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in the South Fork of the Clearwater River area, the Salmon River

suture (Lund and others, in prep.) is defined by an abrupt change in

lithology, structure, initial strontium isotope ratios (Fleck and

Criss, 1985), and rare earth element signatures. These changes occur

across a narrow, structurally complex zone (less than 1.5 mi wide)

that is complicated by intrusion of plutons and by later mylonitic

deformation.

The suture separates amphibolite fades island arc metasedimen-

tary rocks on the west (western tectonostratigraphic terrane) from

amphibolite facies continental metasedimentary rocks on the east

(eastern tectonostratigraphic terrane). Structures in rocks of the

two terranes were formed during suturing and show opposing sense of

vergence; folds in the western terrane show northwest vergence,

thrust faults show southeast-over-northwest movement, and thrust
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faults in the eastern terrane show west-over-east movement.

Syntectonic plutons (foliated tonalites) intruded the western

terrane and were metamorphosed. Post-tectonic plutons intruded both

the suture zone (porphyritic granodiorite/quartz-monzodiorite ortho-

gneiss unit) and the eastern terrane (tonalite/granodiorite and

biotite- and muscovite-biotite granite units). Mylonitic deformation

that was concentrated in the porphyritic orthogneiss unit along the

suture zone also overprinted structures in both terranes. An abrupt

change from initial strontium isotope ratios of 0.7043 to 0.7065

(Fleck and Criss, 1985) occurs from west to east within the porphy-

ritic orthogneiss unit.

Rare earth element (REE) variations in plutonic and metamorphic

rocks indicate that neither anatexis of metasedimentary wall rocks

now exposed in the region, nor contamination of primary magmas by the

wall rocks was important in the formation of the plutons. Differen-

tiation and crystal fractionation processes were also not important.

Instead, magmas that formed rocks in the different plutonic units

originated in different source regions. Magmas that formed the

foliated torialites in the western terrane were probably derived by

partial melting of oceanic crust or island arc basement at low to

intermediate pressures, leaving a residual mineral assemblage that

probably consisted of amphibole, pyroxene, plagioclase, and no gar-

net. Magmas that formed rocks in the porphyritic grano-

diorite/quartz-monzonite orthogneiss unit were probably derived by

partial melting of a mixed source at medium to high pressures that

left a probable residual mineral assemblage of pyroxene, amphibole,



minor or no plagioclase, and garnet. The REE signatures in the

porphyritic orthogneiss indicate the source was heterogeneous; these

rocks probably formed by melting of the complex zone of mixed rocks

along the suture zone. Magmas that formed rocks in the tona-

lite/granodiorite and biotite granite units were derived by partial

melting of continental crustal rocks at medium to high pressures

leaving a probable residual mineral assemblage of amphibole,

pyroxene, minor or no plagioclase, and garnet. The biotite granite

parent magmas probably had a contribution from older (Proterozoic?)

continental crust and the tonalite/granodiorite parent magmas may

have had a contribution from younger (Paleozoic?) continental crust

or rubidium depleted crust.

The change from rocks that represent magmas generated at lower

pressures to rocks that represent magmas generated at higher pres-

sures represents the change from oceanic to continental magmatic

source regions. Both syn-tectonic plutons in the western terrane and

post-tectonic plutons in the suture zone and the eastern terrane are

thought to reflect the crustal source regions that were formed by the

suturing event. Morphologically, the Salmon River Suture is probably

a narrow, steep, structurally complex zone of mixed rocks from both

oceanic and continental crust.
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TRANSECT ACROSS THE SALMON RIVER SUTURE, SOUTH FORK OF THE
CLEARWATER RIVER, WESTERN IDAHO: RARE EARTH ELEMENT

GEOCHEMICAL, STRUCTURAL, AND METAMORPHIC STUDY

INTRODUCTION

Location

The study area is located along the canyon of the South Fork of

the Clearwater River approximately 9 ml (15 km) southeast of

Grangeville, Idaho (fig. 1). The area covers approximately 60 sq mi

(155 sq km) within the Nez Perce National Forest and encompasses

parts of the Grangeville East, Goodwin Meadows, Hungry Ridge, and

Huddleson Bluff U. S. Geological Survey 7.5 minute quadrangles.

Statement of problem

The Salmon River suture (Lund and others, in prep.) is an island

arc -- continent suture zone of Cretaceous age that trends north-

south in western Idaho; It separates late Paleozoic and early Meso-

zoic accreted island arc terranes on the west from Proterozoic and

Paleozoic (?) rocks of the North American continent on the east and

is coincident with an abrupt (<10 km wide) change in initial stron-

tium isotope ratios in plutonic rocks (fig. 2; Armstrong and others,

1977; Fleck and Criss, 1985).

The stratigraphic, metamorphic, and structural characteristics

of a transect across the Salmon River suture at approximately
450

42.5' north lattitude indicate that it formed by accretion of island

arc terranes to the North American continent along a convergent
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Figure 2. Generalized geologic map of Idaho showing trace of
boundary between oceanic (<0.704) and continental (>0.706) initial
strontium isotope ratios. The Salmon River suture is coincinent with
the trace of the strontium boundary (Lund and others, in prep.)
Geologic map compiled from Bond (1978) and trend of strontium isotope
boundary is after Armstrong and others (1977) and Fleck and Criss
(1985).
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transcurrent fault zone (Lund, 1984). This interpretation is

contrary to that of earlier models, in which the suture was inter-

preted to be the result of accretion of island arc terranes during

subduction (Hamilton, 1976; Hyndman and Talbot, 1976; Onasch, 1977;

Scholten and Onasch, 1977; Brooks and Vallier; 1978).

The abrupt change in initial strontium isotope ratios (Sr0) in

plutonic rocks across the suture zone has been interpreted to be the

result of contamination of mantle-derived melts during ascension

through and assimilation of crustal material; whereby plutons west of

the suture have low Sr0 and represent magmas that assimilated low Sr0

oceanic crustal material and plutons east of the suture have high Sr0

and represent magmas that assimilated high Sr0 continental crustal

material (Armstrong and others, 1977; Fleck and Criss, 1985).

Although strontium isotopic studies document an abrupt change in the

end products of magmas that intruded the suture zone, such studies

cannot uniquely distinguish between original source heterogeneities

and secondary assimilation, contamination, and/or fractionation pro-

cesses that affected those magmas during their ascent and

emplacement. Thus, conclusions based on Sr0 data alone are not

definitive with respect to the nature of the magmatic source regions.

Purpose of study

The configuration of the boundary between oceanic and

continental crust at depth would be different for a suture formed by

a transcurrent fault versus a suture formed by a subduction zone.

Because strontium isotopes alone cannot distinguish characteristics



of possible parent magma source regions, they cannot be used to

adequately comment on the configuration of the suture zone at depth.

Therefore, the study area was chosen for a rare earth element (REE)

geochemical study because Fleck and Criss (1985) concentrated their

Sr0 study on the transect along the South Fork of the Clearwater

River so that the REE geochemical data could be combined with the Sr0

data to differentiate between chemical and isotopic signatures

inherited from the original magmatic source regions and signatures

produced by later petrogenetic processes such as contamination,

fractionation, or anatexis. Furthermore, the area was chosen for a

structural and metamorphic study because it is contiguous to the

Slate Creek and Gospel-Hump Wilderness areas mapped by Lund (1984)

and Lund and others (unpublished mapping, U.S. Geological Survey);

structural and metamorphic trends could be correlated with those of

Lund (1984) so that better geologic constraints could be placed on

the geochemical investigations. Conclusions based on these combined

data could then be used in an attempt to uniquely constrain the

crustal morphology of the Salmon River suture.

Structural and metamorphic setting

Structures in island arc rocks west of the Salmon River suture

consist of thrust faults that exhibit east-over-west sense of move-

ment (Hamilton, 1963b; Onasch, 1971; Scholten and Onasch, 1977; Lund,

1984) and folds that are west-vergent (Onasch, 1977; La Salata, 1982;

Lund, 1984). East of the suture, continental metasedimentary rocks

in the Elk City region are isoclinally folded and dip steeply east
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(Reid, 1959; Carison, 1981) and structurally up-section in the

Gospel-Hump Wilderness area, faults show west-over-east sense of

movement and folds are east-vergent (Lund, 1984).

In earlier studies of regional metamorphism in the Riggins and

Harpster areas (fig. 1), metamorphic grade in the island arc rocks

was shown to increase eastward toward the Idaho batholith (Hamilton,

1963b; Myers, 1968, 1982). Earlier workers attributed regional meta-

morphism to intrusion of the Idaho batholith and suggested that both

Idaho batholith plutonism and regional metamorphism were related to

island arc accretion during subduction (Hamilton, 1976; Hyndman and

Talbot, 1976; Onasch, 1977; Scholten and Onasch, 1977; Brooks and

Valuer, 1978). In a later study of regional metamorphism in the

Slate Creek and Gospel-Hump Wilderness areas, metamorphism was shown

to increase toward the suture zone in rocks on either side (Lund,

1984). Recent studies have also shown that Idaho batholith plutonism

occurred after most of the regional metamorphism (Lund, 1984; Sutter

and others, 1984; Fleck and Criss, 1985).

The study area was divided into two tectonostratigraphic

metamorphic terranes, after the usage of Howell and Jones, (1984); a

western terrane and an eastern terrane; this division correlates with

the division of metamorphic rocks in the Slate Creek and Gospel-Hump

Wilderness areas (Lund, 1984).



Previous work

The first reconnaisance study that included the study area was

part of a report on the geology of the Clearwater Mountains made by

Lindgren (1904). He correlated rocks from the western part of the

study area with rocks in the Salmon River canyon and Seven Devils

Mountains to the south (near Riggins). Lindgren suggested that rocks

in the eastern part of the area were similar to rocks in the Elk City

region which were probably Precambrian in age. A regional report on

ore deposits in central Idaho by Thomson and Ballard (1924) included

the study area and Anderson (1930) described plutonic rocks from the

area. Bond (1963) included this area in a regional study of basalts

of the Clearwater embayment.

Myers (1968) conducted the first detailed analysis of rocks in

this area as part of his study of the geology of the Harpster area

and vicinity; much of the present study area north of the South Fork

of the Clearwater River was included in his study (fig. 1). Myers

(1968) documented the lithologic change from island arc metasedimen-

tary rocks on the west to continental metasedimentary rocks on the

east but did not recognize the suture. In a later paper (Myers,

1982), he referred to the suture zone as a series of high angle

faults but did not discuss its tectonic significance. Although Myers

documented orientations of foliations, shear cleavages, lineations,

and fold axes in metamorphic and plutonic rocks in the Harpster area

and vicinity, he stated that the data was insufficient to accurately

define fold geometries and details of kinematic sequences (Myers,

1982). La Salata (1982) documented west-vergent fold asymmetries in



metamorphic rocks of the western terrane in an area around Castle

Creek (plate 1) but did not discuss structures or deformational

events with respect to suturing.

Methods of study

Field mapping and structural analysis

Geologic mapping was conducted during two field seasons over a

total of 4.5 months. Mapping was done on U.S. Geological Survey

topographic base maps at a scale of 1:18,000 and compiled at a scale

of 1:24,000. Emphasis was placed on characterizing structures and

structural domains in metamorphic rocks and determining the relation-

ship of plutonic rocks to structures and to metamorphism. Deter-

mination of structural domains was based on field relationships and

on statistical analysis of equal area plots of structural elements.

Petrographi c analyses

Petrographic analyses involved thin section investigation of a

suite of 101 metamorphic rock samples and 59 igneous rock samples.

Petrographic emphasis was on textural and structural analysis of the

rocks as well as determination of metamorphic mineral assemblages and

igneous parageneses. Structural and textural terms used in petro-

graphic descriptions follow the usage defined by Spry (1969).

Modal abundances of minerals in metamorphic rocks were estimated

visually. Modal abundances of minerals in igneous rocks were esti-

mated by point counting 22 stained thin sections. The grid spacing

used for point counts was dependent upon the grain size of the rock
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and the method used to determine the grid spacing was based on that

described by Solomon (1963). For each thin section, twelve hundred

points were counted at an appropriate grid spacing for determination

of major mineral abundances (these include quartz, plagioclase,

potassium feldspar, hornblende, biotite, and muscovite). Then, to

determine trace mineral abundances (apatite, allanite, epidote,

sphene, garnet, zircon, and opaque minerals) an appropriate grid

spacing was selected and 10,000 points were counted. These point

counting techniques assured that determination of modal abundances of

both major and trace minerals were reasonably accurate so that pos-

sible mineralogical controls could be evaluated with respect to their

effects on trace element variations in igneous rocks.

Chemical analyses

Trace element geochemical analyses were conducted from a repre-

sentative suite of 17 metamorphic rock samples and 21 plutonic rock

samples.

Rock sampling and preparation procedures

In the field, rocks chosen for chemical analysis were those

which showed no evidence of alteration; mafic minerals were

unoxidized, feldspars unsericitized, and any weathering rind or in-

trusive veins were avoided. Rocks were broken into approximately 10

cm pieces and collected in clean bags. Sample size varied from 10

to 20 kg depending on the grain size, amount of visible trace phases,

and homogeneity of the rock. To assess the possibility of sample
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inhomogeneity introduced by the sampling procedure, duplicate samples

were collected at one locality and analysed separately

(HR 388A1 and HR 388A2; Appendix 2). Trace element abundances deter-

mined in these samples indicate that the sampling procedure did not

introduce a significant error in trace element analyses.

Samples were crushed in a porcelain jaw crusher to a size of

approximately 2.5 mm. A one-fourth split was taken which varied from

approximately 2 to 5 kg, depending on the original sample size. This

fraction was pulverized between porcelain plates to a size of

approximately 45 mesh (0.45 mm) and a one-fourth split was taken of

this fraction (approximately 0.5 to 1.5 kg). This was run through a

tungsten-carbide shatter-box to a size of approximately 270 mesh (48

microns) and a one-eigth split was taken (approximately 60 to 175

gm). This procedure resulted in a final fraction that was representa-

tive of the whole rock. To assess possible sources of contamination

introduced by the sample preparation procedure, silica sand was run

through each of the procedures and analysed separately. No contami-

nants from any of the sample preparation procedures were detected in

the silica.

In preparation for activation analysis, an aliquant of each

powdered sample was heat-sealed in a sterile, 2/5 dram polyethelene

vial and this sealed inside a 2 dram polyethylene vial. The weight

of each aliquant varied as a function of the rock density because

vials were filled such as to assure identical counting geometries.

Sample weights varied from 0.4500 gm to 1.1000 gm.
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Analytical procedures

The procedure used in instrumental neutron activation analysis

(INAA) followed standard procedures practiced at the Oregon State

University Radiation Center. A description of the basic procedure is

given by de Soete (1972) and Laul (1979).

An aqueous solution was used for the REE comparator standard and

powders of U.S. Geological Survey rock standards BCR-1, BHVO-1.,

PCC-1, G2, GSP-1, and AGV-1 and U.S. Bureau of Standards SRM-1633a

were used as secondary (control) standards for the REE. For trace

elements other than the REE, either SRM-1333a or an appropriate

U.S.G.S. rock standard was used as the comparator standard.

Several irradiations were performed so that data reported in-

cludes values from at least two analyses for most elements. Samples

and standards were irradiated in the O.S.U. TRIGA reactor in the

rotating rack facility at 1 MW (thermal neutron flux = 3 x

neutrons/cm2/sec) for four hours. Gamma-ray spectral analysis was

done in the Radiation Center counting labs using lithium drifted

Ge(Li) detectors with an energy range of 30 keV to 10 MeV and a

resolution of 600 eV (full-width half-maximum) at 122 keV and 2 to

3 keV at 1332 keV. Nuclear Data Systems 2048 channel multi-channel

analysers were used to collect spectra.

Data were collected during two separate counting periods. First

counts were started between 6 to 8 days after end of bombardment

(EOB) and long counts were started 30 to 40 days after EOB. Spectra

were collected for 6000 seconds at 1 keV/channel during first counts

and for 20,000 to 40,000 seconds at 0.75 keV/channel during long
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counts. All counts were done at less than 8 percent dead time and

the majority of spectra were collected at less than 5 percent dead

time. Data reduction was performed either on the O.S.U. Cyber main-

frame computer or with a hand calculator.

All REE values are plotted normalized to chondrite values

determined by Anders and Ebihara, 1982.
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METAMORPHIC ROCKS OF THE WESTERN TERRANE

Metamorphic rocks in the western tectonostratigraphic terrane

are amphibolite facies quartz-mica schist and gneiss, hornblende

gneiss, amphibolite gneiss, diopside gneiss, amphibolite, marble, and

siliceous calc-silicate gneiss. Myers (1968, 1982) divided these

rocks into two subunits. In this study, they are divided into two

units (plate 1) based on lithologhic, structural, and metamorphic

distinctions and these units are roughly correlative with the sub-

units of Myers. Petrographic descriptions of western terrane meta-

morphic rocks are based on analysis of 58 thin sections. Major

minerals are listed in order of increasing abundance.

Rock descriptions

Unit 1

Rocks of unit 1 crop out over an approximately 7 sq mi area (18

sq km) from Bully Creek and Sheep Creek on the west to Grouse Creek

and Castle Creek on the east (plate 1). These rocks form blocky

cliff exposures in parts of the canyon of the South Fork of the

Clearwater River and at the heads of Sheep Creek, Grouse Creek, and

Castle Creek drainages. They weather to a light gray, tan, or brown

color. Outcrops on ridges and in creek bottoms are sparse and these

areas are generally covered by a layer of dark-brown soil that is

rich in garnet and mica.

Rocks of unit 1 are interlayered quartz-mica schist and gneiss

and amphibolite gneiss. Individual layers vary from 1 cm to 3 m
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thick, average 5 to 30 cm thick, and the variation in thickness is

random. Compositional variation within layered sequences is also

random. A range in original rock compositions is represented by the

variety of metamorphic mineral assemblages in rocks of unit 1. For

the purpose of more detailed description, these rocks are divided

into three lithologic groups. However, these groups are general

lithologic types and the variation between types represents a con-

tinuum.

Medium- to fine-grained light to medium gray quartz-mica schist

and gneiss make up the majority of rocks in unit 1 and constitute

approximately 80 percent of the total outcrop. Mineralogically,

these rocks consist of biotite-quartz-oligoclase ± garnet ± sphene ±

opaque minerals. Some of the more schistose rocks contain muscovite

and are typically muscovite-biotite-oligoclase-quartz ± graphite ±

garnet ± sphene. The foliation in these rocks is defined by sub-

parallel alignment of biotite and/or muscovite grains and by flat-

tened domains of plagioclase and quartz.

Medium- to coarse-grained dark gray hornblende gneiss makes up

approximately 10 to 15 percent of the total rock in unit 1 and

consists of garnet-hornblende-quartz-oligoclase
± epidote ± sphene ±

graphite ± apatite ± opaque minerals. The foliation in these rocks

is defined by subparalleJ alignment of hornblende crystals, flattened

garnet porphyroblasts, and flattened plagioclase and quartz domains.

Hornblende crystals are either randomly oriented within the plane of

foliation or define a weak lineation.

Coarse-grained black amphibolite gneiss makes up the remaining 5
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percent of rocks in unit 1 and typically consists of plagioclase

(andesine-oligoclase)-hornblende ± biotite ± quartz ± sphene ± apa-

tite. The foliation is defined by subparallel alignment of horn-

blende prisms that are generally randomly oriented within the plane

of the foliation.

In quartz-mica schist and gneiss and in hornblende gneiss,

plagioclase and quartz usually constitute from 45 percent to 90

percent of the mode and average approximately 75 percent. These

minerals occur as an intergrowth of xenoblastic unstrained grains

with a granoblastic, sometimes polygonal fabric. Typically, plagio-

clase-quartz domains are flattened parallel to the foliation defined

by micas and hornblende. Amphibolite gneiss contains as much as 50

percent plagioclase and accessory quartz. Plagioclase to quartz

ratios range from 3:1 in hornblende gneiss to 1:3 in quartz-mica

schist but the average ratio is about 1:1. Plagioclase is generally

oligoclase and less commonly andesine; no albite was found. Compo-

sitional zoning in plagioclase is generally restricted to aniphibolite

gnei sses.

Hornblende is a major constituent in about 40 percent of the

rocks in unit 1. It varies in abundance from 10 percent in horn-

blende gneiss to 90 percent in amphibolite gneiss but generally makes

up 20 percent of the mode in hornblende gneiss and 50 to 60 percent

in amphibolite. In hand specimen, hornblende occurs as black prisms

that range in size from 2 mm to 25 mm. In thin section, it generally

occurs as green pleochroic idioblastic to hypidioblastic poikilitic

prisms which define a foliation and sometimes a lineation. In aniphi-
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bolite gneiss, hornblende crystals are aligned subparallel to

pervasive foliation and contain numerous inclusions of quartz,

sphene, and apatite. Within a zone approximately 80 m wide near the

margins of the foliated tonalite, amphibolite consists of randomly

oriented hornblende and biotite.

Biotite occurs in the more schistose rocks that are also gener-

ally richer in quartz. Small (1-4 mm) biotite grains that are evenly

distributed throughout the rock define the foliation; the degree of

development of schistosity usually increases with biotite content.

Some rocks contain as much as 40 percent biotite but biotite gener-

ally does not exceed 25 percent of the mode. In some samples, bio-

tite occurs as lamellaer aggregates that range from 1 cm to 3 cm in

diameter and are composed of numerous, small, strain-free crystals in

subparallel alignment. Each aggregate probably represents a group of

neocrystallized grains derived from an earlier single biotite crys-

tal. Small biotite crystals commonly cross-cut oriented biotite

grains. In amphibolite gneiss, biotite occurs as randomly oriented

accessory grains.

Muscovite is present in only a few samples of unit 1 and occurs

with biotite. Muscovite generally constitutes less than 5 percent of

the mode but may be as much as 20 percent. It is generally oriented

parallel to foliation in quartz-mica schist but also occurs as small

crystals that cross-cut oriented biotite grains.

Pink to deep red garnet porphyroblasts vary in abundance from

less than 1 percent to as much as 6 percent of the mode in hornblende

gneiss and generally constitute less than 2 percent of the mode in
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quartz mica schist and gneiss. In thin section, these porphyroblasts

are generally idioblastic and contain numerous Inclusions,

principally plagioclase, quartz, and sphene. Garnet porphyroblasts

are typically flattened parallel to pervasive foliation.

Dark brown sphene is ubiquitous in rocks of unit 1 and varies

from idioblastic prisms to disseminated xenoblastic aggregates that

are oriented parallel to pervasive foliation. Sphene occurs either

as a distinct phase or as inclusions in other minerals. Opaque

minerals include graphite, which occurs as disseminated scaley

aggregates, and oxide minerals that include hypidioblastic ilmenite

and pyrite(?). Epidote occurs as small hypidioblastic prisms in a

few hornblende gneiss samples. Xenoblastic apatite and

hypidioblastic zircon are minor accessory minerals.

Subunit la

These rocks make up a small body that

metamorphosed ultramafic rocks which occur

rocks set in a matrix of sheared gneiss an

body of rocks crops out on the ridge south

Creek (plate 1).

The predominant ultramafic lithology in

consists primarily of

as blocks of undeformed

metachert lenses. This

of the East Fork of Grouse

subunit Ia is a talc-

olivine-anthophyllite rock that crops out over most of the eastern

two-thirds of the body. In the field, this rock is a mass of light

gray to white talc with red-colored patches rich in olivine. In thin

section, talc occurs as an intergrowth of large plates and surrounds

olivine grains. Olivine occurs as masses of large hypidioblastic
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crystals or as idioblastic prisms and is altered to serpentine along

grain margins and in cleavages. Anthophyllite is usually less than 5

percent of the mode and forms hypidioblastic prisms. This rock is

probably a metamorphosed peridotite.

Another rock type is a possible cumulate pyroxenite that crops

out in the western third of the subunit. This rock is composed

mainly of large (1-3 cm), idioblastic, randomly oriented crystals of

augite that make up about 95 percent of the mode. Aggregates of

neocrystallized olivine grains, which may represent former single

crystals, and accessory chromite make up the remainder of the rock.

The majority of the rocks that make up the sheared matrix are

dark green gneisses that crop out irregularly over the western half

of the unit and make up approximately 80 to 90 percent of the matrix.

These rocks are about 90 percent chlorite pseudomorphed after

amphibole and are strongly lineated. Plagioclase-quartz domains and

minor garnet are interspersed throughout the chloritic matrix.

Large, idioblastic ilnienite crystals range up to 5 cm in diameter and

locally make up as much as 6 percent of the mode in these gneisses.

Sheared metachert, possible metacarbonate rocks, and amphibolite

gneisses make up the remaining 10-20 percent of the sheared matrix.

Unit 2

Rocks of unit 2 crop out along a north-northeast trending band

that covers an approximately 5.5 sq mu area (14 sq Ian) between Castle

Creek and Grouse Creek on the west and Browns Creek and Mill Creek on

the east (plate 1). Rocks of unit 2 are best exposed on the steep
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south-facing slopes of the canyon of the South Fork of the Clearwater

River and on Tamarack Ridge. These rocks weather to gray-green or

tan.

The layering in rocks of unit 2 is similar to layering in rocks

of unit 1; individual layers vary from 1 cm to 2 m thick, average 5

to 25 cm thick, and the variation in thickness is random. Compo-

sitionally, rocks of unit 2 show a greater diversity than rocks of

unit 1 and the variation in lithologic types is more distinct in

rocks of unit 2.

Well foliated, medium-grained, gray to black hornblende gneiss

makes up approximately 75 percent of the rocks in unit 2 and is

typically comprised of 1) hornblende-quartz-plagioclase (labra-

dorite-andesine) ± biotite ± garnet ± sphene ± opaque minerals ±

allanite ± clinozoisite; or 2) quartz-hornblende-labradorite ±

sphene ± ilmenite ± calcite. The foliation in hornblende gneiss is

defined by subparallel alignment of hornblende prisms and flattened

domains of quartz and plagioclase grains. Hornblende generally

defines a well-developed lineation in the plane of the foliation.

Coarse-grained, dark green and white layered diopside gneiss

makes up approximately 5 to 10 percent of the rocks in unit 2 and

generally consists of hornblende-quartz-diopside-labradorite ±

zoisite ± sphene ± opaque minerals. One occurrence of diopside

gneiss is a coarse-grained rock that is made up of zoisite-plagio-

clase (labrodorite-bytownite)-diopside. Foliation in diopside gneiss

is defined by flattened diopside grains, hornblende grains, and

flattened domains of quartz and plagioclase.
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Foliated, medium-grained, dark green to black amphibolite gneiss

makes up approximately 5 to 10 percent of the rocks in unit 2 and

consists of plagioclase (labradorite to bytownite)-hornblertde ±

quartz ± sphene ± diopside ± opaque minerals. The foliation is

typically defined by subparallel alignment of hornblende grains which

are generally randomly oriented in the plane of foliation.

Other lithologies that make up the remaining 5 to 10 percent of

the rocks in unit 2 are layered, blue-gray marble (diopside-quartz-

labradorite-calcite ± zoisite ± biotite) and red and green layered

coarse-grained siliceous calc-silicate gneiss (diopside-garnet-quartz

± hornblende ± plagioclase ± epidote ± sphene ± zoisite). The folia-

tion is defined in marble by layers of granoblastic quartz and labra-

dorite that alternate with layers rich in idioblastic calcite. The

foliation in siliceous caic-silicate gneiss is defined by flattened

domains of diopside and garnet that alternate with layers of flat-

tened quartz grains.

In hornblende gneiss and diopside gneiss, plagioclase and quartz

constitute from 40 percent to 75 percent of the mode and average

approximately 60 percent. They occur as an intergrowth of unstrained

hypidioblastic to xenoblastic grains with a granoblastic, usually

polygonal, texture that is often flattened parallel to pervasive

foliation. Plagioclase to quartz ratios are generally about 3:2 and

labradorite is more common than anclesine. in diopside and amphibo-

lite gneiss, plagioclase occurs as idioblastic to hypidioblastic

crystals of labradorite or bytownite that are interstitial to

hypidioblastic diopside or idioblastic amphibole crystals; quartz
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occurs as inclusions in amphibole. In siliceous calc-silicate

gneiss, quartz makes up approximately 50 percent of the mode and

occurs as domains of neocrystallized strain-free grains that are

flattened parallel to layering.

Hornblende is a major constituent in approximately 80 percent of

the rocks in unit 2 and varies in abundance from 10 percent to 90

percent of the mode; it averages 25 to 30 percent in hornblende-

gneiss and 50 to 60 percent in amphibolite gneiss. In hand sample,

hornblende occurs as black or dark green prisms that define the

foliation and in some rocks a moderate to well developed lineation.

Hornblende in rocks of unit 2 is generally not poikiloblastic except

in aniphibolite gneiss, where it contains inclusions of quartz,

biotite, epidote, and sphene.

Diopside is a major constituent in diopside gneiss and caic-

silicate gneiss and also occurs in marble. Diopside ranges in abun-

dance from 5 percent in marble to 95 percent in one diopside gneiss

sample, but generally constitutes about 20 to 30 percent of the mode

in diopside gneiss. It occurs either as idioblastic prisms without

inclusions or as large, optically continuous hypidioblastic prisms

that poikilitically enclose other minerals in the rock. Diopside

crystals are commonly flattened parallel to pervasive foliation.

In hornblende gneiss, garnet constitutes less than 3 percent of

the mode and occurs as h,ypidioblastic porphyroblasts with numerous

inclusions. In siliceous caic-silicate gneiss, garnet makes up about

20 percent of the mode and forms layers that define the foliation.

In the siliceous caic-silicate gneiss, garnet is xenoblastic and
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poikilitically encloses quartz, oligoclase, and sphene.

Calcite is the major constituent in marble and constitutes

approximately 60 percent of the mode. It occurs as aggregates of

idioblastic to hypidioblastic rhombohedrons in layers that alternate

with quartz-plagioclase rich layers to define a crude foliation.

Calcite also rarely occurs as an accessory mineral in hornblende

gneiss.

Biotite is not abundant in rocks of unit 2 but, where present,

may constitute as much as 8 percent of the mode. It generally occurs

as idioblastic to hypidioblastic brown crystals oriented subparallel

to the foliation and is usually associated with hornblende.

Sphene is ubiquitous except in marble. It generally constitutes

less than 3 percent of the mode and occurs either as discrete crys-

tals with idioblastic to xenoblastic forms or as aggregates of xeno-

blastic grains that may represent neocrystallized single sphene

crystals. Some sphene crystals contain cores of hypidioblastic to

xenoblastic ilmenite.

Opaque minerals make up approximately 1 to 2 percent of the mode

in most rocks and are probably oxide minerals. They occur as

hypidioblastic to xenoblastic grains disseminated throughout the

rock. Hypidioblastic ilmenite is sometimes rimmed with sphene.

Zoisite is an accessory mineral in diopside gneiss and calc-

silicate gneiss where it generally occurs as hypidioblastic prisms or

as masses of xenoblastic grains interstitial to diopside crystals.

Xenoblastic grains of epidote replace hornblende in some hornblende

gneiss. In amphibolite gneiss, epidote occurs as inclusions in
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hornblende. Clinozoisite is rare and occurs as a trace phase in some

hornblende gneiss samples.

Metamorphic grade

Rocks of the western terrane were progressively metamorphosed to

the amphibolite facies or medium grade of regional metamorphism.

Mineral assemblages in rocks of unit 1 are typical of the kyanite

zone of the amphibolite fades of regional metamorphism as modified

from Eskola's original definition (Turner, 1981). This is correla-

tive with the oligoclase-amphibolite zone of medium grade metamor-

phism Winkler (1979). Metamorphic conditions in rocks of this grade

range from 510 to 640 °C dependant upon pressure, which would

typically range from 5 to 8 kb (Winkler, 1979; Turner, 1981). The

mineral assemblages in rocks of subunit la (talc-olivine-antho-

phyllite) exist over a wide range of temperature and pressure and

could have been formed between 500 and 680 °C at pressures that

ranged from 2 to 6 kb (Winkler, 1979).

Mineral assemblages in rocks of unit 2 place them in the silli-

manite zone of the amphibolite facies (Turner, 1981) or the labra-

dorite-bytownite-amphibolite zone of medium grade metamorphism

(Winkler, 1979). Metamorphic temperature and pressure conditions in

these rocks would have ranged from approximately 510 °C at 3 kb to

720 °C at 7 kb (Winkler, 1979). Therefore, metamorphic conditions in

the western terrane ranged between 500 and 700 °C at pressures that

ranged from 3 to 7 kb.
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Trace element characteristics

Trace element contents in rocks from the western terrane are

given in table 1. The main emphasis in this study is the REE signa-

tures of these rocks. Chondrite normalized whole rock REE signatures

are divided into two groups (fig. 3). Rocks in the first group (fig.

3a) are biotite gneiss (HR 453F), hornblende gneiss (GM 026E, HR

453C), and amphibolite gneiss (HR 390). Lithologic and petrographic

characteristics of these rocks indicate that biotite gneiss and

hornblende gneiss were probably derived from rocks of andesitic

composition and that the amphibolite gneiss was probably derived from

a rock of basaltic composition. Rare earth element signatures of

rocks in this group exhibit moderately light rare earth element

(LREE) enriched curves ((La/Lu)c = 2.1-5.0), total rare earth

abundances (EREE) that range from 48.5-205.3, and negligible europium

anomalies (Eu/Eu*)c 0.97-1.0). Rocks in the second group (fig. 3b)

are hornblende gneisses (HR 464, HR 373A, HR 373). These rocks were

probably derived from rocks of andesitic composition. Whole rock REE

signatures in these rocks are LREE depleted to slightly LREE enriched

((La/Lu)c = 0.54-1.0); EREE ranges from 23.8-67.2; and they have

negligible europium anomalies ((Eu/Eu*)c = 0.98-1.0.).



Table 1: Trace element contents of metamorphic rocks in the study area.

Rock unit metasedimentary rocks of the western terrane metasedimentary rocks of the eastern terrane

Rock type hornblende hornblende hornblende amphibolite hornblende biotite hornblende metapelitic metapelitic metapelitic amphibolite amphibolite
gneiss gneiss gneiss gneiss gneiss gneiss gneiss gneiss schist schist gneiss gneiss

Sample number CM 026 HR 373 HR 373F HR 390 HR 453C HR 453F HR 464 HR 407 HB 028 HR 087 HR 444 HB 092

Trace elements in parts per million

Sc 37 37.5 33 35 27.5 17 30 16 14 11 30 33
Cr 340 -- 370 400 400 75 - 75 74 64 62 180
Co 68 34 41 38 23.5 26 12 19 44 53 50
Zn 170 28 80 36.5 86 -- -- 9 46
Rb - -- -- - -- 59 - 245 167 158 45 110
Zr 400 -- -- - -- -- - 160 370 -- 270 -
Cs - 1 0.6 4.1 4.4 3.2 2.7 5.3 2.1 7.9
Ba 980 -- 370 300 420 510 920 700 1300 670 200 300
La 36 1.7 4.0 16 8.1 8.7 7.9 14 50 57 25 23
Ce 72 8 - 20 15 19 26 119 121 58
Nd 39 4.1 5.5 20 12 9 12 13 64 49 36 32
Sm 9.6 1.4 1.8 5.1 3.0 2.7 3.5 2.2 9.7 11 8.3 6.7
Eu 3.10 0.54 0.86 1.6 0.93 0.84 1.4 0.50 1.7 1.02 2.5 2.20
Tb 2 0.38 0.50 0.74 0.43 0.49 0.85 0.29 0.95 1.0 1.20 0.85
Yb 5.2 2.0 2.5 2.3 1.5 2.6 3.6 2.1 4.1 5.5 3.0 2.0
Lu 0.75 0.35 0.39 0.40 0.26 0.43 0.55 0.46 0.71 0.93 0.44 0.35
Hf 6.3 2.5 -- 15 - -- -- 5.8 --
Th 0.8 1.6 2.1 1.2 2.9 1.0 12.7 21.0 19 2.1 1.2

EREE 205.3 23.8 95.6 59.5 48.5 67.2 69.2 285.6 287.3 155.4 148.7
(LaILu)c 5.0 0.5 1.0 4.0 3.3 2.1 1.2 3.1 5.3 4.9 5.9 6.6

estimated errors at one standard deviation (see appendix 1 for determination of errors): ± 1-3% for Sc, Co, and La; ± 2-4% for Sm, Eu, Yb, and Lu;
± 4-7% for Zn, Ce, Tb, Hf, and Th; ±10-15% for Cr and Rb; and ± 15-25% for Cs, Ba, Nd, and Zr.

REE is the sum of all BEE (ppm) including estimates from chondrite normalized plots for elements not determined
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Figure 3. Chondrite normalized whole rock REE signatures of meta-
morphic rocks from the western terrane. A) Rocks in this group are
hornblende gneiss and biotite gneiss (GM 026E, HR 453C, HR 453F) and
amphibolite gneiss (HR 390). B) Rocks in this group are hornblende
gneiss.



Correlation and origin

Metamorphic rocks of the western terrane were correlated with

the Squaw Creek Schist (Hamilton, 1963b; Myers, 1968, 1982), which is

the uppermost member of the Riggins Group rocks in the Riggins, Idaho

area (fig. 1). The Riggins Group rocks are probably Paleozoic in age

(Hamilton, 1963b). Rocks in the Squaw Creek Schist are probably

derived from sedimentary rocks that had a volcanic source which

ranged from rhyolitic to basaltic in composition (Hamilton, 1963b).

Rocks correlated with the Squaw Creek Schist in the South Fork of the

Clearwater River area probably had a similar origin to those in the

Riggins area (Myers, 1968, 1982). Metamorphic mineral assemblages in

quartz mica schist and gneiss exhibit an abundance of mafic minerals,

an absence of potassium feldspar, and a subequal abundance of

plagioclase and quartz. Thus, previous correlations, combined with

chemical, mineralogic and petrologic data from this study, suggest

the volcanic source for these rocks was intermediate to basic in

composition. Calc-silicate gneiss in unit 2 were probably derived

from siliceous carbonate rocks, whereas siliceous caic-silicate

gneisses have mineral assemblages typical of metachert (Williams and

others, 1981). The marbles were probably derived from limestones or

dolomites.



29

METAMORPHIC ROCKS OF THE EASTERN TERRANE

Metamorphic rocks in the eastern tectonostratigraphic terrarie

are terrigenous metasediments that occur as roof pendents and screens

within plutonic rocks. Myers (1968, 1982) mapped these rocks on the

basis of lithology and did not divide them into stratigraphic units.

In this study, rocks of the eastern terrane are divided into three

units based on lithology and superposition (plate 1).

Rock descriptions

Unit A

Rocks of unit A crop out on Quartz Ridge and Hungry Ridge (plate

1) over a total area of approximately 2 sq miles (5 sq km). Rocks of

this unit are massive metaquartzite that are resistant to weathering

and form blocky outcrops or scattered boulders. The quartzite is

usually white but may be red or gray. Lenses of micaceous quartzite

are minor and occur on Quartz Ridge. No thin sections were analysed

from metaquartzite of unit A.

Unit B

Rocks of unit B crop out over an approximately 11 sq ml area (29

sq km) between Hungry and Quartz Ridges on the west and Cougar

Mountain and Otter Creek on the east (plate 1). These rocks are best

exposed on Quartz Ridge, Cougar Mountain, and the south-facing slopes

of the canyon of the South Fork of the Clearwater River. Unit B is

divided into three subunits (plate 1). Petrographic descriptions of
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rocks in unit B are based on analysis of 37 thin sections. Major

minerals are listed in order of increasing abundance.

Subunit Bi

The majority of rocks in subunit Bi are well foliated aluminum-

silicate quartz-mica schist and gneiss. These rocks make up approxi-

mately 85 to 90 percent of the total rocks in subunit Bi and weather

to dark brown, clay-rich soil. Individual layers in aluminum-

silicate quartz-mica schist and gneiss range from 5 mm to 4 cm in

width and average 2 cm. Layering is irregular and compositional

variations within layered sequences is random. Metaquartzite similar

to subunit B2 makes up as much as 10 percent of the rocks in subunit

Bi. A third and minor rock type in subunit Bi is foliated, medium-

to coarse-grained aniphibolite gneiss that makes up less than 3 per-

cent of the total unit.

The gross mineralogies in aluminum-silicate quartz-mica schist

and gneiss are similar but various mineral assemblages occur and the

relative abundance of minerals varies; in general, sillimanite and

quartz dominate. Some typical mineral assemblages in these rocks are

listed below:

1) biotite-muscovite-sillimanite-quartz ± garnet ±
staurolite ± cordierite ± zircon ± tourmaline ±
dumortierite ± rutile ± apatite ± opaque mineral

2) plagioclase-biotite-muscovite-quartz-sillimanite ±
staurolite ± garnet ± cordierite

3) staurolite-muscovite-quartz-sillimanite ±
tourmaline ± opaque minerals

4) potassium feldspar-biotite-muscovite-sillimanite-
quartz ± zircon ± apatite ± opaque minerals
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The foliation in aluminum-silicate quartz-mica schist and gneiss

of subunit B2 is typically defined by lenticular aggregates or "pods"

of fibrolitic sillimanite in subparallel alignment or by alternating

layers of fibrolitic sillirnanite and flattened quartz-rich domains.

Sillimanite ranges from 2 to 70 percent of the mode in schist

and gneiss but averages 35 to 40 percent. Sillimanite grains within

fibrolitic aggregates are usually aligned parallel to the long dimen-

sion of the aggregate but in some rocks are randomly oriented. In

one specimen, sillimanite appears to have formed from a relict

kyanite grain and in many of the rocks sillimanite occurs in the

cores of muscovite grains and aggregates. Sillimanite also occurs as

small needle-like inclusions in quartz.

Muscovite makes up 5 to 35 percent of the mode in schist and

gneiss and averages 20 percent. It usually occurs as aggregates of

hypidioblastic crystals associated with sillimanite and defines the

foliation. Muscovite also occurs as large grains that are strung out

along the foliation and the long dimension of the muscovite crystal

is not always parallel to layering. Small idioblastic muscovite

crystals present in quartz-rich domains are sometimes aligned sub-

parallel to pervasive foliation but are also randomly oriented.

Quartz varies from 15 to 60 percent in abundance and averages 45

to 50 percent. It generally occurs as an intergrowth of xenoblastic

grains that range from 0.5 mm to 2.5 cm in diameter. These grains

have undulatory extinction, high angle deformation bands, and ser-

rated or sutured grain boundaries. Many rocks have ribbons of

strained quartz aggregates and others have lenticular aggregates of
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neocrystallized grains, some with a surrounding mortar texture, that

probably represent relict large quartz grains. Alternation of quartz

domains with sillimanite or muscovite domains generally defines the

layering in schist and gneiss. Granoblastic and granoblastic-poly-

gonal textures are rare.

Biotite usually occurs as small hypidioblastic to idioblastic

crystals aligned subparallel to the foliation defined by sillimanite

and quartz in schist and gneiss. Biotite varies from 5 to 20 percent

in abundance.

Where present, plagioclase constitutes less than 10 percent of

the mode in schist and gneiss, is associated with quartz, and has a

similar form.

A few rocks contain potassium feldspar and it constitutes less

than 10 percent of the mode. When potassium feldspar is present,

muscovite grains have ragged grain boundaries and are deeply embayed

indicating muscovite was not in equilibrium.

Garnet is usually less than 3 percent of the mode and occurs as

hypidioblastic porphyroblasts with numerous inclusions, principally

quartz. Staurolite occurs as gold or yellow pleochroic prisms or

pseudohexagonal cross sections and is typically associated with mus-

covite or sillimanite. Staurolite makes up less than 2 percent of

the mode. Cordierite occurs in only a few of the rocks and forms

large hypidioblastic crystals with embayed boundaries and numerous

quartz inclusions. Zircon, tourmaline, apatite, rutile,

dumortierite, and opaque grains are common accessory minerals. These

minerals vary in abundance and collectively make up approximately 2-3
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percent of the mode. They occur as idioblastic inclusions in quartz

or as xenoblastic to hypidioblastic crystals disseminated in mica,

sillimanite, and quartz domains.

Amphibolite gneiss is a minor rock type and consists of biotite-

andesine-hornblende ± sphene ± opaque minerals. In these rocks,

hornblende makes up approximately 40 to 50 percent of the rock and

occurs as idioblastic prisms that have quartz inclusions. Small

plagioclase grains are interstitial to hornblende and plagioclase

constitutes approximately 40 to 50 percent of the rock. Biotite is

generally less than 5 percent of the rock and occurs as small grains

within hornblende crystals. The foliation in amphibolite gneiss is

defined by subparallel alignment of hornblende grains.

Subunit B2

The most abundant lithology in subunit B2 is medium- to coarse-

grained white or black layered metaquartzite in which tourmaline or

sillimanite define a crude layering. The layering varies from 1 to

70 cm in width and is not uniform. Unit B2 contains up to 10 percent

aluminum-silicate quartz-mica schist and gneiss similar to subunit

81. Mineral assemblages in metaquartzite are 1) tourmaline-quartz ±

muscovite or 2) sillimanite-quartz. Sillimanite and tourmaline do

not occur together in rocks of this unit. A distinctive lithology in

unit B2 is tourmalirie breccia that was used for correlation with

rocks in the Gospel-Hump Wilderness area (Lund, 1984). This rock has

angular fragments of white metaquartzite in a matrix of black, tour-

maline-rich quartzite. The quartzite fragments vary from 2 cm to
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15 cm in diameter and typically occur as rectangular blocks that

define a crude foliation.

Quartz makes up 90 to 95 percent of the mode in metaquartzite

and occurs as strained grains that range from 1 mm to 2 cm in

diameter. These grains have fragmentary extinction and serrated

grain boundaries.

Tourmaline is predominantly schorl and occurs as aggregates of

idioblastic to hypidioblastic prisms and cross sections that form

stringers surrounding quartz grains and sometimes define a crude

foliation.

Sillimanite occurs as small lenticular pods of fibrolite that

define a discontinuos layering.

Subunit B3

Layered, medium- to coarse-grained, quartz-rich caic-silicate

gneiss that is composed mainly of hornblende, diopside, plagioclase,

quartz, and minor zoisite is the predominant lithology in subunit B3.

Layers vary from 3 to 20 cm thick and the variation is not uniform.

The foliation is generally defined by subparallel alignment of diop-

side and hornblende crystals in discontinuous layers that alternate

with flattened quartz-plagioclase rich layers. Quartz and plagio-

clase form an intergrowth of xenoblastic grains with serrated bound-

aries and constitute approximately 50 percent of the rock. Diopside

and hornblende range from 3 mm to 2 cm and occur as hypidioblastic to

idioblastic poikilitic prisms. Zoisite occurs as small xenoblastic

to hypidioblastic crystals distributed throughout the rock.
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Unit C

Rocks of unit C crop out over an approximately 3 sq mi area (8

sq km) in Peasley Creek and Huddleson Creek drainages (plate 1).

Best exposures are in Peasley Creek and on the south facing slopes of

the canyon of the South Fork of the Clearwater River. Rocks of unit

C are divided into two subunits. Petrographic description of rocks

in subunit Cl are based on analysis of 6 thin sections; minerals are

listed in order of increasing abundance. No thin sections were

analysed from rocks of subunit C2.

Subunit Cl

Rocks in this subunit comprise an interlayered sequence of

metaquartzite and quartz-rich caic-silicate gneiss that form steep

cliff exposures. Metaquartzite layers are generally much thicker

than caic-silicate layers; the former vary from 5 cm to 25 m thick

and the latter vary from 2 cm to 2.5 m thick.

Metaquartzite makes up approximately 50 to 60 percent of the

total rocks in this unit. It is medium-grained, typically contains 5

to 10 percent biotite and/or muscovite that define a crude foliation,

and weathers to light brown or tan.

Calc-silicate gneiss makes up the other 40 to 50 percent of the

rocks and is usually a green and white layered rock that weathers

gray or brown. Common mineral assemblages in caic-silicate gneiss

are 1) zoisite-tremolite-diopside-plagioclase (andesine-oligoclase)-

quartz; or 2) hornblende-plagioclase-diopside-quartz ± sphene. Myers

(1982, Appendix 3) has shown that other important minerals in calc-
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silicate gneiss are wollastonite, dolomite, and calcite. Foliation

in caic-silicate gneiss is defined by subparallel alignment of diop-

side and hornblende grains and by alternating layers of caic-silicate

minerals and quartz-rich domains.

Rocks in subunit C2 are medium- to fine-grained biotite gneiss.

These rocks consist of plagioclase, potassium feldspar, quartz, and

biotite; biotite commonly constitutes as much as 40 percent of the

mode. Alternation of quartz-feldspar rich layers and biotite-rich

layers define a gneissic layering in which individual layers range

from 5 mm to 5 cm in width. Granitic veins and dikes are abundant

and many are boudinaged and folded; ptygmatic folds are common and

are usually randomly oriented.

Metamorhic grade

Mineral assemblages in metaquartzite of units A, B, and C are

not diagnostic of a particular metamorphic fades (Winkler, 1979;

Turner, 1981) and cannot be used to determine possible temperatures

and pressures of metamorphism that affected these rocks.

Mineral assemblages in aluminum-silicate quartz-mica schist and

gneiss of unit B belong to the sillimanite-muscovite zone of the

amphibolite fades (Turner, 1981) or the cordierite-almandine zone of

medium grade metamorphism (Winkler, 1979). Mineral assemblages in

calc-silicate gneiss of units B and C correspond to the sillimanite

zone or the tremolite-calcite zone of the amphibolite facies (Turner,



37

1981).

In aluminum-silicate quartz-mica schist and gneiss, the silli-

manite cores in muscovite crystals and the disequilibrium textures of

muscovite in potassium feldspar bearing rocks indicate the breakdown

of muscovite to form sillimanite and potassium feldspar. This indi-

cates that some of the rocks in unit B were near the upper boundary

of the sillimanite-muscovite zone where the reaction

muscovite + quartz sillimanite + potassium feldspar begins

(Hyndman, 1972; Wirikier, 1979; Turner, 1981). However, temperatures

and pressures necessary to facilitite this reaction probably repre-

sent maximum metamorphic cQnditions attained in these rocks because

potassium feldspar only occurs in a few rocks. Also, staurolite

would not persist in rocks that reached metamorphic grades higher

than those represented by the onset of this reaction (Winkler, 1979;

Turner, 1981). The range of metamorphic temperature and pressure is

thus limited to the stability field of sillimanite below the

conditions required for the above reaction and above the temperatures

and pressures required for staurolite formation.

Based on the foregoing, temperatures that formed mineral assem-

blages in aluminum-silicate quartz-mica schist and gneiss and caic-

silicate gneiss of units B and C probably ranged from 500 to 700 0C

at pressures that ranged between 2 kb and 6 kb (Turner, 1981;

Winkler, 1979).



38

Trace element characteristics

Trace element contents of metasedimentary rocks from the eastern

terrane are given in table 1. These rocks belong to two distinct

lithologic groups. The first group are sillimanite-quartz-mica

schist and gneiss (HB 087, HB 028, HR 407; unit B), which represent

metamorphosed pelitic sediments. The second group (HR 444, HB 092;

unit B) are amphibolite gneiss and probably represent rocks of

basaltic composition.

Trace element contents in the metapelitic rocks have high

concentrations of Ba, Rb, Cs, Tb and REE, and variable concentrations

of the other lithophile elements (table 1). Chondrite normalized

whole rock REE signatures of the metapelitic rocks are shown in

figure 4a. Two of these rocks (HB 028, HB 087) have REE of 285.6

and 287.3; moderate to large europium anomalies {(Eu/Eu*)c = 0.8 and

0.3); and are enriched in both LREE and HREE, which gives them a

distinctive concave-upward signature. The third sample (HR 407) has

a lower total REE content (EREE = 69); a moderate europium anomaly

((Eu/Eu*Oc = 0.78); and a more pronounced concave-upward curve.

Trace elements in the amphibolite gneiss samples are typical of

basaltic rocks (table 1). Chondrite normalized whole rock REE signa-

tures of these rocks are shown in figure 4b. These rocks have REE

of 148 and 155, are LREE enriched ((La/Lu)c = 5.9 and 6.8), and have

no europium anomalies.
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Figure 4. Chondrite normalized whole rock REE signatures of
metapelitic rocks (A) and amphibolitic rocks (B) from unit B in the
eastern terrane.
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Correlation

Myers (1982) suggested that metamorphic rocks in the eastern

terrane are possibly correlative with gneisses in the Elk City region

described by Reid and others (1970). The gneissic rocks in the Elk

City region are probably Belt-equivalent metasedimentary rocks (Reid

and others, 1970) or are a combination of Belt-age metasediments and

basement rocks of pre-Belt age (Armstrong, 1975). Myers (1982) also

suggested that the rocks in the eastern terrane may be correlative

with rocks of the Orofino series in the Orofino area (Anderson, 1930)

which were correlated to rocks of the Pritchard Group of the Belt

Supergroup by Heitanen (1962).

Direct correlation with rocks in the Gospel-Hump wilderness area

to the south (Lund, 1984) indicates that some of the rocks in the

eastern terrane may be Paleozoic in age.

Massive metaquartzite of unit A is lithologically identical to

quartzite of the Umbrella Butte tectonostratigraphic unit in the

Gospel-Hump wilderness (Lund, 1984). Rocks of the Umbrella Butte

unit were traced north from the Gospel-Hump wilderness and connected

with quartzite of unit A (K. Lund, personal communication, 1984) so

that these two units are known to be correlative. Lund (1984)

tentatively assigned a Paleozoic age to quartzite of the Umbrella

Butte tectonostratigraphic unit.

A distinctive lithology in rocks of unit B is the quartzite that

bears the tournialine breccia. This rock is identical to tourmaline

breccias found in quartzite of the Moores tectonostratigraphic unit

of Lund (1984). Rocks of the Moores unit are quartzite, caic-
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silicate gneiss and marble, and mica schist and gneiss. Because rocks

of unit B are lithologically similar and are on strike with rocks of

the Moores unit, they are assumed to be correlative. Lund (1984)

tentatively assigned a Paleozoic age to other units in the Moores

tectonostratigraphic unit except for the tourmaline breccia, which is

possibly correlative with parts of the middle Proterozoic Belt

Supergroup or with part of the equivalent-aged rocks of east-central

Idaho (Ruppel, 1975), both of which contain tourmaUne breccias.

Biotite gneiss of unit C most closely resembles rocks in the Elk

City region to the east mapped by Reid (1959).

Origin

Myers (1968, 1982) suggested that metasedimentary rocks in the

eastern terrane represent sediments derived from erosion of a conti-

nental source that were deposited in a shallow-water, near-shore

environment. Aluminum-silicate quartz mica schist and gneiss

probably represent metamorphosed pelitic sediments; quartzites repre-

sent metamorphosed quartz-rich sandstones; and calc-silicate rocks

probably represent siliceous carbonate rocks. The origin of biotite

gneiss of subunit C2 is uncertain; these rocks may be either

paragneisses or orthogneisses. The origin of the amphibolite

gneisses is also uncertain; these rocks are rare and are interlayered

with metaquartzites and metapelites of unit B; they may represent

metamorphosed basaltic sills or dikes.



42

IGNEOUS ROCKS

Rock descriptions

The classification of igneous rocks in this study follows the

I.U.G.S. nomenclature for the classification of volcanic and plutonic

rocks (Streckheisen, 1976; 1978). Major minerals are listed in order

of increasing abundance.

Foliated tonalite

Rocks in this unit are exposed over an area that covers approxi-

mately 9 sq ml (23 sq km) in the western part of the western terrane

(plate 1) and include the Blacktail stock mapped by Myers (1968,

1982). These rocks are overlain on the west by Columbia River Basalt

Group and are bordered on the east by metamorphic country rocks of

unit 1. The tonalite forms cliffs in the canyon of the South Fork of

the Clearwater River and in major drainages. The unit is divided

into two principal lithologies, biotite tonalite and biotite-poor

tonal ite.

Biotite tonalite

Biotite tonalite makes up approximately 95 percent of the total

rocks in the foliated tonalite unit. In the field, these rocks are

white or gray and weather to light tan. The color index (CI) ranges

from 10 to 20. The primary lithology is coarse-grained, foliated

biotite tonalite composed of orthoclase-epidote-biotite-quartz-

plagioclase and accessory muscovite and garnet; a few rocks contain
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minor hornblende. The foliation is defined by parallel alignment of

large biotite aggregates, by flattened quartz-feldspar domains, and

by flattened garnet grains. Petrographic analysis of these rocks is

based on investigation of nine thin sections. Modal analyses are

given in table 2.

Plagioclase is oligoclase to andesine, occurs as subhedral large

grains that range from 4 to 9 mm in diameter, and is generally

normally zoned. Plagioclase is strained, deformation twins are

common, and some grains are bent. Quartz occurs as large domains or

aggregates of strained anhedral crystals; the domains range from 3 to

12 mm in diameter and individual crystals within the domains have

serrated or sutured boundaries. Deformation bands occur within

quartz grains and are oriented at a high angle to grain boundaries.

Aggregates of small quartz and plagioclase grains surround large

plagioclase crystals in a mortar texture and quartz domains are

flattened parallel to the foliation. All of these textures are

characteristic protomylonitic fabrics (Hobbs and others, 1976; Best,

1982; Tullis and others, 1982).

Biotite occurs as subhedral grains that range from I to 4 mm in

diameter, or as aggregates of grains as large as 2 cm in diameter; it

defines the foliation.

Garnet grains are subhedral to anhedral and are flattened

parallel to the foliation; the abundance of garnet increases with the

degree of development of niylonitic fabric.

Epidote occurs as euhedral to subhedral crystals that range from

0.5 mm to 3 mm in length and are associated with mafic minerals,



Table 2: Modal analyses of igneous rocks in the study area.

rods unit foliated tonalite porphyritic granodiorite/quortz monzodiorite otthognelss
biofite tonalife blofife-poor tonalite

quartz quartzrock type tonalite tonalite tonalite tonalite tonalite tonalite monzodiorlte monzoofonfe granodlorite tonalite granooforite granodlorite

sanq4enumber GEOO4X GM003 HR466 HR469 GEOO4Y GMOIO 141150 HR302 HR388 HR388A l-1R388G HR41S

quartz 23.9 31.2 26.4 29.4 35.7 36.8 13.2 15.6 17.4 20.4 23.3 21.9pfagloctase 50.4 46.5 49.6 48.2 49.8 50.3 51.8 52.3 64.2 61.1 55.1 59.0k-feldspar 1.1 0.81 2.5 0.8 4.2 3.9 11.5 13.6 7.1 5.7 13.2 9.8hornblende - 0.3 - 1.1 -- -- 7.4 4.1 4.4 3.6 0.6 --biotife 13.9 13.1 13.2 13.1 6.3 4.9 14.6 13.2 5.8 8.3 6.9 8.4muscovite 1.4 0.8 0.6 0.7 3.1 33 - -. 0.003 0.007 0.34 0.24spatita 0.31 0.13 0.23 0.21 0.16 0.14 0.41 0.13 0.18 0.082 0.011 0.031aflanite -. <0.005 <0.005 <0.01 -- - 0.063 0.076 0.098 0.046 0.051 0.037epdcle 8.4 5.9 6.4 6.6 0.82 0.67 0.068 0.104 0.13 0.16 0.14 0.102sphene 0.41 0.6 0.49 0.47 . .- 0.97 0.88 0.68 0,61 0.36 0.23gornet 0.02 0,21 0,17 0.26 -- -- -. - -zircon 0.01 0.012 0,008 0.014 <0.005 .oO.005 0.01 0.016 0.012 0.018 0.007 0.017opaques 0.25 0.16 0.47 0.31 <0.01 .- 0.004 0.021 0.017 0.008 0.01 0.24

TOTAL 100,01 100.01 100.03 100.02 100.02 100.01 100,03 100.02 100.02 100.00 100.02 100.00

rods unit ton literanodlorlfe blotite granite foliated nstscoalte-blc4lte granite

rock type granocforite granodlodte tonatite tonalite granite granite granite granite granite granite

sarnplenurnber HR419 HR429 I-fR467 HR468 HBO9O 110097 HBI5O SF1 118148 118155

quartz 19.3 21.6 19.7 23.2 27.6 26.9 26.4 26,5 27.0 27.8plagloclase 53.3 55,1 55.8 57.2 42.9 44.7 44.3 3.4 38.3 36.3k-feldspar 9.8 8.7 0.4 5.3 21.4 21.1 20.8 25.0 24.4 25.6hornbfenda 4.4 2.7 5.9 1.9 - -- -- -- -. --biotita 11.2 10.8 16.7 102 6.1 6.2 5.4 4.3 6.8 5.3ns.cscovite 0.26 0,02 -- - 1,9 0,88 2.7 4.7 3.3 4.9opatite 0.006 0.008 0.002 0.007 0,057 0.038 0,014 0,004 0.031 0.017atlanite 0.007 0.032 0.021 0.015 - -- --epidote 0.57 0.31 1.31 1.2 -- -, -- -- 0.013 --epIcene 1.15 0.72 0.03 0,83 - -- - --zircon <0.005 0.008 <0.005 0.017 0.014 0.019 0.012 0.007 0,008 0.011aquas 0.013 0.021 0.17 0.14 0.041 0.17 0.42 0.15 0.19 0.12TOTAL 100.01 100,02 100.03 100.01 100.01 100.01 100,03 100.02 100.01 100,02

modat abundancesfor qucelz, piaglodase, k-feldspar, hocoblende,blotite, and rousco'dte ware estimated by counting 1200 points on stained iNn sections
modal abundances for apatif, atlanife, eptdote, epIcene,

gorrtet. zircon, and opaque ndnerals were estimated by counting 10,000 poInts on stained ttdn sections
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plagioclase, and rarely quartz. Epidote occurs as randomly oriented

grains that cross-cut biotite grains or as grains oriented

subparallel to the foliation.

Hornblende is rare and irregularly distributed; it occurs as

subhedral to anhedral grains that range from I to 3 mm in length that

are associated with biotite. Locally, hornblende makes up 2 to 3

percent of the mode.

Other accessory minerals include sphene, apatite, zircon, opaque

minerals, allanite, and muscovite. Sphene occurs as randomly orien-

ted, small, subhedral grains that commonly have cores of subhedral

ilmenite. Apatite occurs as euhedral to subhedral laths that are

inclusions in quartz and plagioclase. Zircon is minor and occurs as

minute subhedral to anhedral inclusions in biotite grains. Opaque

minerals are minor and occur as subhedral grains disseminated

throughout the rock. Allanite is rare or absent in the biotite

tonalite and occurs as anhedral cores to epidote grains. Secondary

muscovite occurs as crystallographically oriented grains in

p1 agioci ase.

Biotite-poor tonalite

Light colored, biotite-poor tonalite (CI=5) occurs as tabular

sheets within biotite tonalite. These sheets vary from approximately

10 cm to 10 in wide and are generally concordant with the foliaton in

biotite tonalite. Compared to minerals in biotite tonalite, plagio-

clase and quartz in biotite-poor tonalite are similar, potassium

feldspar is more abundant, and biotite is less abundant (table 2).
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Biotite occurs as small disseminated crystals. A weak foliation is

defined by flattened quartz domains and subparallel alignment of

biotite crystals. Plagioclase crystals contain crystallographically

oriented secondary muscovite grains. Epidote is minor and is asso-

ciated with mafic minerals. Apatite occurs as small, subhedral

inclusions in plagioclase and quartz. Zircon is rare or non-existent

and occurs as minute inclusions in biotite grains. Sphene, allanite,

and garnet were not found in biotite-poor tonalitic rocks.

Pegmatite and aplite

Pegmatitic and aplitic dikes and veins occur throughout metamor-

phic rocks of the western terrane. These felsic intrusive rocks

constitute about 3 to 5 percent of the total outcrop in rocks of unit

1 and about 2 to 3 percent in rocks of unit 2. They range from small

veins approximately 1 cm wide to large pods approximately 30 m

across. The primary lithology is garnet-quartz-plagioclase pegma-

tite, which makes up about 70 percent of the rocks.

In pegmatites, plagioclase occurs as euhedral to subhedral

crystals that range from 1 to 5 cm in diameter; quartz usually occurs

as anhedral crystals that range from 4 to 8 cm in diameter. Euhedral

garnet crystals are as large as 8 mm in diameter; and small biotite

grains are accessory minerals. No thin sections were analysed from

pegmati tes.

Aplitic rocks make up the remaining 30 percent of the veins and

dikes and are composed of quartz-potassium feldspar-plagioclase

± biotite ± muscovite ± garnet. The average grain size in aplitic
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rocks is less than 3 mm. Petrographic analysis of these rocks is

based on investigation of five thin sections.

In aplitic rocks, plagioclase constitutes about 40 to 50 percent

of the mode, quartz varies from 30 to 50 percent, and potassium

feldspar is usually less than 15 percent of the mode. Biotite and/or

muscovite may make up as much as 5 to 10 percent of the rock and

accessory garnet and minor opaque minerals are locally important.

Plagioclase exhibits normal zoning in many samples and is sometimes

strained. Quartz grains are generally strained and have serriate

boundaries. In some foliated aplitic layers, feldspar and quartz

domains are flattened and define a foliation. Biotite and muscovite

are euhedral and are either randomly oriented or are aligned

subparallel to the foliation in layered rocks.

Porphyritic granodiorite/quartz-monzodiorite orthogneiss

This rock unit forms an approximately 3.5 sq mi (9 sq km) band

of rocks that are discontinuously exposed from Browns Creek and Mill

Creek on the west to Meadow Creek and Hungry Ridge on the east (plate

1) and include the gneissis hornblende tonalite and gneissic biotite

tonalite units of Myers (1968, 1982). Coarse- to medium-grained,

prophyritic biotite-granodiorite to hornblende-biotite quartz-monzo-

diorite orthogneiss is the most common lithology. However, a contin-

uous spectrum exists between rocks of tonalitic and quartz-monzonitic

composition, and hornblende varies in abundance. Large porphyro-

clasts of potassium feldspar occur in rocks of granodioritic and

quartz-monzonitic composition. Rocks in this unit range from light
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colored granodiorite (CI=5-8) to dark colored granodiorite, quartz-

monzodiorite, and tonalite (CI=30-35) and from fine- to coarse-

grained. These rocks weather to light brown, gray, or tan and are

best exposed in the Mill Creek and Meadow Creek drain-ages and in the

canyon of the South Fork of the Clearwater River.

Rocks in this unit have a mylonitic fabric that is typically

manifested by a weak foliation and strong lineation, but the degree

of development of the mylonitic fabric varies. Although some of the

rocks do not appear deformed in hand specimen, all show microscopic

evidence of deformation. The following petrographic descriptions are

based on analysis of 15 thin sections and modal analyses are given in

table 2.

Plagioclase is typically andesine and occurs as rounded, subhe-

dral grains that range from 1 to 8 mm in diameter and average 3 to

4 mm. Zoning in plagioclase is not common but deformation twins and

undulatory extinction are common. Plagioclase is also a minor con-

stituent associated with small neocrystallized quartz aggregates that

form a mortar texture around larger plagioclase grains in tonalite

and around potassium feldspar porphyroclasts in granodiorite and

quartz-monzodi on te.

Quartz occurs as small anhedral grains interstitial to plagio-

clase, as domains of crystal aggregates, or as quartz rods that

define the lineation. Crystals within quartz domains commonly show

undulatory extinction and have deformation bands that are oriented at

a high angle to grain boundaries. Crystals within quartz domains are

strained or unstrained and have senate boundaries. Single rodded
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quartz crystals have length:width ratios as large as 25:1.

In tonalite, potassium feldspar occurs as small (0.1 to 0.3 mm)

grains associated with quartz in aggregates of anhedral crystals that

surround plagioclase grains. In granodiorite and quartz-monzo-

diorite, potassium feldspar occurs as subhedral porphyroclasts

commonly as large as 5 cm in diameter. These porphyroclasts

generally have pressure shadows, pressure fringes, and tails composed

of quartz and plagioclase grains. In some rocks, the foliation is

defined by domains of plagioclase and potassium feldspar that alter-

nate with quartz domains in layers approximately 5 to 8 mm wide.

Myrmekitic intergrowths at grain boundaries between plagioclase and

potassium feldspar are common.

Biotite occurs as subhedral crystals that range from 0.1 to 3 mm

in diameter or as aggregates of crystals that average 2 mm in width;

it defines a discontinuous foliation. In porphyritic granodiorite

and quartz-monzodiorite, the foliation defined by biotite grains is

deflected around potassium feldspar porphyroclasts; in tonalitic

rocks, biotite crystals similarly surround large plagioclase grains.

Biotite is altered to epidote and less commonly to chlorite around

grain margins.

Hornblende content varies and is greatest in quartz-monzodiorite

and tonalite. Hornblende forms subhedral crystals that range in size

from 0.5 to 5 mm and commonly define a lineation subparallel to the

direction of quartz elongation. Hornblende is sometimes associated

with biotite and is altered to epidote, zoisite, and chlorite.

Sphene ranges from euhedral crystals that vary from 0.1 to 2 mm
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in length to anhedral grains or aggregates that vary from 0.05 to

1.5 mm in length. Sphene is distributed throughout rocks of this

unit and commonly contains cores of subhedral ilmenite. Sphene

varies in abundance from less than 0.01 percent to as much as 1.0

percent of the mode and is generally most abundant in hornblende-rich

rocks. In some rocks, euhedral sphene crystals are aligned

subparallel to the foliation.

Allanite occurs as euhedral to subhedral crystals that are

generally rimmed by clear epidote. There is a variation from

allanite crystals with thin, discontinuous epidote rims to subhedral

and euhedral epidote crystals with allanite cores; the former are

most abundant. The boundary between the epidote rims and the alla-

nite is sharp. Zoisite also rarely forms rims around allanite

crystals. Allanite crystals are generally less than 0.15 mm in

diameter but some crystals are as large as 0.75 mm. Many allanite

crystals are zoned. Allanite is commonly associated with biotite but

also occurs as euhedral crystals within plagioclase, quartz, and

potassium feldspar grains. Allanite abundance ranges from 0.04 per-

cent to as much as 0.10 percent of the mode (table 2).

Other accessory minerals in these rocks include apatite, which

occurs as small (<0.1 mm) euhedral prisms or anhedral rounded grains

that range from 0.1 to 3 mm in diameter, and zircon, which usually

occurs as small subhedral to anhedral inclusions in biotite. Zircon

also occurs in plagioclase or quartz. Subhedral muscovite and

anhedral calcite are secondary minerals that occur around plagioclase

grain margins.
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Tonal ite/granodiorite

Plutonic rocks that crop out on the west side of Quartz Ridge

and Hungry Ridge are hornblende-biotite tonalite and granodiorite

(plate 1) that cover a total area of approximately 4 sq mi (10 sq

km). This unit includes rocks in the gneissic hornblende tonalite

and gneissic biotite tonalite mapped by Myers (1968, 1982). These

rocks intruded metasedimentary rocks of the eastern terrane. The

contact between plutonic rocks and metasedimentary rocks is either

abrupt or gradational and metasedimentary screens are abundant within

rocks of this unit. Torialitic rocks constitute approximately 80

percent of the unit. The western margin is dominantly coarse-

grained, hornblende-biotite tonalite (CI=15-25) that contains large

euhedral hornblende crystals up to 4 cm long and has a weak primary

foliation. The coarse-grained tonalite grades eastward into medium-

grained, hornblende-biotite tonal ite with minor hornblende-biotite

granodiorite (CI=15-20). The variation between rocks of tonalitic and

granodioritic compositions is usually gradational, but rare intrusive

contacts exhibit mutual cross-cutting relationships. These contacts

cannot be traced far before they become diffuse, indicating the two

lithologies probably represent comagmatic melts of slightly different

composition.

Petrographic descriptions of these rocks are based on analysis

of 13 thin sections. Modal abundances of minerals are given in table

2. Major minerals are listed in order of increasing abundance.

The tonalites and granodiorites are coarse- to medium-grained

and have a hypidiomorphic granular texture. Some rocks have a weak
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primary foliation that is defined by subparallel alignment of horn-

blende and biotite crystals; quartz and feldspar are equigranular and

do not show a dimensional preferred orientation. Morphologically,

minerals in tonalite and granodiorite are similar. Plagioclase is

andesine or less commonly oligoclase and occurs as subhedral crystals

that range from 0.5 mm to 1 cm and average 3 to 4 mm in diameter.

Normal and oscillatory zoning are common; some oscillatory-zoned

plagioclase grains show as many as 8 compositional reversals. Some

plagioclase grains are altered to sericite and calcite along grain

margins.

Quartz occurs as irregular anhedral grains that range from I to

10 mm in diameter and average 3 to 4 mm. Quartz is strained or

unstrained and has fragmentary extinction.

Potassium feldspar in granodiorite ranges from 0.5 to 7 mm in

diameter, averages 4 mm, and occurs as anhedral grains. Myrmekitic

intergrowths are common at grain boundaries between plagioclase and

potassium feldspar.

Subhedral biotite grains range from 0.1 to 4 mm in diameter,

average 1 to 2 mm, and occur as randomly oriented single crystals or

as clots of small grains associated with hornblende. Biotite is

typically altered to ragged epidote and chlorite.

Subhedral and euhedral hornblende crystals make up as much as 10

percent of the mode in some rocks and typically occur as randomly

oriented single crystals; in some rocks, they define a weak

foliation. Epidote and chlorite are common alteration products of

hornbl ende.
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Sphene is easily visible in hand specimen in rocks of this unit.

It makes up more than 1.0 percent of the mode in some rocks, varies

from euhedral crystals to anhedral grains and aggregates, and ranges

in size from 0.1 mm to 6 mm. Sphene crystals commonly have cores of

subhedral to anhedral ilmenite.

Allanite is similar to that in rocks of the porphyritic ortho-

gneiss unit. It occurs as large, euhedral, zoned crystals with

epidote rims. Allanite crystals occur as inclusions within all other

minerals and are generally 0.1 to 0.2 mm in diameter although some

are as large as 1.5 mm. Apatite occurs as euhedral to subhedral

prisms or anhedral grains that range in size from 0.1 mm to 0.5 mm.

Minute anhedral to subhedral zircon inclusions occur in hornblende

and biotite. Opaque minerals are anhedral and are minor

constituents.

Granite

Granites crop out over an approximately 10 sq mi (30 sq km) area

east of Cougar Creek and Blue Ridge and in Johns Creek (plate 1).

Magmas that formed these rocks intruded metasedimentary rocks of the

eastern terrane. The majority of rocks in this unit are massive,

coarse- to medium-grained biotite granite (CI=5 to 10) with a

hypidiomorphic granular texture; these rocks include the Granite

Creek pluton mapped by Myers (1968, 1982). Foliated muscovite-

biotite granite occurs along the margins of the biotite granite

pluton in a zone approximately 10 to 30 m wide. Petrographic

descriptions of granites are based on investigation of 12 thin
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sections. Modal analyses are presented in table 2.

Biotite granite

In biotite granite, subhedral plagioclase crystals range from

0.5 to 2 mm in diameter and plagioclase is primarily oligoclase;

normal zoning is common. Quartz occurs as an anhedral grains with

fragmentary extinction that range from 1 to 5 mm in diameter. Potas-

sium feldspar occurs as irregular anhedral grains and ranges from 2

mm to 1 cm in diameter. Biotite occurs as randomly oriented small

(0.5 to 2 mm) subbedral grains. Primary muscovite is rare.

Secondary muscovite occurs as crystallographically oriented grains in

plagioclase or as subhedral crystals around plagioclase grains.

Accessory minerals in biotite granite include euhedral to sub-

hedral apatite, subhedral to anhedral small zircon as inclusions in

biotite and quartz, secondary epidote, minute euhedral rutile

crystals, and rare euhedral xenotime.

Muscovite-biotite granite

Medium-grained, foliated, muscovite-biotite granite crops out in

Little Medicine Creek and Peasley Creek drainages (plate 1) and

constitutes a border to the biotite granite pluton. Muscovite-

biotite granite contains as much as 5 percent muscovite and is richer

in potassium feldspar than the biotite granites (table 2).

The foliation in muscovite-biotite granite is defined by quartz

and feldspar grains and by subparallel orientation of biotite and

muscovite. The foliation is restricted to a narrow zone
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approximately 10 to 30 m wide; it probably represents a protoclastic

deformation associated with emplacement of the pluton. West of

Little Medicine Creek, the foliated muscovite-biotite granite grades

outward into migmatites that contain metasedimentary rocks of subunit

B2 as blocks in an agmatitic matrix. The orientation of foliation in

the metamorphic rocks is coherent between blocks indicating intrusion

of the granitic magmas did not disturb them.

Columbia River Basalt

Aphanitic, dark gray to black, columnar-jointed basalt weathers

to brown or tan and crops out in Earthquake Meadows, along the

western margin of the map area, on Hungry Ridge, west of Grouse

Creek, and east of Meadow Creek, over a total area of approximately 5

sq mi (13 sq km)(plate 1). The basalt is composed of labradorite

laths (1 to 2 mm) in a matrix of pyroxene, glass, and minor olivirie.

These exposures are part of the Grande Ronde Member of the Columbia

River Basalt Group (Camp and Hooper 1981).

Trace element characteristics

Foliated tonalite

The biotite tonalites and biotite-poor tonalites are distinct in

their trace element signatures (table 3 and fig. 5). Biotite tona-

lites have low ZREE contents'(ZREE ranges from 43.1 to 58.6), are

slightly LREE enriched {(La/Lu)c ranges from 3.8 to 5.5), and have no

europium anomalies. Biotite-poor tonalites are lower in EREE

relative to biotite tonalites (EREE = 21.3 and 24.3), are slightly



Table 3: Trace element contents of igneous rocks in the study area.

Rock unS Io8aked lonalSe perpbyrWuc grano e/ rnonzod3orile cdhogneiss Ionxor8e Rocky Bk1 grwlebiclfte tonaSle biol4e-poo tonal4e
blotlIe granite lie bdke grwle

San'p$enurthet GECO4X HR486 GMOG3GEOO4YGMO19
14R150 HR302 HR385 HR38MI HR38M2 HA388C HR4IS HR4I9 HR467 HR468 ROt HB096 H8097 IIS0 SF1 tl48 H8156

Trace elemeols in pads per ,rJjon'
Sc 5.3 7.0 61 1.1 2.5 72 37 53 - 6.0 1.6 2.1 72 - 6.0 3.0 2.3 2.0 2.7 3.6 3,4 3.1
Cr 3.7 4.0 4.1 3 -- 13 7 -- - - - - 2.6 - 2.3 - - - - - - -
Co 35 26 29 13 9 21 16 24 21 - 14 1.3 5 5 II IS 16 29 14 23
Zn 68 87 81 75 21 50 174 147 156 167 104 110 135 - 159 103 41 53 45 - 75 25
Rb 26 38 31 20 22 84 71 29 29 30 37 - 56 5* 51 59 87 96 83 129 99 109
Zr 115 125 130 72 56 300 211 250 274 - 125 120 212 188 184 181 143 123 140 - ISO 120
Cs 0.7 12 0.9 0.3 0.2 1.1 0.4 0.6 0,5 0.4 0.5 0.6 - 0.6 0.9 1.05 1.3 12 1.4 2.6 2.3 2,4
Ba 500 570 690 445 Z75 1315 760 550 700 640 - 1460 1340 880 1120 1270 1260 1280 1300 900 1540 950
La 6.7 8.8 7,9 3.9 4.4 61,3 37.4 50.3 60,1 53.5 25,1 29.2 43,3 40.7 43.8 45.3 23.1 26.1 22.9 23,4 32.1 18.2
Ce 15 18 16 7.7 1.3 114 66 91 86 St 46 46 73 80 79 84 43 52 44 47 66 36
Nd 9 14 II 4 5.2 52 30 40 36 44 IS - 34 35 36 33 11 20 20 22 25 10
Sm 22 2.5 2.9 0.96 12 7.6 4.4 6.1 6.6 6.1 2.8 3.0 51 4,8 56 52 2.8 2.1 2.8 3.4 32 2.6
Eu 0.69 0.90 0.91 0.27 0.30 1,64 1,07 1.74 1,68 1.66 0.84 0.97 1.36 1,30 1.47 1.34 0.83 0,77 055 0.67 0.84 0.68
'lb 0,33 0.47 0.48 0.16 0.23 0.90 0.42 0,59 0.51 0.53 027 0.50 0.59 0.50 0.55 0.51 0.3.6 0.36 0.37 0.45 0.35 0.40
Yb 0.8 1.5 12 0.3 0.5 1,9 1.1 1.6 1.6 1.5 0.5 1.1 1,3 12 1.1 1.2 0.6 0,8 0,8 1.3 1.1 12
Lu 0.13 0,24 0,20 0.05 0.06 0,27 0.17 0.22 0.24 0.21 0.08 0.15 0.17 0.16 0.17 0.14 0.11 0.10 0.13 0.21 0.19 0.22
I'S 3.0 2.6 2.9 2.1 2.3 64 42 6.5 5.8 69 3.3 4.0 53 4,9 5.5 5j 3.3 42 33 - 4.7
Ta 2.4 2.1 2.6 2.7 2.1 4,1 3.7 .. -. - 3.3 0.4 .. 1.5 3.7 3.11 2.5 32 3,9 2.8 3.2 2.1
Th 0.8 1.3 1.1 0.5 0.7 10.1 6.9 5.1 50 5.6 3.1 5.2 6.8 7.0 6.9 73 6.1 58 4.7 6.0 6.8 5.8

TREE' 43.1 58.6 55.4 243 21.3 269.1 148.9 210.8 202.1 208.6 104.3 125.8 187.6 186.4 1923 201.5 99.4 115.5 102.3 111.9 121.7 85.7
(La/Ul)c 5.5 3.8 42 8.1 72 242 23.5 233 21.6 26.8 334 20.7 27.4 28.1 25.4 31.5 21.7 24.6 18.3 11.5 17.1 8.5

'estimated enom alone standard drnlahon (see appendix
llor delerrelnahon ci eners): ± 1-3% or Sc, Cc, Mid La; ±2-5% Icr Sm, Eu. Yb, and Lu; ±4-7% Icr Zn, Ce, Tb, H, and Th;±10'lS%iorCr,Rb,andla;aixl ±t5-25%lcrCs,Ba,Nd.andZ,

"IREE is the sian ci aS BEE (ppm) inducing estiniates horn diondrhe nocsna8zed plots Icr elements not determined

U,
0')
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Figure 5. Chondrite normalized whole rock REE signatures of foliated
tonalites in the western terrarie.



more fractionated ((La/Lu)c = 7.1 and 8.1), and have moderate nega-

tive europium anomalies ((Eu/Eu*)c = 0.76 and 0.81). The

concentrations of most other trace elements are also depleted in the

biotite-poor tonalite relative to concentrations in the biotite tona-

lite, except Zn, Ta, and Th, which vary (table 3).

Porphyritic granodiorite/quartz monzodiorite
orthogneiss and tonalite/granodiorite

Rocks in the porphyritic granodiorite/quartz monzodiorite ortho-

gneiss and tonalite/granodiorite
units are enriched in Zn, Zr, Ba,

Th, and EREE relative to rocks of the foliated tonalite unit (table

3). Other trace element contents are variable. Chondrite normalized

REE signatures of rocks in the porphyritic orthogneiss and tona-

lite/granodiorite units show that they have moderately high EREE

contents and fractionated REE patterns (fig. 6); but REE signatures

of rocks in the porphyritic orthogneiss unit (fig. 6a) are much more

variable than those in rocks of the tonalite/granodiorite unit (fig.

6b). Total REE in rocks from the porphyritic orthogneiss unit range

from 114.3 to 269.1, (La/Lu)c ranges from 22.2 to 33.4, and the rocks

have no europium anomalies. The one exception is a sample of

biotite-hornblende quartz-monzodiorite (HR 150, fig. 6a) which has a

moderate negative europium anomaly ((Eu/Eu*)c = 0.78). Rocks in the

tonalite/granodiorite unit have EREE contents that range from 186.4

to 192.3; (La/Lu)c ranges from 25.4 to 28.1; and the rocks have no

europi urn anomal i es.
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Granite

The granites are enriched in Ba, Th, and Cs relative to rocks in

the foliated tonalite unit and depleted in Zr and Zn relative to

rocks in the porphyritic orthogneiss and tonalite/granodiorite units

(table 3). The muscovite-biotite granites are enriched in Rb and Cs

relative to the botite granites. The biotite granites (fig. 7a) have

REE that range from 99.4 to 115.5; (La/Lu)c ranges from 18.3 to 24.6;

and they have no europium anomalies. The muscovite-biotite granites

(fig. 7b) have REE that range from 85.7 to 111.9; (La/Lu)c ranges

from 8.5 to 17.1; and they have moderate negative europium anomalies

((Eu/Eu*)c ranges from 0.76 to 0.83). The granites have higher REE

contents than rocks of the foliated tonalite unit but lower REE than

rocks in the porphyritic orthogneiss and tonalite/granodiorite units.

Possible mineralogical controls on
trace element contents

Studies have shown that in rocks of tonalitic and granodioritic

composition, the major minerals are not the main reservoirs for the

REE; allanite and sphene usually contain 80 to 95 percent of the

total whole rock REE contents (Fourcade and Allegre, 1981; Miller and

Mittlefehldt, 1982; Gromet and Silver, 1983; Cullers and Graf,

1984b). If allanite and sphene are not abundant, the REE will reside

in the minerals apatite, zircon, hornblende, epidote, biotite,

plagioclase, and quartz, in that order. The majority of the REE will

be contained in the first four minerals listed and biotite may con-

tain as much as 20 percent of the total REE (Gromet, 1977).
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Therefore, it is important to determine if the mineralogy of the

sampled plutonic rocks controls the REE signatures and, in rocks with

abundant allanite and sphene, it is important to determine whether

the allanite and sphene were in equilibrium with the magmas that

crystallized to form the rocks.

Foliated tonalite

Biotite tonalite

The biotite tonalites have variable major mineral abundances

(table 2) but the REE concentrations do not correlate with major

mineral abundances (compare tables 2 and 3). Likewise, trace mineral

abundances and trace element concentrations show no correlation.

This means that the mineralogy of the biotite tonalitic rocks

probably did not control trace element contents. These rocks have

been metamorphosed and it is possible that the whole rock REE signa-

tures may have been altered during metamorphism. However, this was

probably not the case because there is no mineralogical or textural

evidence to indicate large-scale fluid movement; this would be the

most important factor involved in altering the whole rock REE signa-

tures in this type of rock (Mucke, 1977; Humpris, 1984). Also, chon-

drite normalized whole rock REE signatures are smooth, consistent

curves, which indicates the REE were not fractionated during mobili-

zation associated with metamorphism or alteration (Dusel-Bacon and

Alienikoff, 1985). Because of their atomic structures, metamorphic

minerals such as epidote and garnet may contain a considerable amount

of the REE. However, these minerals are products of metamorphic
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reactions and it is assumed that the REE simply equilibrated as the

rock underwent mineralogical changes during metamorphism. Based on

these criteria, whole rock REE signatures in biotite tonalitic rocks

are believed to be representative of REE signatures in the parent

magma or magmas.

Biotite poor tonalite

The REE contents and other trace element concentrations in the

biotite-poor tonalites are depleted relative to concentrations in the

biotite tonalites except Zn, Ta, and Th, which vary (table 3 and fig.

5). The biotite-poor tonalites are lower in biotite, sphene, and

ilmenite and are higher in potassium feldspar than the biotite tona-

lites (table 2). These mineralogical variations probably influenced

the trace element variations between biotite tonalites and biotite-

poor tonalites; they indicate that the origin of the liquid that

formed the biotite-poor tonalites was probably a late-stage, co-

magmatic differentiate of the same source that produced the biotite

tonalites. Biotite, ilmenite, and sphene would have been left behind

in the source when the liquid was extracted to form the biotite-poor

tonalites. This would explain the decrease in REE contents in the

biotite-poor tonalites relative to the biotite tonalites because the

REE are depleted with differentiation in melts of this composition

(Emmemerman and others, 1975; Scott and Vogel, 1980; Fourcade and

Mlegre, 1981; Mucke and Clarke, 1981; Miller and Middlefeldt, 1982;

Cullers and Graf, 1984b; Dusel-Bacon and Alienikoff, 1985). The

negative europium anomalies in the biotite-poor tonalites (fig. 5b)
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were probably caused by the retention of plagioclase in the parent

magma. The depletion of Sc, Cr, Co, and Cs in the biotite-poor

tonalites relative to the biotite tonalites is probably due to the

lower abundance of biotite. The relative depletion in Zr and Hf in

the biotite-poor tonalites is probably related to the decrease in

trace mineral abundances (zircon and possibly allanite) that occur

principally as inclusions in biotite. This has been suggested as a

reason for the depletion of these elements in late-stage, co-magmatic

rocks of similar composition in the Yukon-Tanana terrane (Dusel-Bacon

and Alienikoff, 1985).

The biotite-poor tonalites probably do not represent melts de-

rived from in situ differentiation of the biotite tonalites because

contacts between the two rock types are everywhere sharp; no grada-

tional or niigmatitic relationships were found. Likewise, the

biotite-poor tonalites probably do not represent later dikes or sills

unrelated to the source for the biotite tonalite magma because the

trace element variations between the two groups of rocks can be

explained by the mineralogical variations.

Porphyritic granodiorite/quartz-monzodiorite
orthogneiss and tonal ite/granodiorite

Rocks in the porphyritic orthogneiss and tonalite/granodiorite

units are not lithologically homogeneous, as shown by the variability

in major mineral contents (table 2). However, variation in whole

rock REE contents do not correlate to variations in major mineral

abundances (compare table 2 and table 3). In rocks from both of

these units, allanite and sphene are abundant (table 2). Because
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allanite and sphene concentrate the REE and probably contain the

majority of whole rock REE contents, it is important to determine

whether these minerals were in equilibrium with the parent magmas

that formed the rocks before whole rock REE signatures can be used as

representative of parent magma signatures to discuss petrogenetic

processes or magmatic source regions.

There seems to be no relationship between the variation in REE

concentrations and the variation in allanite and sphene abundance in

rocks of these two units (compare tables 2 and 3) which indicates

allanite and sphene do not represent restite material (Gromet and

Silver, 1983). If these minerals were restite components, changes in

their abundances would correspond to changes in (La/Lu)c or to HREE

contents; the abundance of sphene would show positive correlation

with HREE content and the ratio of allanite/sphene would correspond

to LREE/HREE ratios (Brooks and others, 1981; Gromet and Silver,

1983).

Allanite is commonly an early crystallizing phase in melts of

tonalitic and granitic composition (Hildreth, 1979; Brooks and

others, 1981; Fourcade and Allegre, 1981; Gromet and Silver, 1983)

and sphene may also be an early crystallizing phase (Ewart and

others, 1977; Fourcade and Allegre, 1981; Gromet and Silver, 1983).

In rocks from both the porphyritic orthogneiss and tonalite/grano-

diorite units, allanite occurs as independant, euhedral crystals of

consistent size that are contained within feldspar and quartz grains

as well as associated with mafic minerals. These textural character-

istics indicate that allanite crystallized from a melt (Brooks and
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1982; Gromet and Silver, 1983). The optical zoning in allanite is

further evidence that crystals formed directly from components

actually dissolved in a melt (Fourcade and Allegre, 1981; Gromet and

Silver, 1983). These euhedral allanite crystals have epidote rims

and the boundary between allanite and epidote is sharp. This means

that the epidote was probably not a reaction product of the allanite

but simply replaced it in the crystallization sequence (Gromet and

Silver, 1983). The morphologic variation of sphene, from euhedral

crystals to anhedral masses, probably indicates that sphene achieved

saturation early during the crystallization history and continued to

crystallize throughout solidification of the melt.

The mineralogical, textural, and chemical evidences suggest that

sphene, allanite, and associated epidote rims crystallized directly

from melts. Therefore, the allanite and sphene in rocks of in the

porphyritic orthogrieiss and tonalite/granodiorite units were probably

in equilibrium with the original magmas that crystallized to form

those rocks, and REE contents in these minerals were likewise in

equilibrium with REE contents in the melt. Thus, the present whole

rock REE signatures probably represent parent melt signatures and can

be used to comment on magmatic source regions and petrogenesis.

Granite

Biotite granite

In the biotite grariites, the REE are probably contained in the

minerals apatite, zircon, and biotite, with minor contributions from



67

feldspars (Hanson, 1978; Mahood and Hildreth, 1983). The

mineralogical variation in biotite granites and the small variation

in REE and other trace element contents shows no correlation (compare

tables 2 and 3). Therefore, whole rock REE signatures in the biotite

granites are believed to be representative of REE signatures in their

parent rnagmas.

Muscovite-biotite granite

Mineralogical and trace element differences between the inusco-

vite-biotite granites and biotite granites are probably a consequence

of contamination of the biotite granite magmas by metasedimentary

wall rocks now exposed around the margins of the pluton. These

differences are discussed in the chapter on trace element variations

in igneous rocks.

Correlation and age

Rocks in the tonalite/granodiorite unit are probably correlative

with tonalites at Rocky Bluff, mapped by Lund (1984) 12 miles to the

south of the study area. The rocks at Rocky Bluff are hornblende-

biotite tonalites that have abundant large sphene crystals and are

lithologically and petrographically similar to rocks in the tona-

lite/granodiorite unit. A sample of the tonalite from Rocky Bluff

has REE and other trace element contents almost identical to rocks in

the tonalite/granodiorite unit (RB 1, table 3). Recent 4OAr/39Ar age

determination for hornblende from the tonalite at Rocky Bluff indi-

cates an age of approximately 85 rn.y. (Sutter and others, 1984).



Therefore, the age of rocks in the tonalite/granodiorite unit is

inferred to be approximately 85 ni.y. Rocks in the porphyritic ortho-

gneiss unit may or may not be of similar age, but the morphological

similarity of minerals in the two groups of rocks, their close

spatial relationship, and their similar trace element signatures

suggest that their ages and origins may be related.

Field evidence suggests that the biotite granites and muscovite-

biotite granites are younger than rocks of the tonalite/granodiorite

unit. The granites are similar to muscovite-biotite granites that

make up the central part of the southern lobe of the Idaho batholith,

which is probably 76 to 72 rn.y. old (Lewis and others, in press) and

may be as young as 70 m.y. (Snee and others, 1985).



STRUCTURE AND METAMORPHISM

Western terrane

The formation of a pervasive regional foliation (Si) accompanied

progressive regional metamorphism to the amphibolite fades in meta-

morphic rocks of the western terrane. In rocks of unit 1, Si is

defined by subparallel alignment of biotite, hornblende, domains of

flattened plagioclase and quartz, and flattened garnet porphyro-

blasts. In rocks of unit 2, Si is defined by subparallel alignment

of hornblende, domains of flattened plagioclase and quartz, flattened

diopside grains, and flattened garnet porphyroblasts. Si is assumed

to be a transposed compositional layering, although indicators such

as intrafolial fold noses are rare. The relationship of Si to

original layering (SO) is unknown. The present orientation of Si in

rocks of units 1 and 2 is shown in figure 8. The formation of Si

represents the first recognized deformation (Di) that affected rocks

of the western terrane.

Aplitic and pegmatitic veins that intruded before or during Di

acted as competent layers and were boudinaged or shortened in the

plane of Si, indicating that the formation of Si involved a large

component of flattening. La Salata (1982) documented this flattening

component and estimated as much as 500 percent shortening of aplitic

and pegmatitic veins; he concluded that regional foliation was formed

during conditions approaching plane strain (bulk flattening). A few

indicators of simple shear occur in rocks of the western terrane,

such as rolled prophyroblasts with asymmetric tails or asymmetric
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strain shadows, but these features are not common. Therefore, DI is

interpreted as a primarily bulk flattening event.

In rocks of unit 1, Si foliation was folded into northeast

trending (040-060°) mesoscopic isoclinal to tight folds (F2) that are

either asymmetric with a northwest vergence or are overturned with

axial surfaces that dip to the southeast (fig. 8b). Because F2 folds

are predominantly isoclinal in rocks of unit 1, the present

orientation of Si foliation approximately parallel to axial planes of

F2 folds (fig. 8a and 8b). The exception to this is in the area of

fold noses, where the SI foliation wraps around the noses of F2 folds

(fig. 9). There was no development of an axial planar foliation to

minor F2 folds in rocks of unit 1 but a few F2 folds exhibit a weak

axial planar cleavage ($2; fig. 9). Mineral lineations (L2) in rocks

of unit 1 are subparallel to F2 fold axes (fig. 8b) and pegmatitic

and aplitic veins boudinaged in the plane of Si were folded along F2

fold axes (fig. 10). Northwest-verging minor thrust faults are

common in rocks of unit 1. These faults dip steeply to the southeast

and have displacements of less than one meter.

In rocks of unit 2, the Si foliation is folded into megascopic

close to open folds with north-northeast trending (0050200) fold

axes; the western limbs of these folds dip more steeply than the

eastern limbs (plate 1 and fig. Bc). Axial surfaces to F2 folds in

rocks of unit 2 are vertical or dip steeply east. Mineral lineations

(L2) in rocks of unit 2 are either subparallel to F2 fold axes or are

inclined down the dip of the axial plane (fig. 8c). Minor folds,

asymmetric folds, folded boudins, and minor thrust faults that are
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Figure 9. Photograph of F2 minor folds in rocks of unit 1. The Si
foliation wraps around fold nose (F2 fold axis plunges obliquely intothe photograph toward the right) and a weak axial planar cleavage is
developed in the area of the fold axis.



73

Figure 10. Photograph of folded boudins in rocks of unit 1. Boudins
formed parallel to Si were folded around the noses of F2 folds.
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typical features in rocks of unit 1 were not found in rocks of unit

2.

The F2 folding of Si in both units and the minor thrusts and

folds in unit 1 represents the second deformation (D2) that affected

rocks in the western terrane. The predominance of asymmetric minor

folds, folded boudins, and northwest verging minor thrusts in rocks

of unit 1 indicate D2 was predominantly a simple shear deformation in

that unit. The reason for the absence of the numerous macroscopic

asymmetric minor folds and thrusts and folded boudins in rocks of

unit 2 is uncertain.

The boundary between rocks of unit 1 and unit 2 is mapped as a

northwest directed thrust fault (plate 1) along which rocks of unit 2

are juxtaposed over rocks of unit 1. The map pattern suggests a

southeast-dipping surface, and fold and fault asymmetries in rocks of

unit 1 below the fault indicate a northwest directed sense of move-

ment. The fault is not exposed at the outcrop scale because it is

covered by heavy vegetation in creek bottoms and because it was

probably complicated by Tertiary age normal faulting. Myers (1982)

indicates that a high angle reverse fault follows the Castle Creek

drainage and is complicated by a Tertiary age normal fault.

Many minerals in rocks of the western terrane exhibit post-

kinematic textures which indicates thermal metamorphism probably

continued after the deformation had ceased. In the gneisses of units

1 and 2, quartz grains lack features such as deformation bands,

deformation lamallae, and undulatory extinction that are typical in

deformed grains. It is not certain why grains in aplitic rocks show
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more evidence of crystallographic strain in quartz grains.

Plagioclase grains show no deformation twins or evidence of crystal-

lographic strain. Quartz and plagioclase grains exhibit granoblastic

and granoblastic polygonal textures. All of these fabrics indicate

quartz and plagioclase were able to accotnodate their strain crystal-

lographically and were recrystallized in a static environment (Turner

and Weiss, 1963; Spry, 1969; Hobbs and others, 1976; White and

others, 1980; Best, 1982). Biotite occurs as polygonized aggregates

of strain-free crystals that define the foliation in some rocks and

probably represent neocrystallized single biotite crystals. Biotite

crystals are not broken or folded around fold noses but occur as

strain-free grains that grew after the fold formed and mimicked its

form (Spry, 1969; Best, 1982). Biotite and muscovite grains are

commonly randomly oriented and cross-cut earlier biotite grains that

define the foliation. These textures indicate post-deformational

crystallization of biotite and muscovite (Turner and Weiss, 1963;

Spry, 1969; Hobbs and others, 1976; Best, 1982; Dusel-Bacon and

Alienikoff, 1985). The recrystallization of quartz and plagioclase

and noecrystallization of micas probably occurred at temperatures and

pressures below the maximum metamorphic conditions indicated by

mineral assemblages in rocks of the western terrane. Therefore, the

post-deformational metamorphism evidenced by minerals in these rocks

is interpreted as a period of waning thermal metamorphism.

Rocks in the foliated tonalite unit were also metamorphosed.

Metamorphic minerals include garnet porphyroblasts that are flattened

parallel to the foliation, and epidote, which is abundant (as much as
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8 percent of the mode) and occurs as euhedral crystals either

randomly oriented or aligned subparallel to the foliation. Epidote

commonly cross-cuts oriented biotite domains and probably crystal-

lized during the period of post-deformational thermal metamorphism.

Chlorite is pseudomorphed after biotite and is probably a low grade

metamorphic mineral rather than a deuteric or late-stage alteration

product of biotite. Crystallographically oriented muscovite in

plagioclase may be either late-stage magmatic or metamorphic in

origin. The protomylonitic texture in these rocks indicates they

underwent the initial stages of ductile deformation but did not

develop into true mylonites. The degree of ductile deformation

varies throughout the unit; areas within the center may be as

intensely deformed as at the margins.

A narrow zone of garnet-biotite-quartz-plagioclase hornfels and

hornblende hornfels approximately 1 to 3 m wide was developed at the

contact exposed in Sheep Creek (plate 1) between the foliated tona-

lites and metamorphosed country rocks of unit 1. In the hornfels,

abundant garnet prophyroblasts that grew in a static environment

overprint relict layering and microscopic isoclinal intrafolial fold

noses related to Si formation. Thus, intrusion of tonalite magma

probably occurred after the formation of Si foliation. However,

intrusion probably occurred before or during D2 because the layering

in both the biotite tonalitic rocks and biotite-poor tonalitic rocks

is subparallel to the present orientation of SI in rocks of unit 1

(plate 1); this indicates the tonalites were deformed during D2.

Also, the tonalitic magmas did not intrude rocks of unit 2, which
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also indicates intrusion occurred before rocks of unit 2 were thrust

over rocks of unit 1. The narrow zone of hornfels is probably

preserved because it was resistant to deformation during 02.

Along the eastern margin of unit 2, the orientation of Si folia-

tion is cross-cut by a mylonitic foliation that is parallel to the

foliation in the porphyritic
granodiorite/quartz-monzodiorite ortho-

gneiss unit (plate 1). Rocks of unit 2 also occur as lenses within

the porphyritic orthogneiss unit oriented subparallel to the

mylonitic layering. This mylonitic overprint represents a later

deformation that post-dated regional metamorphism of the western

terrane and is discussed in a later section in this chapter.

The youngest structural features in the western terrane are

Tertiary age normal faults and many of the narrow, steep-sided drain-

ages in the area are probably structurally controlled by these faults

(Myers, 1968; 1982). Approximately one mile to the north of the

study area, Myers (1968, 1982) noted that Columbia River Basalt Group

rocks were displaced 200 feet along a Tertiary age normal fault that

follows the Castle Creek drainage (plate 1). An isolated occurrence

of Columbia River Basalt Group that crops out on the west side of

Grouse Creek in the southwest part of the area (plate 1) is displaced

along a related fault. This fault also cut out the thrust fault that

separates rocks of unit 1 and unit 2. Columbia River Basalt Group

rocks are also displaced along a fault that follows Bully Creek in

the extreme western part of the area. Myers (1968; 1982) indicated

an east-side-down displacement along Tertiary age normal faults in

Browns Creek drainage (plate 1) of not more than 1000 feet.



In summary, structures in metamorphic rocks of the western

terrane were formed during two deformational events that accompanied

a single thermal metamorphic event. Intrusion of magmas that formed

the foliated tonalite unit was probably syn-tectonic during D2. The

probable relationship of structural features to deformation and ther-

mal metamorphism is represented schematically in figure ii. The

period of post-deformational waning thermal metamorphism is

represented graphically by the schematic cooling curve in figure 11.

The mylonitic overprint in the eastern margin of unit 2 occurred

after regional metamorphism. The latest structures are Tertiary

normal faults.

Eastern terrane

Deformation in the eastern terrane commenced with the formation

of a pervasive regional foliation (Si) that accompanied progressive

regional metamorphism to the amphibolite fades. Si is defined in

metapelitic rocks of unit B by parallel alignment of niicas, layers or

pods of fibrolitic sillimanite, and lenticular or ribboned quartz

domains. In metaquartzite of unit B, Si is a discontinuous foliation

defined by lenticular sillimanite pods or tourmaline domains. Meta-

quartzite in unit A is massive. In caic-silicate gneiss of units B

and C, Si is defined by subparallel alignment of diopside and horn-

blende crystals and by alternating quartz-rich and caic-silicate-rich

layers. In biotite gneiss of subunit C2, Si is defined by layers of

mafic and felsic minerals. The relationship of Si to original

layering in foliated rocks of the eastern terrane is unknown. The
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formation of Si represents the first deformational event (Dl) in the

eastern terrane.

Rocks of unit B are folded into a megascopic, open synform (F2).

The trace of the fold axis trends north-northeast (fig. 12a) and lies

to the east of Little Medicine Creek and Blue Ridge (plate 1).

Tight, F2 folds in rocks of unit B west of Cougar Mountain are

parasitic to the large fold and have fold axes that trend subparallel

to the trace of the major synform (fig. 12b). These parasitic folds

have minor folds and crenulations developed on their limbs. Petro-

graphic analysis of the crenulations shows that biotite crystals are

only rarely bent or broken around fold noses; generally biotite,

sillimanite, and muscovite are overgrown on fold noses and recrystal-

lized along fold limbs indicating that thermal metamorphism continued

after F2 folding of rocks in unit B. In the hinge region of the F2

synform west of Little Medicine Creek, metapelitic and quartzitic

schist and yneiss were intensely folded and boudinaged. The

relationship of small thrust faults near Johns Creek (plate 1) to F2

are uncertain; they could be related to flexural bending associated

with large-scale F2 folding or they may be related to an event not

recognized. Metaquartzite and aluminum-silicate mica schist and

gneiss of unit B are thicker on the western limb of the synform and

this may reflect structural repetition along such thrusts. Minor F2

folds in biotite gneiss of subunit C2 are randomly oriented and

include pytgmatic folds of quartzitic and pegmatic layers. The

orientation of layering in biotite gneiss of subunit C2 does not seem

to have been altered by F2 minor folds; Si in the biotite gneiss is
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parallel to SI in rocks of subunit Cl (fig. 12c) which have no F2

minor folds developed.

A third set of structures in the eastern terrane are represented

by discontinuities between units A and B and units B and C (plate 1).

As previously discussed, metaquartzite of unit A is a continuation of

the Umbrella Butte tecnostratigraphic unit and rocks of unit B corre-

late to rocks in the Moores tectonostratigraphic unit (Lund, 1984).

According to Lund, rocks of the Umbrella Butte unit lie above a

thrust fault that moved them eastward over the rocks of the Moores

unit. The discontinuity between metaquartzite of unit A and rocks of

unit B is a continuation of this structure. The discontinuity

between units B and C separates west-dipping caic-silicate gneiss of

unit B from steeply east-dipping biotite gneiss of unit C (plate 1

and fig. 12). Similar structures in the Moores tectonostratigraphic

unit are west-dipping, east-directed thrust faults (Lund, 1984).

Because rocks of unit B are correlative with rocks of the Moores

unit, the structure between Rocks of unit B and unit C is probably

correlative with the east-directed thrust faults in the Moores unit.

The formation of these megascopic thrust faults represents a third

deformation in rocks of the eastern terrane (D3).

As discussed, thermal metamorphism in the eastern terrane con-

tinued during the formation of regional foliation (Si) and during F2

folding in rocks of unit B, but the relationship of 03 to thermal

metamorphism is uncertain. Rocks of units B and C were metamorphosed

to the same metamorphic grade and thermal metamorphism may or may not

have continued after movement on the fault that separates them.



Granoblastic and granoblastic polygonal fabrics were not developed in

quartz and plagioclase in rocks of the eastern terrane and micaceous

minerals in these rocks do not cross-cut pervasive foliation. Grain

boundaries in quartz and feldspar are typically serrated and quartz

grains have deformation bands and undulatory extinction, indicating

they contain a significant amount of crystallographic strain not

accommodated by recrystallization or annealing (Turner and Weiss,

1963; Spry, 1969; Hobbs and others, 1976; Best, 1982). These

features suggest that there was not a continued post-deformational

thermal metamorphism such as occurred in rocks of the western

terrane.

Magmas that formed rocks in the porphyritic orthogneiss unit,

the tonalite/granodiorite unit, and the biotite and muscovite-biotite

granite units were intruded after regional metamorphism in the

eastern terrane because rocks in those units cross-cut structures in

the metamorphic rocks and were not thermally metamorphosed. The

mylonitic overprint in rocks of the porphyritic orthogneiss unit also

overprinted structures in metamorphic rocks along the western margin

of the eastern terrane. The porphyritic orthogneiss unit contains

metamorphic screens of quartzite, biotite gneiss, and caic-silicate

gneiss that are oriented subparallel to the mylonitic layering. This

mylonitic overprint represents a later deformation that post-dated

regional metamorphism of the eastern terrane and is discussed later

in this chapter.

Tertiary age faults probably controlled the steep drainages in

the eastern terrane much as they did in the western terrane (Myers,
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1982). However, recognition of these faults is difficult because the

area is primarily within plutonic rocks and determination of

displacements is difficult. One fault exposed on the east side of

Mill Creek in the south of the map area (plate 1) trends parallel to

Mill Creek. This fault occurs within the porphyritic orthogneiss

unit, has a brecciated zone approximately 5 m wide, dips

approximately 500 to the east, and has displaced basalt along the

fault plane. A fault exposed at Asbestos Point in the same unit has

a similar trace and may be a continuation of the same fault. Small

faults have also displaced Columbia River Basalt Group and Tertiary

age gravels on the ridge east of Meadow Creek (plate 1).

In summary, structures in the eastern terrane were formed during

three deformational events; the first two were associated with a

single thermal metamorphic event and the relationship of the third to

thermal metamorphism is uncertain. The probable relationship of

structural features to deformation and thermal metamorphism is repre-

sented schematically in figure 13. The mylonitic overprint on both

metamorphic and plutonic rocks represents a later deformation that

post-dated regional metamorphism in both terranes and plutonism in

the suture zone.

Regional metamorphism

Because rocks of both terranes were progressively metamorphosed

to the same metamorphic grade, it is probable that they were metamor-

phosed during the same regional event. Myers (1968, 1982) attributed

metamorphism in these rocks to the same metamorphic event and mapped
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metamorphic isograds in the study area based on the appearance of

index minerals according to the classification of Eskola modified by

Barth and others (1939). Myers described a progressive increase in

metamorphic grade from rocks assigned to the black hornblende zone of

the epidote-amphibolite facies on the west (rocks of Unit 1 in the

western terrane) to rocks assigned to the sillimanite zone of the

amphibolite facies on the east (rocks of Units B and C in the eastern

terrane). However, these single mineral isograds mapped by Myers are

roughly correlative with lithologic changes across the area; Myers'

sillimanite isograd is correlative with the change from hornblende-

and diopside-gneiss of the western terrane to aluminum-silicate mica

schist and gneiss of the eastern terrane. This means that the

appearance of a single index mineral, such as sillimanite, is not

diagnostic of the changes in metamorphic grade. The re-evaluation of

metamorphic conditions based on mineral assemblages described in this

study indicates that metamorphic grade does not increase

progressively eastward across the study area. Instead, metamorphic

grade in rocks of the western terrane increases eastward from rocks

metamorphosed to the kyanite zone of the amphibolite fades in unit

1, across the thrust between rocks of unit 1 and unit 2, to rocks

metamorphosed to the sillimanite zone of the amphibolite facies in

rocks of unit 2. This is the only change in metamorphic grade in the

area; all metamorphic rocks of both terranes east of unit 1 in the

study area were metamorphosed to the sillimanite zone of the

amphibolite facies.



Myl oni te format I on

The mylonitic fabric in rocks of the porphyritic orthogneiss

unit is an L-tectonite. S-surfaces are discontinuous and poorly

developed and no asymmetric structures were found. Therefore, a

sense of shear could not be determined. The weak foliation in rocks

of the porphyritic orthogneiss unit is defined by parallel alignment

of biotite domains and quartz-plagioclase domains; it strikes

approximately 350 and is near-vertical (fig. 14a). Lineations are

well developed and are defined by dimensional preferred orientation

of quartz rods and hornblende crystals. The lineations plunge

steeply to the northeast (figure 14a). The contact between rocks of

the porphyritic orthogneiss unit and rocks of the tonalite/grano-

diorite unit has been overprinted by the rnylonitic fabric and the

original relationship between the two units has been obscured. The

contact is a zone that varies from 15 to 70 m wide in which both

units are structurally interleaved in 1 to 10 m wide lenticular or

sheet-like layers that parallel the contact. Within this zone,

contacts between the lenses are abrupt. The primary foliation in

rocks of the tonalite/granodiorite unit strikes northeast

(approximately 020-025°) and is overprinted by the mylonitic fabric

at the contact with the porphyritic orthogneiss (fig. 14b). The

orientation of the lineations in rocks of the porphyritic orthogneiss

unit indicates that the direction of elongation during mylonitization

probably had a significant vertical component (Ramsay, 1979). This

deformation may have been associated with movement related to uplift.

It is not certain why the deformation was confined to such a narrow
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zone but because the zone is coincident with the boundary between the

two metasedimentary terranes, it may represent a zone of crustal

weakness that was more susceptible to deformation than the

surrounding crustal rocks.

Relationship between terranes

The change from island arc metamorphic rocks of the western

terrane to continental metamorphic rocks of the eastern terrane

occurs within a zone less than 1.5 mi wide (2.5 km) within the

porphyritic orthogneiss unit (plate 1) and represents the suture zone

between the two terranes. At the scale of a regional map, the litho-

logic change is abrupt but at the outcrop scale it is more complex.

The suture zone represents not only a change in lithology but

also a change in orientation and style of structural features; struc-

tures in rocks on either side of the suture zone show an opposing

sense of vergence. In the western terrane, regional foliations

strike approximately 040-060, minor folds have a northwest vergence,

and the megascopic thrust shows a southeast-over-northwest sense of

movement. Regional foliation in rocks of the eastern terrane strike

approximately 350-020 and megascopic thrust faults have a west-over-

east sense of movement.

Because metasedimentary screens within the porphyritic ortho-

gneiss unit are mixed, the suture zone was possibly a complex zone of

structurally interleaved metamorphic rocks from both terranes.

However, intrusion of magrnas that formed rocks in the porphyritic

orthogneiss unit and the later mylonitic overprint obscured the



original structural relationship between the terranes. Therefore,

correlation of timing of individual events (Dl, D2, D3) between the

western and eastern terranes is uncertain.

In summary, the suture zone between the terranes occurs within

the porphyritic orthogneiss unit and separates rocks that were meta-

morphosed to the same metamorphic grade but that have distinct styles

and orientations of structures. The suture probably represents a

narrow zone of complexely interleaved metamorphic rocks from both

terranes that has been complicated by intrusion and by a mylonitic

overprint.
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TRACE ELEMENT VARIATIONS IN METAMORPHIC ROCKS

In their discussion of initial strontium isotope ratios of

plutonic rocks, Fleck and Criss (1985) concluded that the metasedi-

mentary wall rocks of the eastern terrane played a major role in the

genesis of magma by anatexis. Therefore, characterizing rocks in the

eastern terrane with respect to REE and other trace element signa-

tures is pertinent to the discussion of possible contamination and

assimilation processes that affected plutonic rocks and to assess the

possibilities for generation of granitic magmas by anatexis.

Fleck and Criss (1985) also concluded that the rubidium and

strontium contents and initial strontium ratios in plutonic rocks in

the western terrane are diagnostic of plutonic rocks from intra-

oceanic island arcs. Therefore, characterizing metamorphic rocks in

the western terrane with respect to the type of island arc in which

they were formed can be used to compliment the conclusions based on

intital strontium isotope characteristics of plutonic rocks.

Characterization of eastern terrane rocks

Comparison with "typical" continental derived sediments and

sedimentary rocks shows that metapelitic rocks in the eastern terrane

have distinct characteristics that make them valuable in the

discussion of contamination and anatexis. Chondrite normalized REE

signatures of eastern terrane metapelitic rocks show similar LREE

contents and LREE fractionation relative to "typical" continental

sediments and sedimentary rocks as represented by a composite from

four continents compiled by Gromet and others (1984; fig. 15).
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However, HREE contents and HREE fractionations vary; eastern terrane

metapelitic rocks show a distinctive enrichment in HREE relative to

"typical" sedimentary rocks and have a distinctive concave-upward

curve (fig. 15). Eastern terrane metapelitic rocks also have larger

negative europium anomalies than do "typical" sedimentary rocks. In

eastern terrane metapelites, the characteristic concave-upward curve

is manifested in rocks that vary in both EREE and in mineralogy. For

example, as was previously discussed, one sample (HR 407) has a much

lower EREE content than the other samples but still has the charac-

teristic concave-upward shaped curve. The first two samples (MB 028

and HB 087) are muscovite-biotite-plagioclase-quartz-sillimanite

schists that have abundant accessory zircon, allanite, apatite, tour-

maline, and opaque minerals. The sample HR 407 is a biotite-

muscovite-siflimanite-quartz gneiss (quartz = 50 percent of the mode)

and contains negligible accessory minerals. Gromet and others (1984)

have shown that the distribution of the REE in sediments and sedimen-

tary rocks are contained in trace minerals such as allanite, sphene,

and particularly zircon. The low EREE in the sample HR 407 is

probably due to the absence of trace phases, the distribution of

which may have been controlled by differential weathering processes,

but this sample still retains the distinctive concave-upward curve

that characterizes the other rocks. This indicates that the charac-

teristic signature in metapelitic rocks in the study area may reflect

an original signature inherited from their source, rather than being

a result of lithologic or sampling differences.
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The two amphibolite gneiss samples from the eastern terrane were

analysed in the hopes that they might be chemically distinct from

amphibolite gneiss in the western terrane so that their origins might

be contrasted. By comparing the REE signature from the amphibolite

gneiss sample in the western terrane (HR 390, fig. 3) with REE signa-

tures from the amphibolite gneisses in the eastern terrane (fig. 4b)

it is evident that they are not distinct, although the amphibolites

from the eastern terrane have slightly higher REE and greater

LREE/HREE ratios (table 1).

Characterization of western terrane rocks

As previously discussed, protoliths for metamorphic rocks in the

western terrane were sedimentary rocks derived from andesitic and

basaltic volcanic rocks. Whole rock REE signatures in volcanic rocks

from island arcs can be diagnostic of the tectonic settings in which

the island arc was formed (Pearce, 1975; Cullers and Graf, 1984a;

Rogers and others, 1984). Therefore, comparison of whole rock signa-

tures of metamorphic rocks in the western terrane to REE signatures

in volcanic rocks from island arcs formed in different tectonic

settings can be useful in determining the type of island arc in which

the metamorphic rocks were formed. This comparison is based on the

assumption that whole rock REE signatures in the metamorphic rocks

can be used as representatives of REE signatures in their protoliths

because they must be compared to unmetamorphosed volcanic rocks.

The use of REE in metamorphic rocks for this type of comparison

is valid only if it can be assumed that the whole rock REE signatures
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were not altered during metamorphism; the REE must have been immobile

on the whole rock scale. There is conflicting evidence concerning

immobility of the REE during metamorphism and alteration. Menzies

and others (1977; 1979) have demonstrated that REE are immobile

during greenschist metamorphism of basalts, but Hellman and others

(1977) have shown the REE to be mobilized during burial metamorphism.

Humphris (1984) discussed the factors affecting REE mobility and

concluded that each system must be evaluated individually. Rocks

sampled for chemical analysis show no evidence of large-scale

metamorphic differentiation or fluid movement (such as quartz veins,

fractures, or dissolution of minerals) that would alter the whole

rock REE signatures; this indicates that the REE were probably not

mobilized by metamorphic fluids. Also, samples were chosen so that

the effects of weathering and/or alteration were minimal. Further-

more, analysed REE signatures of these rocks plot as smooth curves

when normalized to chondritic REE abundances (fig. 4) indicating that

the REE were not fractionated from one another during metamorphism

(Mucke and others, 1977; Humpris, 1984; Dusel-Bacon and Alienkoff,

1985). For these reasons, whole rock REE signatures of island arc

metamorphic rocks in the western terrane are believed to be represen-

tative of REE signatures in their protoliths and can be used for

comparison with unmetamorphosed island arc volcanic rocks.

Whole rock REE signatures from island arc andesitic and basaltic

rocks can be used to distinguish between young and mature intra-

oceanic island arcs and between island arcs built on oceanic crust

versus continental basement (table 4). Generally, andesites derived



Table 4: Characteristics of volcanic rocks from island arcs formed in
different tectonic settings

ROCK TYPE CHARACTERISTICS

Basalts

MORB No associated andesitic or silicic rocks.
LREE depleted: (La/Lu)c 0.2-0.8.
(Eu/Eu*) = 1.0. EREE* = 2-120.

Young island No associated andesitic rocks.
arc LREE depleted or flat REE curves:

(La/Lu)c = 1.0. EREE = 10-200.

Mature island Component of basalt-andesite-rhyolite
arc and sequence in which andesite is most common.
back-arc basin Generally LREE enriched: (La/Lu)c = 0.4-

7.3) EREE = 10-260. (Eu/Eu*)c = 1.0.

Continental Similar to mature intra-oceanic island arc
island arc but only a minor component of dominantly

silicic volcanic sequences.

Andes i tes

Oceanic Flat to LREE enriched: (La/Lu)c = 1.0-8.5
island arc EREE 25-180. (Eu/Eu*)c = 1.0.

Continental LREE enriched: (La/Lu)c = 1.5-21.5.
island arc EREE = 67-340. (Eu/Eu*)c = 1.0

*ZREE is the sum of all REE including estimates from chondrite
normalized plots for elements not determined

Sources: Pearce and Cann, 1973; Pearce, 1975; Rogers and others,
1984; Cullers and Graf, 1984a; 1984b.
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from island arcs built on oceanic crust have lower EREE contents and

less fractionated REE patterns than andesites derived from

continental margin island arcs, although there is an overlap in

whole-rock REE signatures between these two types (fig. 16a and table

4). Rare earth element signatures in basaltic rocks are less dis-

tinct; the range in REE signatures from basaltic rocks from

continental and intra-oceanic island arc overlap significantly (fig.

16b). However, certain criteria can be used to distinguish between

various groups (table 4). Basalts from young intra-oceanic island

arcs are not associated with andesitic rocks and generally have flat

REE curves (Pearce, 1975; Donnelly and Rogers, 1980; Rogers and

others, 1984). Basalts from mature intra-oceanic island arcs and

back-arc basins are associated with andesitic rocks but basalts make

up less than a third of the total rocks. These basalts are usually

LREE enriched and have higher EREE than basalts from young island

arcs (Rogers and others, 1984; Cullers and Graf, 1984a), although

they may be either depleted or enriched even within the same suite

(Cullers and Graf, 1984a). Basalts from continental margin island

arcs are similar to those from mature intra-oceanic island arcs but

have higher EREE contents. Also, basaltic rocks are only a minor

constituent of dominately rhyolitic and andesitic sequences in

continental margin island arcs (Donnely and Rogers, 1980; Rogers and

others, 1984; Cullers and Graf, 1984b). None of the basalts from any

of these environment have significant europium anomalies (table 4).
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Whole rock REE signatures in metamorphic rocks of the western

terrane (fig. 3) show that rocks in group 1 have REE signatures lower

than those from the majority of continental margin island arc ande-

site and basalt and are most similar to signatures of andesite and

basalt from mature intra-oceanic island arc and associated back-arc

basin environments (compare fig. 3 and 16). Whole rock signatures in

rocks of group 2 are most similar to those of andesitic rocks from

intra-oceanic island arc environments although distinguishing between

rocks formed in a young island arc and rocks formed in a mature

island arc and associated back-arc basin is not possible using REE

signatures. However, rocks in the western terrane probably did not

form in a young intra-oceanic island arc environment because the

majority of them are hornblende gneiss and quartz-mica schist and

gneiss, which were derived from rocks of andesitic composition; rocks

of basaltic composition (amphibolite) constitute only about 10 to 15

percent of the total rocks in the western terrane. Thus, the island

arc terrane from which these sedimentary rocks were derived was

probably predominantly andesitic and relatively mature.

In summary, whole rock REE signatures from metamorphosed island

arc volcanic derived sedimentary rocks in the western terrane indi-

cate they probably originated in a mature intra-oceanic island arc

and possibly an associated back-arc basin environment. This compli-

rnents the conclusions of Fleck and Criss (1985) based on strontium

isotopic data that plutonic rocks in the western terrane have

signatures characteristic of plutons derived from an intra-oceanic

island arc source terrane.
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TRACE ELEMENT VARIATIONS AND PETROGENETIC MODELS FOR

Introduction

Armstrong and others (1977) first documented the abrupt change

in initial 87Sr/86Sr (Sr0) in western Idaho. They found that regard-

less of the age of plutonic rocks sampled, those to the west of a

discrete boundary have low Sr0 (<0.7043) and those to the east of the

boundary have high Sr0 (>0.7055). Armstrong and others reported a

°gap" between values of low and high Sr0; no values between 0.7043

and 0.7055 were detected. Because the change in Sr0 is independent

of the age of the sampled plutons, Armstrong and others concluded

that it represents the boundary between the Precambrian continental

crust on the east and the Phanerozoic eugeocline on the west. They

concluded that plutons with low Sr0 on the west represent assimila-

tion of young, oceanic crustal rocks by magmas derived from the

mantle and emplaced into the accreted terranes. The plutons with

higher Sr0 east of the boundary have Sr0 that are too low to have

been derived by anatexis of crustal rocks; instead, they concluded

that those plutons represent mantle-derived melts that assimilated

material with high Sr0 during ascension through the continental crust

(Armstrong and others, 1977; Fleck and Criss, 1985).

The variation in Sr0 in plutonic rocks along the South Fork of

the Clearwater River has been presented and discussed in detail by

Fleck and Criss (1985). They documented an abrupt but continuous

variation from Sr0 <0.704 in plutons (foliated tonalites of this

study) that intruded the oceanic terrane through higher values to the
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east across a zone of deformed plutonic rocks (porphyritic ortho-

gneiss unit of this study) to Sr0 >0.708 in plutonic rocks (granites

of this study) that intruded the Precambrian metasedimentary wall

rocks. Intermediate Sr0 in the "gap" (0.7043-0.7055) reported by

Armstrong and others (1977) were obtained by Fleck and Criss from the

South Fork of the Clearwater River transect, but these values are not

common and occur only in the deformed plutonic rocks (porphyritic

orthogneiss unit of this study).

Fleck and Criss (1985) found that the plutonic rocks with low

Sr0 (foliated tonalite unit) are high in strontium concentration and

stated that these rocks are typical of intra-oceanic island arc

plutons. They concluded that these plutons formed from melts that

were high in strontium, low in Sr0, and that were generated in sub-

ducted oceanic crust or mantle. Fleck and Criss suggested that these

melts passed through and partially assimilated rocks of the accreted

island arc terrane or were generated within rocks of the accreted

terrane itself. They interpreted the intermediate Sr0 (from the

porphyritic orthogneiss unit) as a result of syn- to post-tectonic

emplacement of magmas derived from source regions that contained both

high and low Sr0. The plutonic rocks with high strontium and low Sr0

(tonalite/granodiorite and granitic rocks) were interpreted to be the

result of "simple mixing of mantle-derived, high Sr orogenic magnias

and fluid-rich melts formed by anatexis of Precambrian schists and

gneiss now exposed in the region" (Fleck and Criss, 1985). Fleck and

Criss concluded that anatexis of the metasedimentary wall rocks

played an important role in magma genesis and that plutons may
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contain as much as 80 percent contaminant material.

By combining the Sr0 data with geologic constraints from this

study, it is clear that there are discrete ranges of Sr0 values that

correspond to the particular rock units (table 5). Therefore, both

Sr0 and trace element chemical data can be used to discuss problems

of petrogenesis and magmatic source regions for plutonic rock units

defined in this study.

Contamination and mixing of source magmas with
metasedimentary wall rocks

Local contamination of biotite granite

Mineralogical and trace element differences between the

muscovite-biotite granites and the biotite granites are probably a

consequence of contamination of the biotite granite magmas by meta-

sedimentary wall rocks around the margins of the pluton. The

foliated muscovite-biotite granites have ZREE approximately equal to

the biotite granites but have LREE/HREE ratios that are considerably

smaller and HREE contents that are greater (compare figures 7a and 7b

and table 3). The negative europium anomalies in the muscovite-

biotite granites might be explained as a result of plagioclase reten-

tion in the source if those rocks represent initial partial melts of

the same source that produced the biotite granites. However,

granitic rocks known to be related by partial melting, EREE generally

increase and LREE/HREE ratios increase with progressive fusion

(Emmerman and others, 1975; McCarthy and Kable, 1978; Miller and

Mittlefehldt, 1982), which is not the observed trend.
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Table 5: Initial strontium isotope ratios of rocks in the study area
(Sr0 values and sample numbers shown in parentheses are from Fleck
and Criss, 1985).

Rock unit initial 87Sr/86Sr
(this study) (from west to east within each unit)

foliated tonalite 0.7037 (797-26D), 0.7038 (797-26E)

pegmatite and
aplite in western 0.7037 (807-27A), 0.7038 (807-28A)
terrane

gneiss of unit 1 0.7050 (807-27B)

gneiss of unit 2 0.7048 (807-28D), 0.7059 (807-28E)

porphyritic grano-
diorite/quartz- 0.7047 (807-28B), 0.7048 (807-27C), 0.7057
nionzodiorite ortho- (807-27F), 0.7056 (807-27G), 0.7065 (807-27G)
gneiss unit

tonal ite/grano-

diorite 0.7073 (807-261), 0.7086 (807-2611)

gneiss of unit B 0.7236 (837-28G)

biotite granite 0.7130 (807-29A), 0.7112 (807-29B),
0.7109 (807-29C), 0.7099 (807-29D)
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A more likely alternative is that the muscovite-biotite granites

represent contamination of the biotite granite parent magma by meta-

sedimentary wall rocks. The increase in muscovite and potassium

feldspar contents in the foliated muscovite-biotite granites is

explained by addition of potassium from the metasedimentary wall

rocks. The smaller (La/Lu)c ratios in the muscovite-biotite granites

is related to the increase in HREE contents and is reflected by the

concave-upward REE signature (fig. 7b). This concave-upward signa-

ture, as well as the negative europium anomaly, was probably

inherited from the metasedimentary wall rocks (compare fig. 4a and

fig. 7).

The relationship between other trace elements in these two units

also indicate that the foliated muscovite-biotite granites represent

contaminated biotite granite magma. Figure 17 shows a plot of

rubidium vs. cesium in biotite granites and metasedimentary wall

rocks of the eastern terrane. The foliated muscovite-biotite

granites are enriched in both elements relative to the biotite

granites and plot between the fields defined by the biotite granites

and the metamorphic wall rocks.

Field evidence supports the conclusion that the muscovite-

biotite granites represent contamination of the biotite granitic

magma with metasedimeritary wall rocks because the contact between the

foliated muscovite-biotite granite and the migmatitic rocks adjacent

to the pluton is gradational.

The trace element contents in the foliated muscovite-biotite

granites are thus not representative of trace element contents in the
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biotite granite parent magmas. For this reason, and because the

muscovite-biotite granites are only a minor part of the pluton, they

can be excluded from the following discussion, which is concerned

with large-scale contamination and anatexis of the wall rocks to Form

parent magrnas.

Large-scale mixing and contaminaton

Fleck and Criss (1985) concluded that contamination of magmas by

metamorphic rocks exposed in the area played an important role in the

formation of observed Sr0 in the plutonic rocks. According to them,

plutonic rocks with low Sr0 in the western terrane represent primary

magmas contaminated by the island arc metamorphic rocks and plutonic

rocks with high Sr0 in the eastern terrane represent magmas formed by

contamination with and anatexis of the continental metasedimentary

wall rocks; the high Sr0 magmas may have contained up to 80 percent

contaminant material.

It is possible that the biotite tonalite parent magmas partially

assimilated western terrane metamorphic rocks. However, mafic xeno-

liths or schlieren, which would indicate assimilation processes, are

rare in the foliated tonalites; this indicates assimilation was

probably not the dominant process. Another alternative is that the

biotite tonalites were derived by partial melting of western terrane

metamorphic rocks. Based on incompatible element ratios in both the

metamorphic rocks and in the tonalites, the amount of partial melting

necessary to produce the biotite tonalite magmas is as much as 100

percent. However, the Sr0 in the metamorphic rocks (Sr0 = 0.7048 to
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0.7059) are higher than those of the tonalites (Sr0 = 0.7037-0.7038,

table 5; Fleck and Criss, 1985) so that large amounts of partial

melting of the metamorphic rocks could not explain the low Sr0 in the

tonalites. Thus, partial melting of the metamorphic rocks exposed in

the western terrane was probably not important in the formation of

the foliated tonalite parent magmas and assimilation of the

metamorphic rocks was probably only minor.

Rocks of the porphyritic orthogneiss unit have HREE contents

approximately the same or lower than rocks of the foliated biotite

tonal ite unit and fractionation of HREE in rocks from both units is

constant (compare figs. 6 and 7a and table 3). Rocks from the tona-

lite/granodiorite and biotite granite units have HREE contents lower

than the foliated biotite tonalites but HREE fractionation is

equivalent (compare figs. 7b and 8). In order to explain these REE

variations as a result of contamination, the contaminant must have

contained high abundances of LREE, had a highly fractionated LREE

character, was depleted in HREE, and was not fractionated in HREE.

The eastern terrane metasedimentary rocks do indeed have higher

concentrations of LREE than the plutonic rocks, but the LREE are less

fractionated than in the plutonic rocks (compare figs. 4, 6, and 7).

Also, 1-IREE contents in the metasedimentary rocks are 20 to 30 times

chondrite, as opposed to values of 3 to 9 times chondrite in rocks

from the porphyritic orthogneiss, tonalite/granodiorite, and biotite

granite units. The eastern terrane metasedimentary rocks display

positive slopes for the HREE. The distinctive concave-upward REE

signature that relfects contamination by eastern terrane
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which resulted from local contamination of the biotite granite magma

(fig. 7b). Thus, REE characteristics from this study indicate that

parent magmas of the porphyritic orthogneiss, tonalite/granodiorite,

and biotite granite units did not form by contamination or anetexis

of the metasedimentary rocks exposed in the eastern terrane.

Contamination of parent magmas to produce the decrease in HREE

in rocks of the tonalite/granodiorite and biotite granite units

relative to rocks in the foliated tonalite unit would have involved a

component that actually diluted HREE at the same time that LREE were

enriched. In the ideal case of a contaminant that contained no HREE,

massive amounts of dilutant would be required and the resultant rock

would consist of up to 80 percent contaminant material (Gromet,

1979). Although this large amount of contaminant required agrees

with estimates proposed by Fleck and Criss (1985), this is an unrea-

sonable amount because rocks in the porphyritic orthogneiss and

tonalite/granodiorite units are fairly mafic; addition of 80 percent

metapelitic or quartzitic metasedimentary material to maginas that

formed rocks in the foliated tonalite unit would produce a much more

felsic rock than is present. A large amount of contamination by

metasedimeritary wall rocks could produce felsic granitic rocks but

could not explain the REE characteristics of the biotite granites.

Also, on a more detailed scale, rocks in the tonalite/granodiorite

unit have Sr0 higher than rocks in the porphyritic orthogneiss unit

but are generally more inafic; this is the opposite of what would be

expected if the tonalite/granodiorite were the more contaminated of
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the two units.

In summary, partial melting and/or assimilation of western ter-

rane metasedimentary rocks now exposed in the area was probably not a

dominant process in the formation of the biotite tonalite parent

magmas. Metasedimentary rocks in the eastern terrane have high LREE

contents, moderately fractionated LREE, high absolute HREE contents,

positive slopes for the HREE, and a distinctive concave-upward signa-

ture. Plutonic rocks with high Sr0 have high LREE contents, highly

fractionated LREE, low HREE contents, and negative sloping HREE

curves. Therefore, despite the high radiogenic strontium content,

magmas that produced rocks of the porphyritic orthogneiss, tona-

lite/granodiorite, and biotite granite units probably did not form by

simple mixing or anatexis of primary rnagmas with the continental

metasedimentary wall rocks of the eastern terrane. Mineralogical and

trace element contents in the muscovite-biotite granites indicate

minor contamination of metasedimentary wall rocks directly adjacent

to the margins of the biotite granite pluton. These arguments do not

preclude the possibility of addition of continental crust of unknown

composition at depth.

Differentiation and fractional crystallization

Fleck and Criss (1985) concluded that fractional crystallization

was not an important mechanism in the formation of plutonic rocks in

the South Fork of the Clearwater River area based on constraints from

strontium isotopic studies. Rare earth element chemistry from this

study supports that conclusion.
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The evolution of REE signatures in suites of tonalitic, grano-

dioritic, and granitic rocks related by differentiation processes is

well documented. During progressive differentiation, EREE contents

are depleted, LREE are depleted, the depletion of REE decreases with

atomic number, and europium anomalies become progressively more nega-

tive (McCarthy and Kable, 1978; Scott and Vogel, 1980; Fourcade and

Allegre, 1981; Miller and Mittlefehldt, 1982; Dusel-Bacon and

Alienikoff, 1985). HREE abundances may show no change with differen-

tiation (Emmerman and others, 1975; Condie, 1978; Miller and

Mittlefehldt, 1982; Cullers and Graf, 1984b). The decrease in LREE

is related to removal of small amounts of allanite, sphene, and

possibly monazite from the melt (Fourcade and Allegre, 1981; Miller

and Mittlefehldt, 1982; Cullers and Graf, 1984b). The decrease in

(Eu/Eu*)c with differentiation is related to plagioclase crystal-

lization (Hanson, 1978; Miller and Mittlefeldt, 1982; Cullers and

Graf, 1984b).

As previously noted, the change in REE signatures from the

foliated biotite tonalite to rocks in the porphyritic orthogneiss and

tonalite/granodiorite units involves an increase in EREE, an enrich-

ment in LREE, a constant or decreased HREE content, and no fraction-

ation of HREE. Also, europium anomalies are not important in rocks

in any of those units. Thus, the trends observed in these rocks are

opposite to trends expected from rocks related by fractional crystal-

lization or differentiation. Also, rocks in the foliated tonalite,

porphyritic orthogneiss, and tonaitte/granodiorite units are litho-

logically similar, which is not typical for rocks related by
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differentiation; suites of rocks should become more felsic with

continued fractionation. Therefore, differentiation or fractional

crystallization of some parent magmatic source can not be invoked as

a plausible mechanism to explain the relationship between the

foliated tonalite, porphyritic orthogneiss, and tonalite/granodiorite

units.

Differentiation or fractional crystallization of tonalitic

magma(s) could result in melts of granitic composition. Fractiona-

tion of hornblende, biotite, plagioclase, allanite, and sphene in the

source could produce rocks lithologically similar to the biotite

granites. In this case, EREE should decrease, the slope of the REE

curves should decrease, and the europium anomalies should be more

negative in the granites; these are not the observed trends. For

these reasons, rocks of the biotite granite unit and the foliated

tonalite unit cannot be related by differentiation.

Differentiation or fractional crystallization of porphyritic

orthogneiss and torialite/granodiorite
parent magmas is also possible.

The biotite granites do have lower TREE than rocks in the porphyritic

orthogneiss and tonalite/granodiorite units but the depletion is

constant for all REE; (La/Lu)c ratios are not significantly

different. If the biotite granites were related to rocks of the

porphyritic orthogneiss and tonalite/granodiorite units by fraction-

ation, the process proceded so that the REE were not fractionated

from one another during the process (compare figures 6 and 7a and

table 3). The only way to decrease the EREE contents in a magma

during differentiation without such fractionation is if the bulk
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solid/liquid distribution coefficient (D) were equal to 1.0 for every

REE. This requires fractionation of minerals such as allanite,

zircon, apatite, sphene, and hornblende, which have drastically dif-

ferent distribution coefficients for the LREE vs HREE, in proportions

such that D were fortuitously equal to 1.0 (for examples of distribu-

tion coefficients for these minerals in equilibrium with silicic

magmas refer to Hanson, 1978; Brooks and others, 1981; Mahood and

Hildreth, 1983; Nash and Crecraft, 1986). This fortuitous situation

would be extremely improbable. Also, fractionation of plagioclase

did not control REE signatures; there is no change in the europium

anomaly between rocks in these different groups.

The biotite tonalite parent magmas might have been produced by

fractional crystallization of hornblende, plagioclase, and pyroxene

from a liquid of basaltic composition. However, fractional crystal-

lization does not seem probable because an unreasonably large amount

of basaltic magma is necessary to produce the amount of tonalite

present in the western terrane.

In summary, none of the groups of rocks in the area seem to be

related by differentiation or fractional crystallization. This

implies that rocks in each of the units may have been related to

different source regimes as discussed in detail in the next section.

Hetrogeneity of magmatic source regions

The preceding arguments indicate that neither contamination by

nor assimilation of continental metasedimentary wall rocks nor

differentiation or fractional crystallization of parent magmas played
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an important role in producing the variations observed in REE signa-

tures from plutonic rocks in the study area. An alternative is that

variations in trace element and strontium isotopic signatures resul-

ted from original variations in the magmatic source regions.

The increase 1nEREE 'in rocks of the porphyritic orthogneiss and

tonalite/granodiorite units relative to rocks in the foliated tona-

lite unit is essentially a manifestation of the increase in LREE

contents; HREE contents are the same or depleted in the former rela-

tive to the latter. Possible explanations for this involve either a

smaller degree of partial melting to form the rocks with the frac-

tionated LREE patterns or melting of a source that was intrinsically

higher in LREE. A smaller degree of partial melting to form magmas

represented by rocks in the porphyritic orthogneiss and tona-

lite/granodiorite units is not supported because rocks in these units

and rocks in the foliated tonalite unit are of similar composition

(tonalitic or granodioritic), which implies similar degrees of par-

tial melting. Furthermore, the large amount of LREE enrichment in

rocks of the porphyritic orthogneiss and tonalite/granodiorite units

would require a residual phase assemblage that retained very low LREE

contents and a very small proportion of the total REE reservoir.

Such an assemblage could not produce the significant relative frac-

tionation observed for the LREE (Gromet, 1979). Therefore, parent

magmas of rocks in the porphyritic orthogneiss and tonalite/grano-

diorite units were most likely derived from a source region that was

intrinsically higher in LREE contents and was unrelated to the source

for the foliated tonalite parent magmas. This high LREE source also
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had higher Sr0.

The granites represent rocks lithologically similar to what

would be produced by a smaller degree of partial melting of the

foliated tonalite source region. However, the granites are probably

not related to the foliated tonalites for the reasons discussed

above. The difference between the biotite granites and rocks in the

porphyritic orthogneiss and tonalite/granodiorite units is drastic

with respect to the REE elements, but involves a significant litho-

logic change and a significant increase in Sr0. The increase in Sr0

indicates the granites were derived from a source that possibly

involved older material rich in radiogenic strontium and was not

related to the source for rocks to the west. The probability that

the granites are as much as 10 to 15 m.y. younger than rocks of the

porphyritic orthogneiss and tonalite/granodiorite units, as discussed

earlier, also suggests they may have originated from an unrelated

source region.

Possible magrnatic source regions

Foliated tonalite

Fleck and Criss (1985) concluded that Sr0 from the foliated

tonalites are typical of plutonic rocks from intra-oceanic island

arcs. The REE signatures in the biotite tonalites are also similar

to REE signatures from tronjeniites formed in island arcs (fig. 18a;

Cullers and Graf, 1984b), but there are some differences. Island arc

tronjemites have less fractionated curves and much larger negative

europium anomalies than the biotite tonalites (fig. 18b). Comparison
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of these differences can be used to comment on possible source

regions that melted to form the biotite tonalite magmas.

The REE signatures in island arc tronjetnites were probably

produced by partial melting of basic rocks with low LREE/HREE ratios,

abundant residual plagioclase (to produce the negative europium

anomaly), and no residual garnet or amphibole (because of the high

HREE contents; Cullers and Graf, 1984b). By comparison, partial

melting to form the REE signatures in the biotite tonalite magmas

from this study requires a basic source with moderate amounts of

residual hornblende or pyroxene (to produce the LREE/HREE ratios) and

no residual plagioclase (because of the absence of europium anoma-

lies; Hanson, 1978; Cullers and Graf, 1984b). Another explanation

for the lack of an europium anomaly in the biotite tonal ites is that

residual hornblende and plagioclase have opposing effects on the

europium anomaly; they can exist in such amounts as to counterbalance

one another and produce no net anomaly (Fourcade and Allegre, 1981;

Cullers and Graf, 1984b). Hanson (1978) concluded that twice as much

residual plagioclase as hornblende would produce melts with negli-

gible europium anoalies. Garnet was probably not an important

residual mineral in the formation of the biotite tonalite magmas

because LREE signatures are not highly fractionated (Hanson, 1978;

Cullers and Graf, 198<b). Therefore, possible sources for the

biotite tonal ite parent magmas were basaltic rocks of oceanic crust

or island arc basement that had flat to slightly LREE enriched

signatures and low Sr0.
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Figure 18. Chondrite normalized whole rock REE signatures (A) from
island arc trondjhemites (after Cullers and Graf, 1984b) and (B) from
foliated tonalites, this study.
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In summary, the biotite tonalite parent magmas were probably

derived by partial melting of oceanic crust or basement rocks with

low LREE/HREE ratios and low Sr0. High pressure phases, such as

garnet, were probably not significant minerals in the residue.

Porphyritic granodiorite/quartz monzodiorlte
orthogneiss and tonal ite/granodiorite

The fractionated REE signatures from both the porphyritic ortho-

gneiss and tonalite/granodiorite units (fig. 6) require a source for

partial melting that contained a significant amount of residual

garnet as well as amphibole or pyroxene (Hanson, 1978, 1980; Cullers

and Graf, 1984b). The absence of significant europium anomalies in

these rocks suggests either a plagioclase-poor to plagioclase-free

source or complimentary amounts of residual plagioclase, amphibole,

and pyroxene in the source. Likely source regions that have been

proposed to produce similar REE signatures in rocks of this compo-

sition are: 1) quartz-saturated eclogite or amphibolite (Hanson,

1978); 2) eclogite or mafic granulite (Glickson, 1976; Frey and

others, 1978; Barker and Millard, 1979, Cullers and Graf, 1984b); 3)

siliceous, garnet-bearing granulite (Condie, 1976; Fryer and Jenner,

1978; Cullers and Graf, 1984b); and 4) hornblende-garnet-clino-

pyroxene-plagioclase basic rock (Barker and others, 1976). All of

these sources represent rocks that have high pressure phases in the

residuum.

The presence of a high pressure phase such as garnet in the

residual mineral assemblage indicates that the parent magmas for

rocks in these units were formed at higher pressures than parent
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magmas for rocks in the foliated tonalite unit in the western ter-

rane. As discussed earlier, rocks in these two units probably repre-

sent magmas that existed as almost complete melts. The probable

existence of granodioritic and tonalitic magmas as complete melts

indicates that they were at temperatures above 1000 C (Wyllie and

others, 1976; Groinet and Silver, 1983). Gromet and Silver (1983)

suggested that high temperatures proposed for magmas of similar

composition in the Penninsular Ranges Batholith, California, indicate

those magmas may have had a significant contribution from mantle-

derived components. However, rocks in the porphyritic orthogneiss

and tonalite/granodiorite units probably do not represent primary

mantle melts because tREE contents and LREE/HREE ratios are too high

to have been derived from primary mantle melts; they probably under-

went at least a two-stage fractionation process relative to primary

mantle material (Hanson, 1978, Cullers and Graf, 1984b).

Rare earth element signatures in rocks of the porphyritic ortho-

gneiss unit are variable, even in rocks of similar lithology.

Initial strontium isotope ratios are also variable (table 5; Fleck

and Criss, 1985). This zone of variable REE and Sr0 signatures is

very narrow (less than 0.6 mi), which indicates that the differences

existed on a small scale. A possible explanation for this is that

the source region for these magmas was a narrow zone of tectonically

interleaved rocks that had variable REE contents and Sr0. A narrow

and heterogeneous zone of mixed rocks in the suture zone between the

two terranes was suggested by the structural relationships determined

in this study.
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Rare earth element signatures in rocks of the tonalite/grano-

diorite unit are consistent. This -indicates that their source was

more homogeneous. Parent magmas that formed rocks in the tona-

lite/granodiorite units had Sr0 higher than mantle-derived melts

(Fleck and Criss, 1985) which indicates that rocks of continental

crust were important in their formation. Because Sr0 in rocks of the

tonalite/granodiorite unit are lower than Sr0 in the granites, it is

possible that generation of the tonalite/granodiorite parent magmas

involved younger (Paleozoic?) less radiogenic crust rubidium depleted

crust.

In summary, source regions for parent magmas that formed the

porphyritic orthogneiss and tonalite/granodiorite units were probably

second-generation source rocks that had already undergone fractiona-

tion processes relative to primary mantle melts and were enriched in

TREE and in LREE. The fractionated REE patterns require residual

garnet in the source; this indicates that parent magmas were gener-

ated at higher pressures than the biotite tonalite parent magmas in

the western terrane. The variability in Sr0 in parent magmas that

crystallized to form the porphyritic orthogneiss unit was probably

influenced by generation in, or passage through, a tectonically mixed

zone of rocks with low Sr0 and rocks with high Sr0. The variability

in REE signatures in these rocks is less drastic but is probably a

result of the same influences. The Sr0 in rocks of the tona-

lite/granodiorite unit require a contribution from younger

(Paleozoic?) crust or rubidium depleted crust.
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Granite

Rare earth element signatures in the biotite granites have no

europium anomalies; this means either that partial melting in the

source left no residual plagioclase or that it left residual plagio-

clase, pyroxene, and amphibole in complimentary amounts with respect

to their effects on the europium anomaly. The high LREE/HREE ratios

require garnet and/or hornblende in the residue (Buma and others,

1971; Jahns and others, 1979; Cullers and Graf, 1984b). The presence

of garnet as a residual phase would indicate that the biotite granite

parent magmas were generated at pressures higher than the biotite

tonalite parent magmas in the western terrane.

Possible magmatic source regions proposed for production of

other granitic rocks with similar REE signatures include continental

crustal rocks (Fourcade and Allegre, 1981); ancient tonalites

(Gi ickson, 1978); or graywacke-type biotite-quartz-plagioclase-gneiss

(Emmerman and others, 1981). As previously discussed, anatexsis of

the high Sr0 eastern terrane metasedimentary wall rocks is not a

probable source for the generation of the granites. However, the

high Sr0 in the granites (Sr0 0.7109 to 0.7130; Fleck and Criss,

1985) suggests that old (Proterozoic?), highly radiogenic crustal

material was probably important in their formation.

in summary, the biotite granites were probably derived by

partial melting of old (Proterozoic?), high Sr0, LREE enriched con-

tinental crustal rocks that were unrelated to the source for the

biotite tonalite, porphyritic orthogneiss, and tonalite/granodiorite

units.
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Implications for crustal configurations

The change from rocks with low Sr0, law REE, and unfractionated

LREE signatures on the west to rocks with high Sr0, high EREE, and

highly fractionated LREE signatures on the east seems to reflect an

abrupt change in magmatic source regions and style of magma genesis.

This change is from syn-tectonic, or slorogenicn magmas generated in

oceanic crust in the western terrane to post-tectonic magmas that

were generated in the tectonically mixed suture zone between the two

terranes and in continental crust in the eastern terrane.

Any model to explain the crustal configuration of the suture

zone cannot be constrained without knowledge of the timing of defor-

mation and regional metamorphism in the two terranes relative to the

suturing event. For example, if deformation and metamorphism in the

western terrane represent an earlier tectonic event that affected the

island arc prior to accretion, then the source region for the

foliated tonalite parent magmas would not represent the crust beneath

the western terrane at the time of suturing. Therefore, it is as-

sumed that deformation and regional metamorphism in both terranes

reflect tectonism related to suturing, as indicated by Lund (1984)

and Sutter and others (1984). Thus, trace element chemistry of both

syntectonic magmas in the western terrane and post-tectonic magmas in

the suture zone and the eastern terrane reflect the configuration of

the crustal boundary at depth formed by accretion.

The heterogeneous zone of tectonically mixed rocks of varying

Sr0 and REE contents as seen in the porphyritic orthogneiss unit

might be expected along a major fault zone between oceanic and
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continental crust. Because the changes in lithology and structure

are abrupt and because the zone of mixed REE and Sr0 is extremely

narrow, the boundary between oceanic and continental crust is

probably steep or near-vertical. This conclusion supports the tec-

tonic model proposed by Lund (1984). She suggested that the opposite

vergence of structures in the western and eastern terranes is related

to suturing along a convergent transcurrent fault system; these

structures diverge away from the suture zone the same way that

"flower structures" do in typical transcurrent fault systems (Wilcox

and others, 1973; Sylvester, 1976; Bartlett and others, 1981).

Juxtaposition of the terranes along a transcurrent fault would re-

quire a steep or near-vertical crustal boundary.

An abrupt change in crustal types also implies an abrupt change

in crustal thickness; continental crust is generally more than three

times as thick as oceanic crust. This partly explains the change

from magrnas generated in lower pressure regimes to magmas that were

generated in higher pressure regimes. However, constraints on the

depth of magma genesis are not good. Partial melting to form parent

magmas for rocks in and to the east of the suture zone left a residue

that contained garnet. Assemblages that contain garnet as a stable

phase occur at pressures between 7 and 12 kb, dependant upon volatile

pressure (Ringwood, 1975). These pressures correlate to depths be-

tween approximately 19 and 35 km, assuming an average rock density of

2.67 gm/cm3, and imply deep levels of magma genesis. Because rocks

in the porphyritic orthogneiss and tonalite/granodiorite units were

probably not primary mantle melts but were most likely generated in
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the continental crust, this implies that the continental crust was

relatively thick at the time of formation.

Conclusions

Magmas that were emplaced during suturing formed plutonic rocks

in the western terrane and were probably generated in shallow oceanic

crust. Magmas that were emplaced after suturing to form rocks in the

eastern terrane were generated at greater depths in rocks of

continental crust; the biotite granites were probably generated in

older, more radiogenic crust (Proterozoic?) and rocks in the

tonalite/granodiorite unit may have had a contribution from a younger

(Paleozoic?) crust or a rubidium depleted crust. Magmas that

intruded the suture zone represent melts that were derived from or

that passed through a heterogeneous source that was mixed with

respect to REE and Sr0 This zone of mixed rocks is extremely narrow

and probably represents a zone of tectonically mixed rocks from both

oceanic and continental basements. These characteristics suggest

that suture represents a steep, near-vertical crustal boundary.
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CONCUJS I ONS

In the South Fork of the Clearwater River area, the Salmon River

suture separates island arc metasedimentary rocks on the west from

continental metasedimentary rocks on the east. Rare earth element

geochemical signatures of metamorphic rocks in the western terrane

indicate that these rocks originated in a mature intra-oceanic island

arc environment. Rare earth element signatures of metamorphic rocks

in the eastern terrane are similar to REE signatures in "typical"

continental sediments and sedimentary rocks except for distinct

concave-upward curves.

Rocks in both terranes were metamorphosed to the amphibolite

fades of regional metamorphism; rocks of unit 1 in the western

terrane were metamorphosed to the kyanite zone and rocks east of unit

1 were metamorphosed to the sillimanite zone. Deformation in both

terranes occurred during the single regional thermal metamorphic

event. Structures in rocks of the two terranes were formed during

the suturing event and show an opposite sense of vergence. Struc-

tures in the western terrane formed during two deformational events

whereas structures in the eastern terrane formed during three defor-

mational events. Later deformation that was concentrated along the

suture zone overprinted structures in both terranes and formed the

mylonitic fabric in rocks of the porphyritic orthogneiss unit and in

the western margin of the tonalite/granodiorite unit.

The Salmon River suture constitutes a narrow zone; it represents

a structurally complex zone of intercalated rocks from both the

western and eastern terranes that has been obscured by intrusion of
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magmas that formed rocks in the porphyritic granodiorite/quartz-

monzodiorite orthogneiss unit.

Magmas that formed rocks in the foliated tonalite unit in the

western terrane intruded during the second deformation and those

rocks were deformed and metamorphosed. Magmas that formed rocks in

the porphyritic granodiorite/quartz-monzodiorite orthogneiss unit

intruded the suture zone after regional metamorphism. Magmas that

formed rocks in the tonalite/granodiorite and granite units intruded

rocks of the eastern terrane after regional metamorphism.

Rare earth element variations in plutonic and metamorphic rocks

indicate that neither anatexis of metasedimentary wall rocks now

exposed in the region nor contamination of primary magmas by the wall

rocks was important in the formation of the plutons in the area.

Differentiation and crystal fractionation processes were also not

important. Instead, magmas that formed rocks in the different

plutonic units originated in different source regions.

Magmas that formed the foliated tonalites in the western terrane

were derived by partial melting of oceanic crust or island arc base-

ment at low to intermediate pressures, leaving a residual mineral

assemblage that probably consisted of amphibole, pyroxene, plagio-

clase, and no garnet. Biotite-poor tonalites represent a late-stage

magmatic differentiation product of the biotite tonalite parent

magma.

Magmas that formed rocks in the porphyritic granodiorite/quartz-

monzonite orthogneiss unit were derived by partial melting of a mixed

source; these magmas were generated by partial melting at medium to
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high pressures and left a probable residual mineral assemblage of

pyroxene, amphibole, minor or no plagioclase, and garnet. The REE

signatures in these rocks indicate the source was heterogeneous and

they probably reflect melting of a complex zone of mixed rocks along

the suture zone itself.

Magmas that formed rocks in the tonalite/grariodiorite and bio-

tite granite units were derived by partial melting of continental

crustal rocks at medium to high pressures leaving a probable residual

mineral assemblage of amphibole, pyroxene, minor or no plagioclase,

and garnet. The biotite granite parent magmas probably had a contri-

bution from old (Proterozoic?) continental crust and the tona-

lite/granodiorite parent magmas may have had a contribution from

younger (Paleozoic?) crust or rubidium depleted crust. Foliated

muscovite-biotite granites represent local contamination of biotite

granite parent magmas by metasedimentary wall rocks around the

margins of the granite pluton.

The change from parent magmas generated at lower pressures to

parent magrnas generated at higher pressures represents the change

from oceanic to continental magmatic source regions. Both syn-

tectonic plutons in the western terrane and post-tectonic plutons in

the suture zone and the eastern terrane are thought to reflect the

crustal source regions that were formed by the suturing event. The

Salmon River suture is probably a narrow, steep, structurally complex

zone of mixed rocks from both oceanic and continental crust.
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APPENDIX 1: DETERMINATION OF ANALYTICAL ERROR

Trace element contents determined for U.S.G.S. rock standards

BCR-1, BHVO-1, PCC-1, AGV-1, and G-2 and for U.S. Bureau of Standards

SRM 1333a are given in table 6. These are mean values that were

determined from data collected during 5 irradiations and 13 counts.

The arithemetic mean was used for sets of values that showed a

gaussian distribution and the geometric mean was used for values that

showed a lognormal distribution. Errors are reported as one standard

deviation (s.d.) from the mean. Determination of errors incorporated

counting errors and the method used is outlined in de Soete (1972).

Errors reported in tables 1 and 3 in the text are based on a

combination of counting errors and the error estimated from the

analysis of U.S.G.S. rock standards.



Table 6: Trace element contents of U.S.G.S. rock standards and U.S. Bureau of
Standards 1333a determined in this study.

STANDAFID 8CR-I 8KVOi PCC-1 AGV-1 G-2 GSPl SAM 1333a

ppm
number oI
analyses

err
(1 s.d.) ppm

nurthero enor
Inabses (1 sd.) ppm

number al error:
analyses ad.)

number ol enoc number c4 error: number ol error: number ol error:
elernan4

(I ppm analyses (1 s.d.) ppm analyses (I ad.) porn analyses (1 ad.) ppn analyses (1 s.d.)
Sc
Cr

32
14

6
4

0.9
2

30 6 0.5 8.1 4 0.1 11.5 4 0.4 3.9 7 0.08 6.3 7 0.16 38 8 II
Cc 37 5 1.4

249
42

4
4

21 2700 5 210 14 3 3 8.5 6 2 15 7 2 204 $ 24
Zn 123 3 6 .-

1.1 116 5 2.3 14.5 3 0.9 4.5 6 0.2 6.8 6 0.1 45 6 0.9
Rb 53 6 5 - -.

-. 45 2 3 91 2 7 88 3 7 110 4 8

Zr 140 4 28 153 3
.-

28

.. -- .- 64 5 7 163 5 14 290 7 32 121 5 19

Cs 0.8 6 0.2 .. -.

- 237 4 42 308 5 61 590 7 45 296 8 73
Ba 610 7 120 163 7 37

- 1.4 6 0.2 1.6 6 0.18 0.8 6 0.2 9.6 7 2.2
L.a 25.8 5 1.2 15.9 4 02

.- ..
- 1310 5 ISO 19t0 6 210 1170 7 270 1510 5 286

Ce 52 7 4 40 4 3
- -- 40.9 4 1.3 91.6 7 2.3 179 6 3 78,4 6 1.1

Nd 21 7 6 25 4 1.8
-. .. - 57 4 8 157 7 33 430 6 35 174 8 14

Sm 6.5 6 0.4 62 3 0.4
- -.

-. 26 5 92 57.5 1 II 160 7 31 81 7 19

Eu 1.96 9 0.05 2.05 5 0.18
- 6.1 4 0.14 6.9 6 0.4 25.6 1 0.7 162 7 0.21

lb 1.1 9 0.14 0.66 5.0 02
- - 1.6 5 0.12 133 8 0.06 2.39 8 0.06 3.7 8 0.01

Yb 3.5 6 0.1 1.95 3.0 0.05
- - 0.56 4 0.08 0.48 6 0.02 1.4 7 0.9 2.5 6 0.14

L 0.53 6 0.06 0.27 3 0.007
-.
-

- - 1.8 4 0.13 1.4 6 0.11 1,8 7 0.02 7.3 7 0.11
14 4.3 6 0.15 4.9 5 0.5

.- 029 4 0.017 0.12 6 0.008 0.24 5 0.004 1.12 5 0.017
Ta 0,71 5 0.08 1.4 2 0.1

- .. - -. 5 - - 6 -. 15.8 7 0.6 7.4 6 0.14
Tb 5.9 7 2.6 1.3 5 0.8

- -. - 1.1 2 0.1 0.9 2 0.1 0.87 2 0.12 1.6 3 0.09- -. - 6.1 4 0.3 26.1 6 1.1 127 6 6 24.3 7 1.3

I.
(-.3

(-Tn
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APPENDIX 2: Location of chemical samples

Locations for each sample are given in latitude and longitude

coodinates as degrees and decimal minutes (table 7). These sample

location numbers are plotted on the geologic map (plate 1).
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Table 7. Location of chemical samples

Sample number North latitude West longitude

GE 004X 450
53.3' 116° 01.5'

GE 004? 450
53.3' 116° 01.5'

GM 003 450
51.0' 116° 00.2'

GM 026 450
48.3' 116° 00.5'

GM 019 45° 48.0' 115° 59.9'
HR 466 45° 48.0' 115° 597'
HR 453C 45° 49.8' 115° 58.3'
HR 464 450

48.3' 115° 58.6'
HR 453F 45° 49.8' 115° 58.3'
HR 388 45° 50.1' 115° 56.6'
HR 388A1 450

50.1' 115° 56.5'
HR 388A2 450

50.1' 115° 56.5'
HR 388C 45° 50.0' 115° 56.4'
HR 302 450

48.1' 115° 56.2'
HR 150 450

49.7' 115° 55.6'
HR 467 45° 49.5' 115° 54.6'
HR 468 45° 49.7' 115° 54.2'
HR 419 45° 50.2' 115° 54.1'
HR 407 45° 52.3' 115° 52.9'
HR 444 45° 49.6' 115° 52.6'
HB 028 450

50.3' 115° 52.4'
HB 096 450

50.7' 115° 51.8'
HB 092 45° 51.8' 115° 51.7'
SF 1 45° 49.4' 115° 51.6'
HB 155 450 494 115° 51.5'
H8 087 45° 51.3' 115° 50.5'
HB 097 450

51.1' 115° 49.8'
HB 150 450

49.2' 115° 49.7'
HB 148 45° 49.2' 115° 49.4'




