 0.78
- - - - - - 0.23
0.21
100.09 99.45 100.74 99.50 100.15 100.10 99.64
Trace elements,
72 49 23 83 - 27 -
20 10 8 38 --- 7 10
9.7 13.3 18.4 8.7 11.9 15.0 -
2 - 72 8 - 11 6
19 15 44 4 3 22 2
0.8 1.6 12.0 1.9 1.4 3.1 -
4 7 22 13 - 9 -
A R 46 70 107 25 - 73 -
Ta ---memmmmmmemee 0.12 0.08 - 0.09 0.07 - -
Nb ------eeemeeeem - --- 0.2 0.1 - 0.1 --
6.47 3.04 3.41 3.71 3.65 3.30 -
0.16 0.18 0.16 0.39 0.16 0.21 -
225 98 123 120 - 108 -
4.25 2.57 2.11 1.93 3.04 3.29 -
14.3 7.8 8.2 7.8 11.5 10.4 10
14.9 7.9 8.6 6.9 --- 11.3 -—
5.07 2.99 3.42 2.71 3.58 3.67 -
0.72 0.82 0.77 0.38 0.85 1.08 -
1.37 1.00 0.96 0.89 0.88 0.98 -
6.80 3.86 4.04 4.08 3.48 4.37 -
Lu —meemeeee 1.02 0.58 0.64 0.64 0.64 0.68 —

petrogenetic purposes. Another striking feature of the
data is the strong similarity between REE profiles for
the mafic and the felsic rocks, with the exception
that the latter have marginally higher La/Sm ratios
and conspicuous Eu anomalies. The most unusual
REE pattern obtained is for an altered gabbroic rock
(the so-called epidiorite, sample CMG-174C) that dis-
plays significant depletion of heavy REEs.

COMPARATIVE GEOCHEMISTRY AND
EVALUATION OF TECTONIC SETTING

Having established that most of the analyzed in-
compatible trace elements are likely to be represen-
tative of original magmatic abundances, it is of
interest to determine the affinity of the mafic rocks of
the Canyon Mountain Complex to other present-day
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in keratophyres and quartz keratophyres of the Canyon Mountain Complex

below detection limit]

CM3 CM7 CM9 CM45 CM47 CM49 CM50 CM46
Keratophyre Keratophyre Keratophyre Keratophyre Quartz Quartz Quartz Quartz
keratophyre keratophyre keratophyre keratophyre

in weight percent

75.98 73.62 75.98 74.82 78.52 75.72 74.32 77.22
0.14 0.22 0.15 0.17 0.10 0.16 0.21 0.10

11.53 12.94 12.12 12.44 11.13 1191 12.18 11.83
1.12 1.77 1.36 1.14 0.74 0.80 1.36 0.65
2.27 1.52 1.19 1.98 0.89 1.73 2.05 1.08
0.07 0.04 0.03 0.08 0.02 0.06 0.08 0.04
0.53 0.68 0.40 0.45 0.52 1.02 0.50 0.64
0.74 1.64 1.49 1.64 0.61 0.32 1.63 0.29
5.58 5.89 5.63 5.81 6.07 6.44 5.38 6.39
043 0.32 0.25 0.06 0.06 0.09 0.08 0.07
0.05 0.05 0.01 0.01 0.01 0.01 0.02 0.01
0.94 0.78 0.85 0.98 0.68 1.01 1.36 0.72
0.17 0.15 0.16 0.14 0.14 0.20 0.19 0.17
0.07 0.04 0.23 0.18 0.23 0.14 0.24 0.36

99.62 99.66 99.85 99.90 99.72 99.61 99.60 99.57
in parts per million

10 10 30 10 10 15 15

12 9 3 3 4 15 5 4
2 3 1 3 2 2 2 1
8 2 19 8 36 8 10 13

basaltic associations. Unfortunately, a similar com-
parison cannot yet be attempted either for the cumu-
late and ultramafic members of the complex, owing
to insufficient data and because these rocks do not
approximate magmatic liquids in composition, or for
the felsic rocks, because of limited data and ambigu-
ity of the available petrogenetic discriminators for
such rock types (see Pearce and others, 1984).

Direct comparison of representative diabases and a
basaltic andesite of the Canyon Mountain Complex
with basaltic rocks from other environments is illus-
trated in figure 1.13, which shows incompatible-
element abundances normalized to Wood’s (1979) esti-
mated primordial-mantle composition. Similar profiles
are obtained by normalizing to estimated midocean
ridge basalt (MORB) abundances (see Sun and Nesbitt,
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FIGURE 1.9.—Fe-Mg variations in basaltic rocks of the Canyon

Mountain Complex compared to trends for average midocean-
ridge basalts (MORB; Melson and others, 1976), lavas from
the Galapagos Ridge (Perfit and others, 1983), and glasses
from upper pillow lavas of the Troodos ophiolite (Robinson
and others, 1983). FeO*, total iron as FeO. A, MgO versus
FeO*. Canyon Mountain Complex and Troodos ophiolites
both show only moderate Fe enrichment relative to Gal4pa-
gos and Skaergaard rocks. Island-arc data field (stippled) and
Skaergaard trend (arrow) are from Robinson and others
(1983). B, SiO,; versus FeO*/MgO ratio. Samples from all
suites display only limited increase in FeO*/MgO ratio with
increasing Si0O,; Canyon Mountain Complex samples strad-
dle the calc-alkalic (CA)/tholeiitic (TH) boundary of Miyashi-
ro (1973). C, TiO, versus FeO*/MgO ratio. Mafic samples of
all suites, including the Canyon Mountain Complex, plot
within the MORB data field (from Casey and others, 1985).

1977; Sun and others, 1979; Pearce, 1983). Other than
anomalous spikes in Ba and K, the Canyon Mountain
Complex basaltic andesite has a profile similar to those
of the diabases (fig. 1.13A). Furthermore, excluding the
epidiorite, all Canyon Mountain Complex mafic rocks
display striking relative depletions in the light REEs,
Nb, and Ta relative to the heavy REEs. All analyzed
samples have relatively high ratios of K, Th, or Ba to
Nb (or Ta), and the Hf-Zr-Sm segments of their profiles
are slightly convex upward. Except for the Ba-Th-K-Nb
segments, these profiles are similar to those of many
MORBs as exemplified by a sample from the Ecuador
Rift in the East Pacific (fig. 1.13B). For comparison, a
sample of the Geotimes basaltic unit of the well-stud-
ied Semail ophiolite (Oman) closely resembles the
MORB profile shown (except for a K spike). This partic-
ular basaltic unit has been interpreted as a fragment of
oceanic crust; its K spike is explained by extensive

FeO*+MnO

Na,O0+K,0

Explanation

Basalt (0), diabase (®)
- Cumulate gabbro

RSN
(5] Ultramafic rock

Plagiogranite suite

m Keratophyre

4 Spjlite trend (alkali enrichment)

FiGURE 1.10.—A (Na,0+K;0)-F (FeO*+MnO)-M (MgO)
ternary diagram for samples of the Canyon Mountain
Complex. Basaltic and equivalent intrusive rocks (dia-
bases, dolerites) overlap in composition and display
only moderate Fe enrichment. Relatively evolved rocks
(including basaltic andesite) and slightly altered rocks
(spilite, epidiorite) plot in plagiogranite field; alkali en-
richment trend (arrow) indicates effect of alteration.
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alteration (Alabaster and others, 1982). The relative
depletions of Nb (and Ta) seen in the Canyon Mountain
Complex samples are uncharacteristic of MORB sam-
ples (Noiret and others, 1981) and suggest that the
Oregon ophiolite perhaps formed in a setting other
than near a midocean ridge.

Oceanic-island basaltic rocks (such as those found in
Hawaii or Iceland) or intracontinental (within-plate)
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basaltic rocks generally are quite distinct in composi-
tion from ophiolitic basalts (see fig. 1.13D). The Salahi
basalt unit, also part of the Semail ophiolite, is a pos-
sible exception (fig. 1.13B). This unit is interpreted as
having formed at a seamount by Alabaster and others
(1982), who viewed the Semail ophiolite as a composite
body formed as tectonic conditions changed with time.
Commonly characterized by low relative abundances of
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that represent distinct accreted lithotectonic blocks
(including seamounts, oceanic crust, island-arc edific-
es) are recognized in some of the better studied com-
plexes (such as Troodos and Oman). It has been
proposed that some of these sequences formed in di-
verse tectonic settings and were emplaced adjacent to
one another during accretion of different ophiolites (or
fragments thereof) in a common collision zone (see
Capedri and others, 1980). In Papua, New Guinea,
local geologic evolution was complicated by primitive
island-arc magmatism that postdated and is unrelat-
ed to the main ophiolite complex. Good geochronologic
control is essential to fully understand the accretion-
ary history of such compound ophiolites.

Despite the inferred polyphase magmatic and tec-
tonic evolution of the Canyon Mountain Complex, ex-
clusive of the basal ultramafic unit, the overall bulk
composition of the complex is similar to basaltic an-
desite (Pearcy and others, 1990). This relatively
mafic composition is consistent with our interpreta-
tion that the complex represents a section of imma-
ture oceanic to island-arc crust.

The application of geochemical studies to ophiolite
petrogenesis provides another tool that can help in
unraveling some of the problems of ophiolite forma-
tion. Nd or Hf isotopic studies may be particularly
useful because these elements are resistant to mobili-
zation during weathering and alteration. Interesting-
ly, Nd data suggest non-MORB affinities for many
ophiolites: gng<+8 for Troodos (McCulloch and Cam-
eron, 1983), Oman (McCulloch and others, 1981),
Vourinos (Noiret and others, 1981), and other ophio-
lite complexes. As we have learned in our work on
the Canyon Mountain Complex, geochemical studies
need to be integrated with comprehensive geologic
and geochronologic studies to appreciate the complex-
ities of ophiolite evolution.
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ABSTRACT

The Late Jurassic Bald Mountain batholith, about 450 km? in
area, is in the Elkhorn Mountains of northeastern Oregon. It in-
trudes a melange terrane (Baker terrane) that consists of the Devo-
nian to Triassic Elkhorn Ridge Argillite—which is a heterogeneous
assortment of metasedimentary rocks—as well as scattered masses
of metagabbro and serpentinized ultramafic rocks of uncertain age.
Contact-metamorphic effects, evident as a wide thermal aureole
that includes high-temperature minerals characteristic of the py-
roxene hornfels facies, overprint a regional (greenschist-facies) met-
amorphism, characterized by green biotite. The most widespread
pyroxene hornfels-facies rocks are argillites and metagabbros with
two-pyroxene assemblages, and cherty argillites with metapelitic
assemblages characterized by cordierite and orthoclase, with or
without one or more other minerals such as sillimanite and garnet.
One notable high-temperature aureole rock is a rare pargasitic
hornblende-peridotite hornfels that contains small amounts of
green spinel and plagioclase. The grain size of recrystallized quartz
in bedded chert near the batholith is a good approximation of the
intensity of thermal metamorphism.

Forceful intrusion apparently was the dominant process respon-
sible for the emplacement of the batholith. Much wallrock yielded
by plastic flow. Segregation banding in intensely deformed meta-
gabbro resembles the bedding in some metasedimentary rocks. In-
tensely deformed salients of country rock that project far into the
batholith are commonly gneissic and include the Archean gneiss
unit of Lindgren (1901). Scattered boudins in the gneiss indicate
extreme plastic deformation. Much of the gneiss apparently is un-
derlain by the batholith.

An assessment of stoping as a significant emplacement mecha-
nism is severely hampered by the absence of critical field evidence
within the batholith. However, the size differential between xeno-
liths in the margin and in the interior of the major unit of the
batholith combined with size relations in the upper parts of small
cupolas of granitic rocks alongside the batholith imply that stoping
played a more important role than is commonly recognized in meso-
zonal plutons.

In the area south of lat 45° N. at least nine discrete intrusive
units of the Bald Mountain batholith were emplaced in a mafic-to-
felsic sequence that commenced with three small gabbroic bodies
and a small unit of quartz diorite, continued with the very large
compositionally zoned Elkhorn pluton (tonalite and granodiorite)
that constitutes most of the batholith, and ended with four small
felsic units. The tonalite and granodiorite of the compositionally

zoned Elkhorn pluton are separated for about 9 km on the north
and 4 km on the northwest by an intraplutonic contact, concealed
for about 4 km between the north and northwest exposures by Ter-
tiary volcanic rocks. Microscopic evidence indicates that augite
crystallized initially throughout much of the tonalite but only in
some of the granodiorite in the Elkhorn pluton. The small volume
percent of calcic cores in oscillatory-zoned plagioclase of the
Elkhorn pluton indicates that the granitic rocks crystallized from
a melt that contained only a comparatively minor amount of solid
constituents. An interlude is the name herein applied to concentra-
tions of one or several mafic minerals of small size in a distinct
layer of plagioclase between consecutive oscillations in oscillatory-
zoned plagioclase. Heretofore, interludes apparently have not been
reported in the plagioclase of granitic rocks.

Good to excellent planar structure characterizes most margins
of the Elkhorn pluton except near much of the southern contact.
Faint to fairly good planar structure that generally is difficult to
detect occurs sporadically in parts of the interior of the pluton.
New procedures that take into account realistic (rather than ideal-
ized) field relations facilitate recognition of planar structure on
smooth joint surfaces, exposures controlled by steep diagonal
joints, and exposures shaped by exfoliation.

Xenoliths of metagabbroic and metasedimentary rocks through-
out the central and southwestern parts of the Elkhorn pluton are
more abundant than xenoliths of country rocks in most batholiths.
The scarcity of xenoliths of argillaceous rocks as compared to chert
is attributed to a more rapid rate of assimilation. Granitic rocks in
the Elkhorn Mountains with reddish-brown to red biotite and little
or no iron oxide are attributed to assimilation of graphite-bearing
metasedimentary rocks.

Far more abundant than xenoliths of country rocks are mafic
inclusions of uncertain origin (see, for example, Pabst, 1928). No
mafic synplutonic dikes occur in the Bald Mountain batholith at
the present level of erosion. On the basis of field observations and
petrographic data, most of the derivations postulated for mafic in-
clusions in circum-Pacific granitic intrusions can be questioned or
discounted for mafic inclusions in the Bald Mountain batholith.

A distinct zone in which microcline twinning characterizes the
potassium feldspar extends for 19 km across the Elkhorn pluton
and is related to deformation rather than to the concentration of
volatiles.

Much of this report concerns the part of the Bald Mountain bath-
olith that lies north of lat 45° N. in the Anthony Butte 7/-minute
quadrangle. Here many small intrusive units of the batholith occur,
and deformation features of the rocks are more pronounced than in
the southern part of the batholith. The plutons commonly are sepa-
rated in part by dismembered screens. One granodiorite body con-
tains small amounts of orthopyroxene and is notable for reaction
relations between orthopyroxene, cuammingtonite, hornblende, and
biotite. This body is one of two intrusions that contain red-brown
biotite and little or no iron oxide. Another pluton in the study area
is the largest granite body in northeastern Oregon and contains
traces of orthopyroxene and garnet. Several intrusions are com-
posed of silica-rich granitic rocks. Both satellitic intrusions in met-
asedimentary rocks near this part of the batholith contain either
red-brown or red biotite and almost no iron oxide.

The mineralogy of the granitic rocks coupled with the pyroxene
hornfels-facies thermal metamorphism of the wallrocks indicates
that much of the batholith crystallized from relatively hot and water-
undersaturated magmas.

Rocks of the Bald Mountain batholith range in composition
from norite that contains about 52 weight percent SiOg to leuco-
granite that contains about 77 weight percent SiOy. The rocks are
metaluminous to weakly peraluminous. The compositionally zoned
Elkhorn pluton ranges inward from border rocks that contain
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about 61 weight percent SiO; and 0.5 weight percent KyO to core
rocks that contain about 69 weight percent SiOy and 2.1 weight
percent KyO.

Rocks of the Bald Mountain batholith show a typical calc-alka-
line compositional trend on an AlyO3-FeO-MgO (AFM) diagram.
They also show marked late-stage iron enrichment on diagrams
used to distinguish calc-alkaline from tholeiitic rocks.

INTRODUCTION

The name “Bald Mountain batholith” originated, ac-
cording to Hewett (1931), with Lindgren (1901), who
derived it at the turn of the century from the local
designation “Bald Mountain” for a prominent peak of
tonalite in the Elkhorn Mountains of northeastern Or-
egon. In 1917 the U.S. Board on Geographic Names
officially designated the peak “Ireland Mountain,” and
the local usage of the term “Bald Mountain” gradually
was discontinued. The new name “Ireland Mountain”
was soon changed to “Mount Ireland” (fig. 2.1). How-
ever, the name that Lindgren informally used for the
batholith was retained by Taubeneck (1957) mostly in
recognition of Lindgren’s many pioneering contribu-
tions, including a remarkable geologic map of much of
northeastern Oregon and closely adjacent parts of
Idaho. Lindgren’s (1901) classic reconnaissance map,
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based on approximately three months of field work,
encompasses about 17,550 km2, has a contour interval
of 500 ft, accurately indicates the peak then known as
Bald Mountain, and shows much of the associated
batholith. The accomplishments of Lindgren in the
Blue Mountains region strongly suggest that he is
among the most perceptive of the great American re-
connaissance geologists.

The 450-km? Bald Mountain batholith (figs. 2.2
and 2.3) is mostly in the central part of the Elkhorn
Mountains. About 78 percent of the batholith is south
of lat 45° N.; here exposures generally are good to
excellent except in some of the westernmost and
easternmost parts of the batholith. Contacts of the
batholith north and east of Mount Ireland (fig. 2.2)
commonly are concealed by glacial deposits. The
batholith is mountainous south of lat 45° N. with ele-
vations commonly greater than 2,375 m; total relief
is 1,555 m. Prior to 1965, no map was available for
the area north of lat 45° N. and only a 1901 map (of
the Sumpter 30-minute quadrangle) at a scale of
1:125,000, was available for the area south of lat 45°
N. Modern 1:24,000-scale topographic maps for the
Elkhorn Mountains and adjacent areas were not
available until the 1960’s and 1970’s when the U.S.
Geological Survey published the Anthony Butte
(1965), Limber Jim Creek (1965), Little Beaver Creek
(1965), Marley Creek (1965), Tucker Flat (1965), An-
thony Lakes (1972), Bourne (1972), Crawfish Lake
(1972), Elkhorn Peak (1972), Granite (1972), Mt. Ire-
land (1972), Rock Creek (1972), and Trout Meadows
(1972) 7%-minute quadrangles (fig. 2.24).

South of lat 45° N., the composite Bald Mountain
batholith consists of at least nine discrete intrusive
units emplaced in a mafic-to-felsic sequence. Intru-
sive activity commenced with the emplacement of
three small gabbroic bodies and a small unit of
quartz diorite, continued with the intrusion of a to-
nalite and granodiorite body herein called the
Elkhorn pluton, which constitutes most of the batho-
lith, and ended with the injection of four small felsic
units. The three gabbroic plutons consist of the norite
of Willow Lake, the norite of Badger Butte, and the
quartz gabbro of Black Bear; the small unit of quartz
diorite is the quartz diorite of Limber Creek (fig. 2.4).
The Elkhorn pluton is compositionally zoned from a
mafic margin (tonalite of Bald Mountain) to a felsic
core (granodiorite of Anthony Lake). The four felsic
units are the leucogranodiorite of Mount Ruth, the
leucogranodiorite of Red Mountain, the leucogranite
of Elk Peak, and the leucogranodiorite of Trail Creek.
Seven of the units listed above were identified in an
earlier report (Taubeneck, 1957), and the names used
here are modified from that report. Two of the
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and named. The rock name for the Elk Peak unit has
been changed from Ileucocratic quartz monzonite

units—the quartz diorite of Limber Creek and the
leucogranodiorite of Trail Creek—are newly mapped
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(Taubeneck, 1957) to leucogranite in accordance with
the classification of Streckeisen (1973).
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This chapter describes the metamorphic aureole
and structure of the Elkhorn pluton, then updates

Contact—-Dashed where intraplutonic

Gradational igneous-facies boundary

Boundary—Divides rocks of same lithology but
differing mineralogy, possible igneous
intrusive contact

Southwest edge of zone of distinct eastward and
northeastward decrease in xenolith population
within Monumental salient

Strike and dip of bedding

Inclined

Vertical

Strike and dip of foliation
Inclined

Vertical

FiGURE 2.2.—Bald Mountain batholith. A, Generalized

geology of all but northeastern part of Bald Moun-
tain batholith. Except in area south and southwest
of Hunt Mountain, contacts of the batholith with
country rocks were mapped anew (since 1950’s) on
7/-minute quadrangles shown in upper right cor-
ner. Within batholith, contacts of small intrusions
south and southeast of Anthony Lake were mapped
in 1950’s on Sumpter 30-minute quadrangle (1901)
and are only approximate. B, Topographic and cul-
tural features of Elkhorn Mountains and extent of
Bald Mountain batholith (heavy line is contact be-
tween batholith and country rocks). Also shown are
named salients and wedges in southern part of Bald
Mountain batholith.



50

PETROLOGY AND TECTONIC EVOLUTION OF PRE-TERTIARY ROCKS, BLUE MOUNTAINS REGION
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EXPLANATION

III Tonalite of Bald Mountain (Late Jurassic)

SATELLITIC ROCKS OF BALD MOUNTAIN BATHOLITH

N Tv : Volcanic rocks (Tertiary)

ROCKS OF CENTRAL PART OF BALD MOUNTAIN BATHOLITH Granite of Isham Spring (Late Jurassic)

Tonalite of North Fork (Late Jurassic)

ROCKS OF PERIPHERAL PART OF BALD MOUNTAIN BATHOLITH

PREBATHOLITHIC ROCKS

Leucogranite of Dutch Creek (Late Jurassic) ’Rm Metagabbro and Elkhorn Ridge Argillite,
undivided (Triassic and Paleozoic)
Granite of Anthony Butte (Late Jurassic)
—Llocally contains large quartz diorite Contact—Dotted where concealed
inclusions (qd)
7 ™ Strike and dip of bedding
VJb'V"eA Granodiorite of Beaver Meadow (Late Jurassic)
e Granodiorite of Indiana Mine Road (Late

Jurassic)

Boundary quartz diorite unit (Late Jurassic)

Quartz diorite of Wolf Creek (Late Jurassic)

FIGURE 2.3.—Geology of northeastern part of Bald Mountain batholith.
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AGE RELATIONS AND DISTRIBUTION OF ROCKS
NEAR BALD MOUNTAIN BATHOLITH

The Bald Mountain batholith intrudes a wide-
spread and heterogeneous assortment of metasedi-
mentary rocks that compose the Elkhorn Ridge
Argillite (Gilluly, 1937) as well as scattered masses of
metagabbro with small amounts of serpentinized ul-
tramafic rocks.

The Elkhorn Ridge Argillite consists of predominant
argillite, tuffaceous argillite, cherty argillite, and rib-
bon chert with small amounts of tuff, graywacke, mas-
sive chert, limestone, and rare conglomerate. Fossils
of Pennsylvanian, Permian, and Triassic age occur
within limestone pods in the Elkhorn Ridge Argillite
(Brooks and others, 1982) and indicate that the differ-
ent limestones are parts of a complex lithologic mix of
similar-appearing rocks. The Elkhorn Ridge Argillite
has persistently defied attempts to stratigraphically
subdivide it. Its most northerly exposures, heretofore
unmapped, are located in the northern part of the
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inlier of pre-Tertiary rocks (fig. 2.5) in the Little Bea-
ver Creek quadrangle (fig. 2.2A) and are part of the
Baker terrane (Silberling and others, 1984).

The ages of the metagabbro and associated ultrama-
fic rocks within the aureole are uncertain. Metagabbro
exposed 50 km southeast of the batholith is at least
241 Ma (Brooks<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>