
AN ABSTRACT OF THE THESIS OF

Jay Wayne Hammitt for the degree of Master of Science

in Geopgy presented on May 1 1976

Title: GEOLOGY, PETROLOGY, AND MINERALIZATION OF THE

EY MOUNTAINS PLUTONIC COMPLEX

Y,OREGON I
Abstract approved:

'Cyrus W. Field

The Paisley Mountains plutonic complex is located approximately

four miles south of Paisley in the Basin and Range province of south-

central Oregon. Stocks and dikes of this mid-Tertiary (33. 1 m. y.)

complex intrude a thick sequence of pre-middle Oligocene rhyodacitic

and andesitic flows and volcaniclas tics. The complex is composed of

syenodiorite, granodiorite, monzonite, and quartz monzonite phases

which generally exhibit medium- crystalline hypidiomorphic- granular

to porphyritic textures. The more mafic and presumably older

plutonic bodies are generally restricted to the periphery of the com-

plex, whereas those that are more granitic and younger occupy the

center. Granophyre dikes which cut the quartz monzonite phases of

the complex were emplaced and crystallized at a depth of two to four

kilometers. Intrusive breccia dikes composed of intensely altered

and sub-rounded quartz monzonite fragments are cemented by quartz,
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tourrrialine, and li.rnonite, and were formed by hot fluids that ascended

rapidly along pre-existing structures from a source at depth.

The complex was passively emplaced along pre-existing struc-

tures in the epizone as multiple intrusions of successively dii leren-

tiated magmas derived from a single, or common and more or less

homogeneous, magma. Plutonic rock suites from the Paisley

Mountains and the Cascade Range exhibit systematic and continuous

chemical variations and trends which are typical of the calc-alkaline

trend of late potassium enrichment for the Southern California batho-

lith plutonic suite.

Percent potash-percent silica versus depth relationships of

plutonic rock suites and isotopic compositions of galena-leads from

the Paisley Mountains and Cascade Range are consistent with a plate

tectonic origin for these plutonic bodies, whereby the source andesitic

magmas were derived by the anatectic melting of subducted pelagic

sediments and oceanic basalts along an easterly dipping Benioff zone.

Propylitic, phyllic, and tourmaline alteration and associated

copper, lead, and zinc mineralization accompanied and/or closely

followed the emplacement of the Paisley Mountains plutonic complex.

The ore minerals, which are generally restricted to narrow quartz

and quartz-calcite veins and structures, are imperfectly zoned

around the plutonic complex. Both geologic evidence and lead and

sulfur isotopic data indicate that the plutonic complexes were the



sources of the metals and sulfur for the mineralization spatial

associated with them in the Paisley Mountains and other districts of

the Cascade Range. Oxygen isotopic data reported by Taylor (1971)

indicate that the waters in the hydrotherm3l systems associated with

the epizonal plutonic rocks of the Western Cascades were dominantly

meteoric in origin. The association with calc-a],kaline magmas,

intrusive breccias, and partly zoned alteration halos suggest that

these sulfide systems in the Paisley Mountains and elsewhere in the

Cascade Range may be porphyry copper deposits exposed at relatively

high levels.
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GEOLOGY, PETROLOGY, AND MINERALIZATION OF THE
PAISLEY MOUNTAINS PLt.JTONIC COMPLEX,

LAKE COUNTY, OREGON

INTRODUCTION

The Paisley Mountains plutonic complex is located approxi-

mately 70 miles east-northeast of Kiamath Falls in the Brattain

Mining District, Lake County, Oregon. The complex consists of a

composite group of epizonal stocks and dikes of syenodiorite to quartz

monzonite composition. Associated hydrothermal alteration and

copper, lead, and zinc mineralization occur within the plutonic rocks

and the adjacent volcanic host rocks. Little production has been

recorded from the district.

The plutonic complex and associated hydrothermal alteration and

mineralization exhibit many gross similarities to epizonal plutonic

rocks and ore deposits of the Cascade Range and to some porphyry

copper-molybdenum systems exposed at high levels. Because of the

major advances made in recent years to our understanding of plate

tectonics and to the occurrence and distribution of porphyry copper-

molybdenum systems, especially their environments of deposition and

the nature of their upper and lower margins, the Paisley Mountains

provide an excellent area to interrelate these phenomena.
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Location and Accessibility

The Paisley Mountains plutonic complex is approximately four

miles south of Paisley in Lake County, south-central Oregon (Figure

1). The thesis area consists o approximately five square miles in

parts of sections 1, 12, 13, and 24 of T. 34 N., R, 18 E. and sections

6, 7, 18, and 19 ofT. 34 N., R. 19 E. where erosion along the east

flank of the mountains has exposed the plutonic complex (Figure 2).

Access to the area may be gained via State Highway 31 and from

a variety of jeep roads and trails which pass through the area of study.

Topography and Exposure

The Paisley Mountains rise abruptly from an average basin

altitude of approximately 4000 feet above sea level along the western

margin of Chewaucan Marsh to a maximum height of 6861 feet at

Ennis Butte in the western part of the area. Numerous canyons cut

by deeply incised ephemeral streams mark the eastern flank of the

Paisley Mountains. Although exposures in the area are generally

poor, bold outcrops of most rock types occur along the steep canyon

walls and ridge tops in the area selected for detailed study.

Climate and Vegetation

The climate at Paisley is semi-arid with an average annual
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Figure 1. Index map of the Paisley Mountains.
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I

Figure 2. View looking west towards Johnson Canyon
along the eastern flank of the Paisley
Mountains.



precipitation of 11.89 inches. Temperature extremes range from an

average of 30. 1°F in January, the coldest month, to an average

temperature of 68.2°F in July, the hottest month, The Paisley

Mountains, which rise approximately 3000 feet above the valley floor,

are somewhat cooler and more moist than the nearby town of Paisley.

The vegetation in the study area is typical of that found in semi-

arid environments, Sagebrush is most common along the valley floor.

With increasing altitude, juniper becomes more abundant. At higher

altitudes, mountain mahogany, quaking aspen and several species of

pine and fir are common. Alder and willow trees are found along the

streams and springs in the area of study.

Previous Work

Previous studies within the thesis area have been limited to

those of Appling (1950) and Muntzert (1969). Appling (1950) studied

the geology, volcanic host rocks, and the vein deposits in a small area

along the western margin of the district. Muntzert (1969) mapped the

geology of the entire district (20 square miles). In this work, he

defined the local stratigraphy and was the first to map and describe

the plutonic complex of the Paisley Mountains.

A general description of the geology of the south-central Oregon

was given by Waring (1908). Russell (1883) recognized faults bounding

the east and west sides of Chewaucan Marsh, and Fuller and Waters



(1929) concluded that Summer Lake, Chewaucan Marsh, and Qoose

Lake Valley were grabens. Donath (1962) described the rhombic

patterns of faults in the Summer Lake basin which he attributed to

conjugate strike-slip shears.

Walker (1963) published a reconnaissance geologic map of the

eastern half of the Kiamath Falls (AMS) quadrangle. A reconnais-

sance map and report on the geology and mineral resources of eastern

Klamath and western Lake Counties has been recently published by

Peterson and McIntyre (1970).

Purposes

The purposes of this study were to (1) provide a detailed study

of the geology, petrology, alteration, and mineralization of the

Paisley Mountains plutonic complex; and (2) compare and contrast the

plutons and mineral deposits of the Paisley Mountains to those of the

Cascade Range.

Methods of Investigation

Field Work

Approximately eight weeks were spent in the field during the

summer of 1973. Geologic mapping was done on enlarged portions

(1:6000) of the Paisley and Morgan Butte 71/2 minute topographic
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quadrangle maps. Aerial photographs with a scale of approximately

1:15, 840 were used to aid the mapping and collection of field data.

Lithologies, alteration, mineralization and structures were mapped

in detail. Representative rock samples of important lithologies were

collected for subsequent laboratory studies.

Laboratory Work

Approximately 80 thin sections were studied petrographically.

Modal analyses of representative samples were obtained with a

mechanical stage and point counter; 1, 000 points were counted per

slide. In addition, rock slabs were stained to facilitate the identifica-

tion of orthoclase and plagioclase feldspar by the method outlined by

Bailey and Stevens (1960), and these slabs were later point-counted to

determine the percentages of orthocLase and plagioclase feldspar.

Model percentages of quartz, orthoclase, and plagioclase feldspar in

unaltered plutonic rocks, recalculated to 100 percent, were plotted

on ternary diagrams and classified on the basis of a modified version

of the Johannsen (1931) scheme (Figure 19).

Representative samples of 20 plutonic and volcanic rocks were

prepared and analyzed by X-ray fluorescence and atomic absorption

and visible light spectrophotometric methods for eight major oxides

(Si02, Ti02, Al2Q3, FeO, MgO, CaO, Na20, K20). All analytical

work for the major oxides was performed by Dr. E.M. Taylor and



R. Lightfoot of Oregon State University, unless otherwise indicated.

Variation diagrams were constructed from the major oxide per-

centages to define and to illustrate the various chemical trends.

The 80-mesh fractions of 33 rock samples were prepared and

analyzed for trace element concentrations of copper, molybdenum,

Lead, zinc, and silver by Rocky Mountain Geochemical Corporation.

To aid jn the identification of hydrothermal clays, five slides of

hydrothermal clay concentrates were prepared and analyzed by

X-ray diffraction methods.

Specific gravity measurements of pLutonic rocks and altered

equivalents were made with a Triple Beam balance and attachments

and used to calculate chemical gains and losses in hydrothermally

altered samples.

Sulfide concentrates were separated from 14 samples from the

Paisley Mountains, Bohemia district, and Quartzville district for

sulfur isotope studies. In addition, three of these samples, one from

each district, were sent to the U.S. Geological Survey in Denver for

lead isotope studies (Zartman, 1974).



REGIONAL GEOLOGIC AND TECTONIC SETTING

The Paisley Mountains plutonic complex is probably within the

Columbian Arc as defined by Taubeneck (1966). The Columbian Arc

is the belt of pre-Tertiary eugeosynclinal rocks which form the

arcuate portion of the Nevadan orogenic belt in Oregon, Idaho, and

Washington (Figure 3). No pre-Tertiary rocks are known to be

exposed within 95 miles of the area mapped. However, pre-Tertiary

eugeosynclinal rocks of the Columbian Arc may underlie the area if it

is assumed that the Nevadan orogenic belts of southwest and northeast

Oregon are connected.

The oldest rocks exposed within the region are believed to be

rhyodacite flows and andesitic flows and volcaniclastics of pre-

middle Oligocene age which crop out in the Paisley Mountains. These

rocks may be time equivalents of and partly correlative with the

Clarno and John Day Formations of central Oregon. Potassium-argon

dates for rocks of the Clarno Formation range from 46 to 32 m. y.

whereas those of the John Day Formation range from 36 to 23 m, y.

(Enlows and Parker, 1972; Walker, Dalrymple, and Lanphere, 1974),

Plutonic rocks of the Paisley Mountains plutonic complex

intrude these older rocks, The complex consists of a composite

group of stocks and dikes of middle Oligocene age (33 m. y. ) that

range from syenodiorite to quartz monzonite in composition. No
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other platonic rocks of Tertiary age are known to occur within the

immediate area. In fact, the nearest known platonic rocks of

Tertiary age occur 120 miles to the west in the Cascade Range (Fig-

are 4). Although plutonic rocks of the Cascade Range exhibit many

overall similarities to those of the Paisley Mountains, they are

geologically somewhat younger (Peck, Griggs, Schlicker, Wells, and

Dole, 1964; Grant, 1969; Bikerman, 1970). These rocks occur as

dikes, small irregular bodies, stocks, and batholiths in a belt that

is about 65 miles wide and that extends from the Barron mine in

southern Oregon to the Perry Creek intrusion 520 miles to the north

in Washington (Figure 4). The stocks and batholiths are generally

composite in character ranging from diorite to granite in composition

and generally intrude volcanic flows, pyroclastics, and sedimentary

rocks of similar age and composition. The plutonic bodies are

generally much larger in northern Washington due to deeper levels of

erosion, the host rocks generally being pre- Tertiary in age. Vol-

canic and plutonic rocks of the region may be comagmatic since they

exhibit similar ages and composition, and may have been generated

along a Benioff zone which presumably existed along the margin of

western North America from late Cretaceous through mid-Tertiary

time (Atwater, 1970; Dickinson, 1971; Lipman, Proskta, and

Christiansen, 1972).
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The quartz diorite boundary line of Moore (1959) is placed

slightly to the west of the Paisley Mountains (Figure 3). This line

supposedly divides plutonic rocks of predominantly quartz dorite

composition to the west from those of predominantly granodiorite and

quartz monzonite composition to the east. Taubeneck (1971) has

presented evidence which indicates the qu.artz diorite boundary Line

should be placed approximately 160 miles to the east near Denio in

northern Nevada. However, if the plutonic bodies used to define this

line were generated along a Benioff zone which became progressively

steeper with time, the quartz diorite boundary line would presumably

migrate to the west with time. Dickinson and Hatherton (1967) and

Hatherton and Dickinson (1969) have presented evidence which mdi-

cates that the 1(O content of igneous rocks generated along a Benioff

zone is dependent on the depth to that zone, the greater the vertical

distance from the plutonic body to the Benioff zone along which it was

generated, the greater the K20 content. Lipman, Proskta, and

Christiansen (1971) suggest that the low-angle subduction system

which existed in the Pacific Northwest during Eocene time steepened

in early Oligocene time.

The Paisley Mountains lie within the northwestern part of the

Basin and Range province which is bounded on the west by the Cascade

province and on the north by the High Lava Plains province (Figure 3).

This region is characterized by north-trending fault-block mountains,
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some being tilted fault blocks and others being horsts (Fuller and

Waters, 1929). The Paisley Mountains form a horst bounded by two

north trending faults. Normal faulting characteristic of the Basin

and Range has resulted from regional east-west cristal extension

which commenced during mid Cenozoic time when the North America

plate collided with the Pacific plate to start the progressive destruc-

tion of the subduction system along western North America (Lipman,

Proskta, and Christiansen, 1972). This tectonic setting is charac-

terized by bimodal volcanism which may be manifested by the late

Cenozoic basalts and rhyolites now exposed in the Paisley MontaLns.
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VOLCANIC AND SEDIMENTARY ROCKS

Stratigraphic units exposed in the Paisley Mountains range from

pre-middle Oligocene to Pleistocene in age. The oldest unit consists

of rhyodacite flows exposed along the eastern flank of the mountains.

These flows are unconformably overlain by a unit of andesitic flows

and volcaniclas tics. The middle Oligocene plutonic complex of the

Paisley Mountains intrudes both of these units (Muntzert, 1969).

These older rocks are unconformably overlain by basaltic,

andesitic, and rhyolitic flows which range from Miocene to Pleisto-

cene in age (Muntzert, 1969). They are generally exposed along

ridge tops to the north, west, and south of the area mapped and,

thus, are not described in this study.

Rhyodacite Flows

A thick sequence of rhyodacite flows are exposed along the

eastern flank of the Paisley Mountains from approximately one-half

mile north of Brattain Canyon to approximately one mile south of

Johns on Canyon (Plate 1). The unit does not crop out continuously

along the mountain front but is interrupted by several down-faulted

blocks of volcanic and volcaniclastic rocks of the overlying unit.

Both Appling (1950) and Muntzert (1969) have mapped and described

this unit in detail, However, they referred to these flows as dacites
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and soda dacites without the aid of modal or chemical analyses. A

major oxide analysis (Table 1) and potassium feldspar staining of a

representative sample show that it has a higher silica and alkali con-

tent than typical dacites and is more chemically and mineralogically

similar to a rhyodacite based on Nockold's (1954) chemical class ifiça-

tion scheme. The unit appears to be fairly uniform in composition

throughout, thus the name has been changed from dacite to rhyodacite.

General Character, Lithology, and Petrography

Exposures of the rhyodacite unit are generally poor with the

exception of several large outcrops of breccias that stand approxi-

mately 50 feet above the surrounding land surface (Figure 5). In

addition, jointing is well developed throughout the unit. Consequently

the flows weather into small fragments that form long talus slopes at

the base of many outcrops.

The rhyodacite unit is a thick sequence of flows. Breccias are

extensively developed near the top of the unit. They are nonstratified,

unsorted, and monolithologic and consist of dense angular fragments

of rhyodacite which range up to two feet in length (Figure 5). The

breccias are more resistant to eros ion, apparently because of silicifi-

cation.

The flows are uniformly light gray in color and generally have

an aphanitic texture with sparse phenocrysts of feldspar and altered
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Figure 5. Rhyodacite breccia outcrop (location 89,
NE 1/4 sec. 13, T. 34 N., B. 18 E. ).



ferromagnesian minerals. The unit appears to be uniformly altered

throughout, Ferromagnesian minerals are almost completely altered

to sericite and chlorite. In addition, strongly altered rhyodacite

fragments occur in the relatively unaltered basal breccia of the

unconformably overlying unit. This suggests that the rhyodacite unit

was altered and eroded prior to the deposition of the overlying unit

and the intrusion of the Paisley Mountains plutonic complex, possibly

during or soon after their extrusion by gases trapped in the magma.

Locally limonite staining is abundant as a result of the oxidation of

hydrothermally introduced sulfides. The introduction of sulfides may

be partly related to the emplacement of the plutonic complex. Near

the intrusive contacts and the veins, the unit has been altered to a

quartz sericite assemblage which is locally strongly stained with

limonite. In addition, magnetite incipiently replaces rhyodacite near

some of the intrusive contacts (location 51, NE 1/4 sec. 13, T. 34 N.,

R. 18 E. ).

Stratigraphic Relation and Thickness

The rhyodacite flows are the oldest unit exposed in the region.

The base of the flows is not exposed, thus, the total thickness of the

unit cannot be determined. On the basis of measurements taken of the

exposed section in Brattain Canyon, Appling (1950) indicated a
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maximum thickness of 3000 feet for the rhyodacite (dacite and soda

dacite) unit. However, the section may be repeated due to faulting.

This unit is unconformably overlain by a.ndesitic and basaltic

volcaniclastics and volcanic flows of pre-middle Oligocene age.

Ae and Correlation

The rhyodacite flows have been intruded by stocks and dikes of

the Paisley Mountains plutonic complex. Therefore, the rhyodacite

unit must be older than the middle Oligocene (33 m. y. ) age of the

complex. The lack of metamorphism suggests the rhyodacite flows

are probably Tertiary in age. However, an angular unconformity

exists between the rhyodacite unit and the overlying pre- intrusive

andesitic and basaltic unit, thus, possibly suggesting that the rhyo-

dacites could be significantly older than the overlying rocks.

Rhyodacite flows of this unit crop out in Clover Flat appr ox i-

mately four miles to the southwest of the area mapped (Appling, 1950).

The rhyodacite unit may be partly equivalent to the Clarno

Formation of central Oregon and/or the Colestin Formation of the

southern Western Cascades. Potassium-argon dates for rocks from

the Clarno Formation range from 46 to 32 m. y. (Enlows and Parker,

1972).

Soda rhyolite flows and intrusives exposed on the flanks of Hart

Mountain approximately 49 miles east-southeast of the area of study
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are chemically somewhat similar to the Paisley Mountains rhyodacite

unit, especially their high sodium content (Walker, 1961). However,

these flows have been radiometrically dated as 27. 3 m. y., at least

6 m. y. younger than the rhyodacite flows in the Paisley Mountains

(Noble, McKee, and Walker, 1974).

Chemis try

Chemical analyses of a representative sample of rhyodacite

from the Paisley Mountains (JH-65, NE 1/4, sec. 13, T. 34 N.,

R. 18 E.) are compared to those of Nockolds' (1954) average rhyo-

dacite, Carmicheal's (1964) average Cascade dacite, and a sample of

soda rhyolite (GWW-4-60) from Hart Mountain (Walker, 1961) in

Table 1.

The silica, aluminum and sodium contents in the Paisley

Mountains rhyodacite are somewhat higher than Nockolds' (1954)

average rhyodacite, whereas the titanium, iron and calcium contents

are significantly lower. This difference in chemistry may be partly

due to the addition or removal of these elements from the Paisley

Mountains rhyodacite during hydrothermal alteration. The rhyodacite

in the area of study appears to be somewhat silicified and the ferro-

magnesian minerals are generally altered to sericite or chlorite.

This alteration may account for the addition of silica and aluminum
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Table 1. Comparison of chemical analyses of rhyodacite sample
JH-65 from the Paisley Mountains (NE 1/4 sec. 13,
T. 34 N., R. 18 E.), Nockolds' (1954) average rhyodacite,
Carmicheal's (1964) average Cascade dacite and Walker's
(1961) soda rhyolite sample GWW-4-60 from Hart Mqun-
taint

Major Average Average
JH-65 Cascade GWW-4-60oxide rhyodacite dacite

Si02 69.9 66.27 69.68 69.4

Ti02 0.02 0.66 0.36 0.35

A1203 17.7 15.39 15.21 13.2

FeO 0.6 4.37 2.98 5.0

MgO 1.1 1.57 0.91 0.05

CaO 1.5 3.68 2.70 0.30

Na2Q 5,5 4.13 4.47 5.8

K20 3.15 3.01 3.01 4.6

99.47 99.18 99.32 98.7
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Table 1. Comparison of chemical analyses of rhyodacite sample
JH-65 from the Paisley Mountains (NE 1/4 sec. 13,
T. 34 N., R. 18 E.), Nockolds' (1954) average rhyodacite,
Carmicheal's (1964) average Cascade dacite and Walker's
(1961) soda rhyolite sample GWW-4-60 from Hart Moun-
tain.

Major
oxide JH -65 Average

rhyodacite
Average
Cascade
dacite

GWW-4-60

Si02 69.9 66.27 69.68 69.4

Ti02 0.02 0.66 0.36 0.35

A1203 17.7 15.39 15.21 13.2

FeO 0.6 4.37 2.98 5.0

MgO 1.1 1.57 0.91 0.05

GaO 1.5 3.68 2.70 0.30

Na2O 5.5 4.13 4.47 5.8

3.15 3.01 3.01 4.6

99.47 99.18 99.32 98.7



22

and the removal of iron and calcium, but titanium is usually rather

immobile during hydrothermal alteration.

The Paisley Mountains rhyodacite is more chemically similar

to Carmicheal's (1964) average Cascade dacite than Nockolds' (1954)

average rhyodacite (Carmicheal's average Cascade dacite would be

classified as a rhyodacite under Nockolds' chemical classification

scheme). However, the aluminum and sodium abundances are still

somewhat higher and the titanium, iron and calcium abundances some

what lower (Table 1).

Soda rhyolite flows exposed along the flanks of Hart Mountain

are chemically somewhat similar to the rhyodacite unit in the area of

study, especially the silica and high sodium abundances in samples

from both areas(Table 1, JH-65 and QWW-4-60). However,

aluminum, magnesium and calcium contents are significantly higher

in JH-65 from the Paisley Mountains, and titanium, iron and potas-

sium contents are significantly lower. Again, the lower iron content

in JH-65 may be partly due to its removal during alteration. As

mentioned previously, Dickinson and Hather ton (1967) and Hatherton

and Dickinson (1969) have presented evidence which indicates that the

content of igneous rocks generated along a Benioff zone increases

relative to silica with increasing depth to that zone. Thus the higher

potassium to silica ratio in GWW-4-60 from Hart Mountain relative to

JH-65 from the Paisley Mountains could be due to the greater vertical



23

distance in which the magma had to travel from its source along an

eastward dipping Benioff zone to reach the surface, because Hart

Mountain is approximately 40 miles to the east-southeast of the

Paisley Mountains.

The high silica context of the flows suggests that they were

fairly viscous at the time of their extrusion and that they probably did

not travel far from the vent area. This is supported by extensive

autobrecciation observed throughout the unit. A rhyodacite unit at

Clover Flat, approximately four miles to the southwest, is reported

to be much thinner than the unit in the area of study (Appling, 1950),

which suggests the Clover Flat flows are farther from the source.

However, the base of this unit is not exposed.

Andesitic Flows and Volcaniclastics

A thick sequence of andesitic volcaniclas tic rocks with inter-

calated andesite and basajt flows form the main mass of the Paisley

Mountains. Walker (1963) tentatively correlated these rocks with the

Lower Cedarville Series of the Warner Range of northeastern

California. Muntzert (1969), following Walker, named this sequence

of rocks in the Paisley Mountains the Cedarville Series. However,

the andesitic volcaniclastic and flow rocks exposed in the Paisley

Mountains are apparently somewhat older than the Lower Cedarville

Series, and, thus, the name has been abandoned in this study.
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This unit is exposed throughout most parts of the area selected

for study. These rocks unconformably overlie the previously

described rhyodacite unit and are, in turn, unconforrnably overlain by

younger volcanics to the west of the area mapped. In at least two

areas, andesitic dikes were observed which could be feeder dikes for

the flows of this unit.

Several basaltic flows of this dominantly andesitic unit were

incorrectly mapped as younger basalt flows and/or intrusives by

Muntzert (1969). Close examination of these basaltic rocks reveals

that they belong to this unit.

General Character, Lithology, and Petrography

The volcaniclastic section of this unit is composed of both

pyroclastic rocks and epiclastic rocks of andesitic provenance. It

consists of a basal breccia which grades upward into graywackes,

sandstones and mudstones with interbedded conglomerates. Inter-

calated andesite and basalt flows appear in the lower middle part of

the unit and become increasingly more abundant toward the top where

flows dominate the section.

Rock color varies widely throughout the unit depending on rock

type, weathering and degree of alteration. Sedimentary particles

range from silt-size to large pebbles. Graded bedding is common

throughout the epiclastic section. The flows are greenish-gray to
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dark gray in color and range from aphanitic to porphyritic in

texture.

The base of the unit of andesitic volcaniclastics and flows is

best exposed in the upper parts of Johnson Canyon (location 87,

NW 1/4 sec. 13, T. 34 N., R. 18 E.) where a basal breccia contain-

ing fragments of the underlying unit is exposed (Figure 6). Sub-

angular fragments of altered rhyodacite up to 12 inches in diameter,

which occur within a coarse-grained andesitic graywacice matrix,

characterize this basal unit. The basal breccia grades upward into

greenish-gray andesitic graywackes which display graded bedding

from very- coarse sand-to-silt--sized particles indicating a subaqueous

environment of deposition. The presence of interbedded conglome-

rates and breccias indicates that the adjacent source areas were

nearby and were being fairly rapidly uplifted.

The flows, which are usually less than 20 feet thick, exhibit

finely crystalline to pilotaxitic textures with phenocrysts of plagio-

clase and hornblende up to 4.5 mm in length.

The epiclastic units have been intensely altered and bleached

near veins and intrusive contacts. The andesite and basalt flows are

less reactive, but nonetheless, they have been extensively altered to

varying amounts of chlorite, epidote, and calcite. The presence of

limonite staining indicates that sulfides were once locally present.

A quartz-sericite-tourrnaline hornfels exposed in the northwest
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Figure 6. Basal graywacke breccia with altered rhyodacite
fragments (location 87, NW 1/4 sec. 13, T. 34 N.,
R. 18E.).
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corner of section 18 (T. 34 N., R. 19 E.,) is believed to be an

altered equivalent of the epiclastics and/or flows. The hornfels has

been mapped as a separate unit and will be described in a later section

of this study dealing with hydrothermal alteration.

Andesite Dikes

Andes itic dikes which apparently fed the andesite flows in the

upper parts of the unit were recognized at at least two localities.

Although exposures of adjacent rocks are poor, these dikes appear

to be discordant and exhibit strong jointing and chilled borders.

Intensely altered inclusions of the adjacent rhyodacite unit occur in

one dike (SE 1/4 sec. 13, T. 34 N., R. 18 E.). Another dike is cut

by a syenodiorite dike of the Paisley Mountains plutonic complex

(NW 1/4 sec. 18, T. 34 N., R. 19 E.) which indicates that the ande

site dikes are older than the plutonic complex and partly contempo-

raneous with the andesitic flows and volcaniclastics.

Stratigraphic Relation and Thickness

The andesitic volcaniclastics and flows unconformably overlie

the rhyodacite unit exposed along the eastern flanks of the Paisley

Mountains, and are, in turn, unconformably overlain by younger

andesite flows exposed to the west of the area mapped. Muntzert

(1969) estimated that this unit averages approximately 2500 feet in

thickness in the Paisley Mountains.
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Age and Correlation

This andesitic and basaltic unit is older than the middle Oligo-

cene (33 m. y.) quartz monzonite phase of the Paisley Mountains plu-

tonic complex that has intruded the unit. Walker (1963) tentatively

correlated this unit with the Lower Cedarville Series exposed in the

Warner Range in northeastern California. However, a Late Oligocene

or early Miocene age hs been placed on plant fossils collected from

the Lower Cedarville Series (Russell, 1928). Thus, the part of the

Cedarville Series which is exposed in the Warner Range, is somewhat

younger than the volcaniclastics and flows exposed in the Paisley

Mountains.

This unit may be time equivalent and partly correlative with

rocks of the Clarno and John Day Formations of central Oregon and the

Colestin Formation of the southern Western Cascades. Potassium-

argon dates for rocks of the Clarno Formation range from 46 to 32

m. y., whereas those of the John Day Formation range from 36 to

23 m. y. (Enlows and Parker, 1972; Walker, Dalrymple, and Lan-

phere, 1974).

Chemis try

Table 2 compares chemical analyses of two representative

andesitic flows from the Paisley Mountains with that of Chayes' (1969)



average Cenozoic andesite. The analyses generally compare

remarkably well. The Paisley Mountains andesite samples contain

slightly higher amounts of alumia and total iron and slightly lower

amounts of magnesia and lime than the average Cenozoic andesite.

Table 2. Comparison of chemical analyses of andesite samples
JH-24 and JH-66 from the Paisley Mountains and Chayes'
(1969) average Cenozoic andesite.

Major Average Cenozoic
oxide JH-662 andesite

Si02 58.2 58.8 58.17

Ti02 0.81 0.32 0.80

Al203 18.4 19.0 17.26

FeO 7.9 7.9 7.24

MgO 2.5 2.0 3.23

CaO 6.8 6.6 6.93

Na20 3.2 4.1 3.21

K20 1.60 0.98 1.61

99.41 99.70 98,45



PAISLEY MOUNTAINS PLUTONIC COMPLEX

Plutonic rocks that were first mapped and described by

Muntzert (1969) intrude the rhyodacite, andesite, and basalt flows

and volcaniclas tic section exposed in the Paisley Mountains. The

intrusions occur as a composite group of stocks, dikes, and small

irregular bodies which range from syenodiorite through granodiorite

and rnonzonite to quartz monzonite in composition. Intrusive brec-

cias and unmappable, late-stage dikes of granophyre (alkali granite)

cut the quartz monzonite stocks. These intrusions are herein

referred to as the Paisley Mountains plutonic complex. They are

generally medium crystalline hyp idiomorphic- granular to porphyr itic

in texture. Potassium-argon dating of a quartz monzonite phase of

the complex provided an average age of 33. 1 ± I m. y. (Muntzert,

1969).

The intrusions of the complex, which range from thin dikes to

stock- like masses approximately 1000 by 3500 feet in size, are

sporadically exposed along the eastern flank of the Paisley Mountains

from Brattain Canyon to approximately one mile south of the area

mapped (Plate 1). The presumably older and more mafic platonic

bodies of the complex are generally restricted to the periphery of the

complex, whereas those that are younger and more granitic occupy the

center. Although the complex appears to be elongated in a north-south
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direction, this trend may be more apparent than real because the

east side of the complex has been downthrown along a north-trending

fault that forms the eastern residual scar p of the Paisley Mountains.

In addition, as the Paisley Mountains rise to the west, the complex

disappears under the volcanic and volcaniclastic section.

The plutonic rocks were classified by plotting their modal per-

centages of quartz, orthoclase and plagioclase feldspar on ternary

diagrams using a modified version of the Johannsen (1931) scheme

(Figure 19).

The Paisley Mountains plutonic complex exhibits many overall

similarities to epizonal plutons of the Cascade Range (Figure 4). The

Cascade intrusions occur as dikes, small irregular bodies, stocks,

and batholiths, and many are composite in character (Lutton, 1962;

Cater, 1969; Erickson, 1969). Individual phases range from gabbro

and diorite through quartz diorite, granodiorite, and quartz monzonite

to granite in composition. They are generally medium crystalline

hypidiomorphic-granular to porphyritic in texture. Plutonic rocks

from these two geographically distinct areas also exhibit similar

chemical trends which possibly suggests these rocks had a common

origin. However, the plutons of the Cascade Range are generally

somewhat younger in age than those of the Paisley Mountains.
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Syenodior ite

Syenodiorite occurs as dikes (NW 1/4 sec. 18, T, 34 N.,

R. 19 E.), small irregular bodies (NW 1/4 sec. 24, T. 34 N., R. 18

E.), and stocks (NW 1/4 sec. 7, T. 34 N., R. 19 E.) generally

around the periphery of the complex. The plutonic bodies are poorly

exposed but where present, they are strongly jointed and hydro-

thermal epidote is commonly localized on the joint surfaces.

Lithology and Petrography

Megascopically, the syenodiorite varies from equigranular to

porphyritic in texture. The component crystals vary in size with

changes in the inferred shape and dimensions of the plutonic host.

The smaller intrusions are finely crystalline and porphyritic, where-

as the larger intrusions are medium crystalline equigranular to

porphyritic and commonly exhibit chilled contact zones which are

porphyritic. Phenocrysts are predominantly composed of plagio-

clase feldspars that may comprise up to 3Q percent of the rock. Fresh

unaltered samples of syenodiorite range from greenish-gray through

grayish-green to pale yellowish-green in color.

The syenodiorite exhibits medium crystalline hypidiomorphic-

granular to hypidiomor phic- por phyr itic textures. Crystals average

approximately 1 mm in size although phenocrysts of plagioclase
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feldspar may occur up to 6 mm in length. Model analyses of five

syenodiorite samples are listed in Table 3. The main constituents

are quartz (4.2 to 7.1 percent), orthoclase (7.4 to 16.8 percent),

plagioclase feldspar (50.4 to 63.0 percent), hornblende (2.4 to 11.0

percent), magnetite (1. 1 to 5. 0 percent), and chlorite (8. 1 to 17. 1

percent).

Quartz and orthoclase are present as interstitial anhedra and

occasionally as granophyric intergrowths (Figures 7 and 8). Ortho'-

clase generally has a cloudy appearance and occasionally exhibits

poikilitic textures.

The plagioclase feldspar is andesine (An49 to An38). It occurs

as euhedral lath-shaped crystals in the matrix or as phenocrysts up

to 6 mm in length. The laths are often fractured and commonly are

zoned. Phenocrysts of plagioclase feldspar occasionally contain

abundant inclusions of magnetite and other ferromagnesian minerals.

Hornblende is present as euhedral to subhedral crystals in the

matrix and occasionally as phenocrysts that have been variably

altered to chlorite. Many of the crystals are twinned.

Minor biotite was observed in two of the syenodiorite samples

(JH-78B and JH-80) where it occurs as euhedral cryta1s. It has been

variably altered to chlorite and it occasionally rims hornblende and

poikilitically encloses magnetite.



34

Table 3. Modal analyses of five syenodiorite samples.

Mineral JH-78B1 JH-802 JM-63e3 JM-1264 JM-1475

Quartz 6.3 5.6 7.1 4.5 4.2
Orthoclase 16.1 16.8 11.0 7.4 14.4
Plagioclase 50.7 50.4 50.9 63.0 54.1
Hornbl.ende 11.0 8.8 6.5 6.1 2.4
Biotite 0.8 1.0 - -

Accessory T 1.0 T 0.7 T
Opaques 5.0 4.0 4.5 1.1 3.0
Sericite T T 2..9 1.8 2.2
Clay T T - -

Clinochlore 6.6 10.4 11.6 8.9 3.8
Penninite 2.5 5.5 6.6 10.5
Epidote T 1.0 - 4.3
Carbonate 1.0 1.0 - 1.1

100.0 100.0 100.0 100.0 100.0

'Syenodiorite from chilled zone along contact of northernmost
syenodiorite stock, NW 1/4 sec. 7, T. 34 N., R. 19 E,

2Syenodiorite from center of northernmost stock, NW 1/4 sec. 7,
T. 34 N., R. 19E.

3Quartz-bearing syenodiorite from center of northernmost stock,
NW 1/4 sec. 7, T. 34 N., R. 19 E. (from Muntzert, 1969).

4Syenodiorite dike, NW 1/4 sec. 18, T. 34 N., R. 19 E. (from
Muntzert, 1969).

5Syenodiorite from small elongated stock in southern part of the
thesis area, NE 1/4 sec. 24, T. 34 N.,, R. 18 E. (from Muntzert,
1969).



Figure 7. Photomicrograph of syenodiorite sample JH-80
showing poikilitic texture.

Figure 8. Photomicrograph of syenodiorite sample JH-80
stained for potassium and calcium feldspar.
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Magnetite occurs both as a primary mineral and as a secondary

product after the deuteric breakdown of ferromagnesian minerals.

In addition, chlorite occurs as a product of deuteric and/or hydro-

thermal alteration of ferromagnesian minerals. Both clinochlore and

pennini,te were identified by optical methods of determination. Pen-

finite is characterized by its anomalous "Berlin blue" interference

color. It appears to replace clinochiore.

Apatite is present as an accessory mineral. Secondary pro-

ducts of hydrothermal, supergene, and/or deuteric alteration include

calcite, epidote, sericite, and kaolinite.

Chemistry

Chemical analyses of three syenodiorite samples from the two

northernmost stocks are listed in Table 4. Provided these samples

are representative, the syenodiorite stocks appear to be fairly uni-

form in chemical composition throughout. The minor differences in

the chemical composition between these three samples may be partly

due to varying degrees of later alteration. Sample JH-78B was taken

along a chilled contact with the rhyodacite unit, and the slightly

higher silica and potassium abundances in this sample may be partly

due to minor assimilation of the rhyodacite, or partly due to the out-

ward migration of these elements during the crystallization.
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Table 4. Chemical analyses of three samples from the northernmost
syenodiorite stocks and comparison with Nockolds' (1954)
average hornblende-biotite mangerite.

Major oxide or
JM-63e1 JH-802 JH-78B3 Average

trace element mangerite
Si02 57.12 57.2 58.4 55.86
Ti02 1.00 0.87 0.68 1.09
Al2Q3 17.99 18.4 17.9 17.22
FeO 7.19 6.8 7.0 7.93
MgO 3.02 3.4 3.1 3.42
CaO. 5.23 6.7 4.8 6.75
Na20 3.94 4.4 4.3 3.57

1.97 2.41 2.80 2.82
97.37 100.18 98.98 98.66

Cu 40 70

Mo 1 1

Pb 10 10

Zn 65 65

1Quartz-bearing syenodiorite from northern stock, NW 1/4 sec. 7,
T. 34 N., R. 19 R. (Muntzert, 1969; major oxide analysis by
K. Aoki, Tohoku University).

2
Syenodio rite from near center of northernmost stock, NW 1/4 sec.
7, T. 34 N., R. 19E.

3Syenodiorite from chilled zone along southern contact of northern
stock, NW 1/4 sec. 7, T. 34 N., R. 19 E.



Nockolds' (1954) average hornblende-biotite manger ite

(syenodiorite) is shown in Table 4 for comparison. The silica content

in the three syenodiorite samples from the Paisley Mountains is sig-

nificantly greater than that in Nockolds' average mangerite, probably

because of greater amounts of quartz in the Paisley Mountains

samples. When the quartz, orthoclae, and plagioclase percentages

in these samples are plotted on ternary diagrams for classification,

they plot near or at the syenodiorite-granodiorite boundary (Figure

19).

Chemical trends of the syenodiorite will be discussed under the

section of this study dealing with the petrogenesis of the complex.

The syenodiorite has background values of copper (40 to 70

ppm), molybdenum (1 ppm), lead (10 ppm), and zinc (65 ppm). These

trace metal concentrations are assumed to occur as lattice substitu-

tions in the primary rock-forming minerals and not as components of

discrete sulfide crystals.

Contact Relations

Contacts between the syenodiorite and the country rocks are

intrusive in nature. They are sharp, discordant, and appear to be

dipping steeply outwards. The country rocks have not been signifi-

cantly deformed.
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Intrusion breccias are locally developed along contacts

between the syenodiorite and rhyodacite in the northernmost stocks.

Narrow chilled borders occur along most contacts. Muntzert (1969)

recognized a chilled border of finely crystalline granodiorite and

quartz monzonite near the northeast corner of section 12 (T. 34 N.,

R. 18 F.) which he attributed to the outward migration of silica and

potash-rich fluids in a thermal gradient from the center of the stock

to its cooler periphery during crystallization. However, this silica

and potash-rich border zone may also be interpreted as the result of

minor assimilation of the enclosing rhyodacite host rock.

Granodior ite

The granodiorite phase of the Paisley Mountains plutonic com

plex occurs mainly as a large stock-like intrusion which is poorly

exposed over an area of approximately 1000 by 3000 feet in the

southern part of the area mapped. In addition, several dikes and

small irregular masses of granodiorite occur adjacent to this stock.

The texture, color, mineralogy, and chemistry vary considerably

throughout the large granodiorite stock. Sample JH-34 has the

mineralogy of a quartz monzonite. However, because these rocks

are poorly exposed, the individual phases of this stock could not be

mapped as separate units.
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The granodiorite is strongly jointed and magnetite and epidote

commonly encrust the joint surfaces. Ferromagnesian minerals have

been extensively altered to chlorite.

Lithology and Petrology

The granodiorite is generally porphyritic and component crys-

tals vary in size. Unaltered samples range from light greenish-grey,

through medium greenish-gray, to pale yellow green in color. In thin

section, the granodiorite exhibits both hypidiomorphic-granular and

hypidiomorphic-porphyritic (Figure 9) textures. The average crystal

size is approximately 1.0 mm but phenocrysts up to 5 mm in length

are present. Modal analyses of foixr granodiorite samples are listed

in Table 5. A single modal analysis of quartz monzonite (sample

JH-34) from the large granodiorite stock is also listed. Major con-

stituents of the granodiorite are quartz (9.5 to 12.2 percent), ortho-

clase (10.6 to 21.8 percent), plagioclase feldspar (44.2 to 57.1 per-

cent), hornblende (2.6 to 7.6 percent), and chlorite (5.8 to 12.3 per-

cent). Other minerals include primary biotite and magnetite,

accessory apatite and sphene, and hydrothermal, deuteric, or super-

gene epidote, calcite, sericite and kaolinite.

Quartz occurs as interstitial anhedra and in granophyric inter-

growths with orthoclase. The orthoclase is also present as anhedral



Figure 9. Photomicrograph of granodiorite sample JH-33
showing porphyritic texture and twinned horn-
blende (crossed nicols, approximately 33x).
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Table 5. Modal analyses of five granodiorite samples.

Mieral JH-331 JH-342 JH-393 Jlvt-1514 JM-2765

Quartz 9.5 14.8 12.2 12.0 10.1
Orthoclase 20.2 27.6 21.8 10.6 17.5
Plagioclase 47.4 36.8 44.2 53.5 57.1
Hornblende 7.6 6,6 7.2 2.6 5.2
Biotite T 4.0
Accessory T T T T T
Opaques 1.4 1.2 2.8 3.8 3.6
Sericite 1.6 T T 3.8
Clay - - 5.4
Chlorite 10.1 8.6 1.6 8.2 7.5
Penninite 2.2 - 4.2 -

Epidote 0.4 - 2.3 -

Carbonate - - 3.2

100.0 100.0 100.0 100.0 100.0

1Quartz-deficient granodiorite from large stock, NE 1 /4 sec. 24,
T. 34 N., R. 18E.

2Quartz monzonite from large granodiorite stock, SE 1 /4 sec. 13, T.
34N., R. 18E.

3Granodiorite from large stock, SW 1/4 sec. 18, T. 34 N., R. 19. E.

4Granodiorite from small irregular plutonic body, NW 1/4 sec. 19,
T. 34 N., R. 19 E (from Muntzert, 1969).

5Granodiorite from large stock, SW 1/4 sec. 18, T. 34 N., R. 19 E.
(from Muntzert, 1969).
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to subhedral interstitial crystals. Occasionally it rims plagioclase

feldspar and commonly it exhibits a cloudy appearance.

Plagioclase feldspar occurs as subhedral to euhedral laths that

average approximately 1.5 mm in length. Phenocrysts occur up to

5 mm in length and may comprise up to 15 percent of the rock. The

plagioclase feldspar is andesine (An3149) with An39 being the average

composition. It is commonly zoned, twinned, and occasionally con-'

tains inclusions of magnetite.

Hornblende occurs as subhedral to euhedral crystals up to

3 mm in length. It is commonly twinned and much of the hornblende

has been extensively altered to chlorite.

Magnetite occurs as both primary euhedra and as secondary

mineral constituents where it forms replacement masses along the

cleavage planes or hornblende. The ferromagnesian minerals are

variably replaced by both clinochiore and penninite varieties of

chlorite.

Chemistry

Chemical analyses of three samples from the large granodiorite

stock are listed in Table 6. The chemical composition of the stock is

fairly uniform. Sample JH-34 falls slightly into the quartz monzonite

field when plotted on a modal quartz-orthoclase-plagioclase feldspar

ternary diagram and accordingly is slightly higher in Si02 and Na20
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Table 6. Chemical analyses of three samples from the large grano-
diorite stock and comparison with Nockolds' (1954)
average hornblende-biotite granodiorite.

Major oxide or Average
trace element JH331 JH-342 JH-393 granodtori.te

Si02 60.1 61.8 61.3 65.50

Ti02 0.55 0.48 0.55 0.61

A.12Q3 17.8 18.3 18.3 15.65

FeO 6.7 5.5 6.3 4.42

MgO 2.8 1.2 3.0 1.86

GaO 5.8 4.5 4.2 4.10

Na20 4.2 4.5 4.1 3.84

K20 2.52 3.15 3.15 3q01

100.47 99.43 100.90 99.03

Ag 1

Cu 60 55 50
Mo 1 1 1

Pb 10 10 10
Zn 65 55 30

1Quartz-deficient granodiorite from large stock, NE 1/4 sec. 24,
T. 34 N., B. 18E.

2Quartz monzonite from large granodiorite stock, SE 1/4 sec. 13,
T. 34N., R. 18E.

3Granodiorite from large stock, SW 1/4 sec. 18, T. 34 N.,
R. 19E.
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and lower in FeO and MgO than the other two samples. Sample JH-33

is a quartz-deficient, porphyritic granodiorite (Figure 9), possibly a

chilled border phase, which may account for its slightly lower Si02

and l(O contents and slightly higher FeO and GaO contents. In

addition, varying intensities of propylitic alteration in the three

samples may have caused the slight differences in chemistry.

When compared with Nockolds' (1954) average hornblende-

biotite granodiorite (Table 6), all three granodiorite samples are

higher in A1203, FeO, GaO, and Na20 and lower in Si02 and Ti02.

These chemical differences are probably related to the higher content

of plagioclase feldspar and the lower content of quartz in the samples

of granodiorite from the Paisley Mountains relative to the average

granodiorite of Nockolds' (1954). The three representative grano-

diorite samples contain normal background values of copper (50 to

60 ppm), molybdenum (1 ppm), lead (10 ppm), and zinc (30 to 65 ppm).

Contact Relations

The granodiorite intrudes older andesitic and basaltic flows and

volcaniclastics. Nowhere was it observed to intrude the older and

more mafic plutonic phases.

Although contact relationships are poorly exposed, intrusion

breccias were observed along the contact zone at one locality (SE 1/4

sec. 13, T. 34 N.rn, R. 18 E.). Elsewhere the host rocks have been
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subjected to contact metasomatism adjacent to inferred contact zones

with the granodiorite.

Monzonite

Monzonite is present in two irregularly-shaped plutonic bodies

immediately north of Johnson Canyon (NE 1/4 sec. 13, T. 34 N.,

R. 18 E.). They are poorly exposed over an area of approximately

1000 feet by 1000 feet (Plate 1). Occasionally, the monzonite forms

bold outcrops along the canyon wall and ridgetop. The monzonite rock

is strongly jointed, and epidote and minor amounts of tourmaline

locally encrust the joint surfaces.

Lithology and Petrography

The monzonite is porphyritic and consists of quartz, orthoclase,

plagioclase feldspar, hornblende, magnetite, chlorite, and minor

amounts of epidote apatite, sericite, kolinite, and sphene. Chemical

and modal analyses of a representative sample (JH-49) of monzonite

are listed in Table 7. In thin section, the monzonite is porphyritic

with plagioclase feldspar phenocrysts up to 4 mm in length in a

medium to finely crystalline groundmass of quartz, orthoclase, mag-

netite, and chlorite. The ferromagnesian minerals have been

strongly altered to chlorite and magnetite. In several samples, the



Table 7. Chemical and modal analyses of monzonite
sample JT-T-49 (NE 1/4 sec. 13, T. 34 N.,
R. 18 E.) and comparison with Nockolds
(1954) average hornblende-biotite monzonite.

Major oxide mineral Average hornblende
or trace elements JH-49 biotite monzonite

Si02 59.4 58.45

Ti02 0.53 1.40

A1203 18.5 15.65

FeO 6.7 7.33
MgO

CaO

Na2Q

K20

Quartz
Orthoclase
Plagioclas e
Hornblende
Acce ssory
Opaques
Chlorite
Penninite
Epidote

2.4
5.3

4.2
2.52

99. 55

7.6
34. 6
38. 2
2.8
T
6.8
4.6
4.8
0.6

100. 0

Cu 30
Mo 1

Pb 10
Zn 120

2.51

5.55

3.47

4.61

47



plagioclase feldspar has been moderately altered to epidote, clay,

and sericite. The plagioclase feldspar is andesine (An43),

Chemistry

Monzonite sample JH-49 is similar in chemical composition to

Nockolds' (1 954) average hornblende-b iotite monzonite (Table 7).

However, sample JH-49 is significantly higher in Al2 03 and Na20,

and lower in Ti.02 and }(O. This difference in chemical composition

may be partly due to a higher albite to orthoclase ratio in JH-49.

Because of the high modal percentage of orthoclase observed in JH-49

relative to its low lCO content (Table 7), it is suggested that albite

may, in part, be in solid solution with orthoclase. Feldspar staining

of JH-49 reveals that the finely crystalline groundmass of this

porphyritic rock is dominantly orthoclase. However, albite in solid

solution with orthoclase may also stain yellow.

Contact Relations

The monzonite stocks have intruded older andesitic and basaltic

flows and volcaniclastics. Finely crystalline chilled zones were

observed where the contacts are exposed. Although the monzonite

stocks are in fault contact with the large quartz monzonite stock in

Johnson Canyon, nowhere were they found to intrude the older plutonic

rocks.
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The eastern stock is in contact with a quartz-sericite-

tourmaline hornfels which is interpreted to be an altered equivalent

of andesitic flows and/or volc3niclastics.

Quartz Monzonite

The quartz monzonite phase of the Paisley Mountains plutonic

complex consists of two stocks in the central part of the complex. The

larger stock, approximately 1000 by 3500 feet in size, forms bold out-

crops along the ridgetop immediately south of Johnson Canyon. The

smaller stock, excluding the granophyre dikes, is the youngest arid

most granitic phase of the complex. It is poorly exposed over an

area of about 700 by 1200 feet approximately 2000 feet south of

Johnson Canyon (NW 1/4 sec. 18, T. 34 N., R. 19 E.).

The quartz monzonite stocks are strongly jointed. Deuteric

and/or hydrothermal magnetite and epidote invariably encrust the

joint surfaces. Upon weathering, the jointed rocks form blocky out-

crops and talus slopes (Figure 10).

Intrusive breccia dikes, which cut the quartz monzonite stocks

at two localities, contain strongly altered fragments of quartz mon-

zonite that have been cemented by quartz and tourrnaline.

Lithology and Petrography

The quartz monzonite is medium-crystalline equigranular to



Figure 10. Typical exposure of quartz monzonite (looking
north-northeast toward outcrop at sample
location JH-7).
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porphyritic. It is the most coarsely crystalline phase of the complex.

Unaltered samples vary in color from light greenish-gray to pinkish-

gray.

In thin section, the quartz monzonite is medium-crystalline

hypidiomorphic-granular to hypidiomorphic- porphyritic. The average

crystal size is approximately 1.5 mm. However, phenocrysts of

plagioclase feldspar are present up to 6.5 mm in length. The major

constituents of the rock (Table 8) are quartz (9.4 to 16.2 percent),

orthoclase (22.0 to 29.2 percent), plagioclase feldspar (41.8 to 44.4

percent), hornblende (1.8 to 5.4 percent), biotite (0 toZ.0 percent),

magnetite (1.2 to 5.8 percent), and chlorite (5.0 to 13.4 percent).

Other minerals include sericite, kaolinite, and epidote of hydro-

thermal origin which incipiently replace plagioclase feldspar. The

smaller, more granitic stock contains significantly more quartz

(16.2 versus 10.8 percent) and less ferromagnesian minerals (11.8

versus 21.0 percent) than the larger and presumably older quartz

monzonite stock.

Quartz occurs as interstitial anhedra (Figures 11 and 12) and

as granophyric intergrowths with orthoclase. In addition to its grano-

phyric occurrence, the orthoclase is present as anhedral to subhedral

interstitial crystals up to 2 mm in diameter, and as replacement rims

around plagioclase feldspar. Occasionally it encloses earher formed

crystals poikilitically, and it normally exhibits a cloudy appearance.



Table 8. Modal and chemical analyses of six samples of quartz monzonite and comparison withNockoldst (1954) average hornblende-biotite quartz monzonite,
Major oxide,

i 2 3 4 5 6 Averagemineral or JH-8A JH-8B JM-291 JH-50 JR-S JH-17 quartztrace element
monzonite

Si02 60.1 60.0 60.40 60.8 61.9 64.5 65.88
Ti02 0.72 0.66 0.79 0.56 0.48 0.50 0.81
A1203 17.6 17.6 17.19 18.3 17.4 16.8 15.07
FeO 6.3 5.8 5.26 5.4 5.3 4.4 447
MgO 2.8
CaO 5.0
Na20 4.2

2.73
99.45

Quartz 9.6
Orthoclase 23.0
Plagioclase 42.0
Granophyre7 -

Hornbleride 1.8
Biotite -

Accessory T
Opaques 5.8
Sericite 3.2
Clinochiore 10.2
Penninite -
(Continued on next page)

3.2

5. 1

4.2

3.05

99.61

9.4
27.8
41.8

5.4
1.4
T
4. 0
0.6
4.2
2.7

2.48
4.29

4.20

3.08
97.69

8.5
22.0
37. 8
10. 0
4.0
2.9
T
2.3
1.0

11.5

2.4 2.3
4.9 4.6
4.6 4.2
2.86

99.82

11.0
23.0
41.8

2.2

T
1.6
1.8

13.4

3.40

99. 58

10. 8
29. 2
43.4

4. 6
2.2
0.8
3. 2
0. 8
5.0

2. 1

3.8

4.4
3.48

99.98
16.2
27.6
44.4

3.0

T
1.2
T
5.4

1.38

3.36

3.53

4.64
99. 14

u-I



Table 8. (Continued)

Major oxide, Average
mineral or JH-SA JH-8B JM-291 JH-50 JH-5 JH-17 quartz
trace element monzonite
Epidote 4.4 1.6 4.8 2.2
Carbonate - 1.0 0.4 -

100.0 100.0 100.0 100.0 100.0 100.0
Ag 1 1 -1
Cu 70 45 85 35 45 100
Mo 1 1 1 1 1 1

Pb 10 10 20 10 10 10
Zn 65 115 70 50 85 110

1Granodiorite from chilled zone of large quartz monzonite stock, NE 1/4 sec 13, T. 34 N., R. 18 E,
2Quartz rnonzonite from large stock, NE 1/4 sec. 13, T. 34 N., R, 18 E.
3Quartz monzonite from large stock, NW 1/4 sec. 18, T. 34 N., R. 19 E. (from Muntzert, 1969;
major oxide analysis by K. Aoki, Tohoku University).

4Quartz rnonzonite from large stock, NE 1/4 sec. 13, T. 34 N., R. 18 E.
5Quartz rnonzonite from large stock, NE 1/4 sec. 18, T. 34 N., R. 19 E.
6Quartz monzonite from small stock, NW 1/4 sec. 18, T. 34 N., R. 19 E.
7Samples JH-8A, JH-8B, JH-50, JH-5, and JH-17 also contained variable amounts of granophyric
intergrowths, but the intergrowths in these samples were identified as either quartz or orthoclase.

u-I

L)
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The plagioclase feldspar is andesine (An2843), with An32 being

the average composition. It forms subhedral to euhedral laths, 0. 5

to 6.5 mm in length, both as phenocrysts and as interstitial fillings.

The laths are often weakly to moderately fractured, twinned and

occasionally zoned. In addition, phenocrysts of the feldspar may con-

tam abundant inclusions of magnetite, epidote, and biotite.

Hornblende generally occurs as euhedra up to 2.5 mm in length.

The hornblende crystals are often twinned (Figure 11). and partially

altered to chlorite and magnetite by deuteric or hydrothermal pro-

cesses. Both clinochlore and penninite were observed in most thin

sections. In addition to its occurrence as an alteration product,

magnetite is also present as primary euhedra and anhedra.

Minor amounts of biotite are present in most samples as sub-

hedral crystals up to 1 mm in diameter, but it often is extensively

altered to chlorite. Pleochroisn-i is from light to dark brown.

Chemistry

Chemical analyses of six representative samples of quartz

monzonite are listed in Table 8. The samples from the larger stock

(JH-5, JH-8A, JH-8B, JH-50, JM-291) are very uniform in corn-

position. Silica values range from 60.0 to 61.9 percent. Sample

JH-8B, which falls slightly into the granodiorite field when plotted on

the modal quartz-orthoclase-plagioclase ternary diagram, contains



Figure 11. Photomicrograph of qLlartz monzonite sample JH-5 show-
ing hypidiomorphic-granular texture, fractured plagio-
clase laths, and twinned hornblende (crossed nicols,
approximately 33x).

I

Figure 12. Photomicrograph of quartz monzonite sample JH-5 stained
for potassium and calcium feldspar (plain light, approxi-
mately 33x).
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slightly more FeO and less K20 than the other samples. This sample

is from a chilled zone near the border of the stock. The slightly

higher abundances of Al203 and Na20 in sample JH-50 may be due to

the fact that it is more strongly altered to epidote and chlorite than

the other samples.

In contrast, quartz monzonite sample JH- 17 from the smaller

stock is significantly higher in Si02 and 1(O and lower in A1203,

MgO, and CaO than the five samples from the larger stock. It con-

tains more quartz and orthoclase and much less ferromagnesian

minerals than the other samples. ThLs suggests that the smaller

quartz monzonite stock is a younger, more differentiated phase of the

Paisley Mountains plutonic complex.

Sample JH-17 from the smaller stock compares fairly well in

chemical composition with Nockolds' (1954) average hornblende-

biotite quartz monzonite, whereas those samples from the larger

stock are significantly lower in Si02 and 1(O and higher in Al2 03)

FeO, MgO, GaO, and Ha20. Higher quartz and orthoclase and lower

plagioclase feldspar and ferromagnesian mineral abundances in the

Paisley Mountains samples could account for this difference.

The larger quartz monzonite stock contains background or near

background concentrations of copper (35 to 85 ppm), molybdenum

(1 ppm), lead (10 to 20 ppm), and zinc (50 to 115 ppm). Sample

JH- 17 from the smaller and more granitic stock contains slightly
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higher concentrations of copper (100 ppm) and zinc (110 ppm). This

trend may suggest that these trace metals were nct readily accepted

into the crystal lattices of the rock-forming minerals of the earlier

rriagrnatic phases. Thus, they became progressively more concen-

trated in the younger and more siliceous residual magmas as

crystallization proceeded.

Contact Relations

Contact relationships between quartz monzonite of the Paisley

Mountains plutonic complex and the host rocks are of two types;

intrusive and structural. Nowhere was the quartz monzonite observed

intruding earlier plutonic phases.

Quartz monzonite of the larger stock immediately south of

Johnson Canyon is in fault contact with the older monzonite stocks and

volcanic and volcaniclas tic host rocks immediately north of Johns on

Canyon. A fault contact may also exist between quartz monzonite and

rhyodacite country rocks along the south side of the larger quartz

monzonite stock. Here, a stream has cut a small valley along the

contact between the two different lithologies, and the intrusive

breccia dike which cuts the quartz monzonite stock comes to an abrupt

termination.

Intrusive contacts are sharp and discordant. Intrusive breccias

and a few inclusions of country rock in the quartz monzonite were



found along the western contact of the smaller stock. Narrow chilled

borders were observed at the exposed intrusive contacts. Magnetite

incipiently replaces rhyodacite host rocks at several localities along

the intrusive contacts (location 51, NE 1/4 sec. 13, T. 34 N., R. 18

E.). The magnetite is believed to have been deposited by late mag-

matic (deuteric) fluids which migrated outwards from the cooling

quartz monzonite stock. Mackin and Ingerson (1960) have described

this process as 7deuteric release, " which occurred on a much larger

scale in the Iron Springs district, Utah. There, iron was released into

late magmatic fluids during the deuteric breakdown of primary biotite

and hornblende in the solidified intrusion. Alternatively, the replace-

ment of rhyodacite by magnetite along the intrusive contacts may be

similar to Reynolds (1946) basic front, the firststage of granitization.

Granophyre Dikes

One of the final intrusive events in the formation of the Paisley

Mountains plutonic complex was the emplacement of granophyre as

narrow dikes cross-cutting the quartz monzonite stocks. These dikes

range from less than one inch to one foot in width. They appear to

have been intruded along joint surfaces developed in the quartz

monzonite stocks. On the basis of petrography and chemistry, these

dikes are texturally, mineralogically, and cornpositionally similar to

rocks defined as granophyre by Barker (1970).
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Lithology and Petrography

Megascopically, the granophyre dikes are finely crystalline and

grayish-pink in color. In thin section, the dikes appear to consist

almost entirely of quartz and orthoclase with minor rnagnetite and

chlorite (Table 9). Feldspar staining of granophyre sample JH-7A

does not reveal the presence of plagioclase feldspar (Figure 13).

However, a chemical analysis of a representative granophyre sample

(JH-7A) shows that it contains a significant amount of sodium (Table

9). A CIPW norm calculation for this same sample gi.ves a norma-

tive albite content of 25.70 percent (Table 9). Therefore, it is

assumed that orthoclase and albite occur as a single homogeneous

phase in solid solution. The quartz and alkali feldspars occur as

granophyric intergrowths (Figure 14). Quartz has a vermicular to

cuneiform habit and a uniform optical orientation over the entire area

of an intergrowth. The individual intergrowths are up to 2. 5 mm in

length. According to Barker (1970), granophyric intergrowths result

from the relatively rapid and simultaneous growth of quartz and

alkali feldspars from a melt.

Chemistry and Origin

The chemical analysis of a representative sample of granophyre

(JH-7A) is listed in Table 9. The granophyre dikes are probably



Table 9. Modal and chemical analyses and CIPW norm of granophyre
sample JH-7A (NW hr sec. 18, T. 34 N., R. 19 E. ).

Mineral Modal CIPW norm
percent percent

Quartz 41.8 37.15
Orthoclase 55.8 33.90
Albite 25.70
Anorthite 1.00
Corundum 1.51
Accessory T -

Opaque 2.0
Magnetite 0.52
ilmenite 0.22
Chlorite 0.4 -

100.0 100. 0

Major Weight Trace
oxtde percent element ppm

Si02 77.3 Ag - 1

Ti02 0.15 Cu 80

A1203 12.4 Mo 2

FeO 0.8 Pb 10

MgO 0.0 Zn 65

CaO 0.2
Na2O 2.8
K2O 5.6

99.35
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Figure 13. Photomicrograph of granophyre sample JH-7A stained for
potassium and calcium feldspar showing granophyric
texture (plain light, approximately 33x).

Figure 14. Photomicrograph of granophyre sample JH-7A showing
granophyric texture (crossed nicols, approximately 33x).
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representative of the residual liquid produced during the crystalliza-

tion of the quartz monzonite phase of the Paisley Mountains plutonic

complex. The normative composition of the granophyre was calculated

from the major oxide analysis of sample JH-7A (Table 9). The norm-

ative quartz + orthoclase + albite equals 96. 75 percent. Thus, the

granophyre consists almost entirely of those minerals present in the

NaA1Si3O8-KA1Si3O8-Si02-H20(Ab-Or, Si02- HzO) system (Tuttle and

Bowen, 1958; Luth, Jahns, and Tuttle, 1964). The composition of any

rock produced by the simultaneous crystallization of quartz, ortho-

clase, and albite from a residual silicate liquid in this system is

dependent upon the water pressure of that system. The shift of the

quaternary isobaric minima or eutectic in the Ab-Or-Si02-H20

system with increasing water pressure is shown in Figure 15. A plot

of the normative components albite, orthoclase, and quartz for

granophyre sample JH-7A from the Paisley Mountains is also shown,

In addition, the normative albite, orthoclase, and quartz components

for quartz monzonite samples JH-5 and JH-17 are plotted on Figure

15, although their positions are subject to some error because the

effects of the relatively high anorthite content of these samples has

not been evaluated. The granophyre composition is close to the trend

of the quaternary minimum at water pressures between 0.5 and 1

kilobars. This relationship suggests that the granophyre magma was
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Figure 15. Plots of normative albite, orthoc1ase and quartz for granophyre sample JH-7A and quartz
monzorite samples JH-5 and JH-17(Ab-Or-2i02-pH2O system after Tuttle and Bowen, 1958).
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emplaced and crystallizated at depths of between 2 and 4 km if it is

assumed that the water pressure equaled the lithostatic pressure.

Putman and Alfors (1965) have speculated on the crystallization

history of the Rocky Hill stock which led to the formation of aplite

dikes. The granophyre dikes at the Paisley Mountains may have a

similar origin. The inferred (and idealized) stages in the crystalliza-

tion history of the quartz monzonite stock leading to the development

of the granophyre dikes are as follows:

1) The quartz monzonite magma was intruded to approximately 2

to 4 km below the surface at its present position.

2) Crystallization of this magma proceeded from the cooler borders

inward thus forming a rigid and impermeable rim around the

remaining melt.

3) As crystallization proceeded, dissolved volatiles (H20) in the

residual melt increased and, thus, the water pressure increased.

The composition of the residual liquid-melt shifted progressively

from the composition of the melts that produced the presently

exposed quartz monzonite stocks (JH-5 and JH-17 in Figure 15)

towards the quartz apex and the composition of granophyre

sample JH-7A.

4) When the residual liquid in the melt reached a critical concen-

tration, the water pressure of the liquid exceeded the load

pressure of the overlying rock mass. The outer rigid borders
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of the stock ruptured, the residual liquid-melt was injected into

the fractures, and quartz, orthoclase, and albite crystallized

simultaneously to form the granophyre dikes. The simultane-

ous growth of these components had to occur at water pressures

between 0.5 and I kb for a granophyre with the composition of

JH-7A to form. At these water pressures, the quaternary

isobaric minima or eutectic in the Ab-Or-Si02-H20 system falls

very near the composition of JH-7A (Figure 15).

Granophyre sample JH-7A contains background concentrations

of copper (80 ppm), molybdenum (2 ppm), lead (10 ppm), and zinc

(65 ppm). Quartz monzonite sample JM-291, which was taken at the

same locality as the granophyre sample, contains almost identical

amounts of copper (85 ppm) and zinc (70 ppm), but less molybdenum

(1 ppm). This trend suggests that molybdenum was slightly enriched

in the residual silicate liquid. This relationship is consistent with

the fact that molybdenum generally has a high oxidation state rela-

tively to the rock-forming minerals and, therefore, probably did not

enter into the lattices of minerals formed during the crystallization of

the earlier plutonic phases.

Intrusive Breccia Dikes

Intrusive breccias, as defined by Wright and Bowes (1963),

result from the fragmentation and mobilization of pre-existing rock by



rising streams of gases and/or magma. They exhibit cross-cutting

relations and are generally structurally controlled. Two quartz-

tourmaline breccia dikes which cut across the quartz monzonite

phases of the Paisley Mountains plutoni.c complex conform to this

definition. The emplacement of these breccia dikes is one of the last

events recognized in the formation of the complex. One of the dikes is

poorly exposed in the face of an inaccessible adit and as float along

the northeast side of the smaller quartz monzonite stock (W 1/2 sec.

18, T. 34 N., R. 19 E.). it is identical in appearance to a narrow,

elongated breccia dike exposed along the southeast side of the larger

quartz monzonite stock, and it may be part of the same dike. In

addition to the breccia dikes, a narrow pebble dike was observed

cutting the andesitic sequence at one locality (Plate 1, NWl/4 sec.

13, T. 34 N., R. 18 E.). It consists of rounded quartz pebbles in a

matrix of altered and crushed andesite. The pebble dike is elongated

in an east-west direction and is on trend with the intrusive breccia

dike cutting the larger quartz monzonite stock. It presumably formed

by processes similar to those that formed the intrusive breccia dikes.

The breccia dike cross-cutting the larger stock is strongly

resistant to erosion and, therefore, it forms outcrops that generally

stand approximately 15 feet above the surrounding land surface

(Figure 16). It averages approximately 50 feet in width. This dike

trends uphill at approximately S. 78° W. for about 800 feet and then
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Figure 16. Typical exposure of the intrusive breccia dike (looking
northwest towards sample locality JH-3).

Figure 17. Intrusive breccia dike showing subangular altered frag-
ments of quartz monzonite.



changes to a S. 490 W. trend for the remaining 200 feet. The elon-

gated trend of the dike suggests that its emplacement was structurally

controlled. It dips steeply to the south and appears to be faulted off

at both ends.

An unbrecciated but strongly altered quartz monzonite outcrop

adjacent to the northeast end of this dike exhibits jointing that is sub-

parallel to the strike and dip of the breecia dike. This jointing may

be similar to zones of sheeting which occur adjacent to copper-bearing

tourmaline breccia pipes of Chile (Sillitoe and Sawkins, 1971). The

quartz rnonzonite stock adjacent to this strongly altered breccia dike is

only weakly altered, another feature characteristic of the Chilean

breccia pipes.

Lithology

The intrusive breccia dikes are composed of subangular to

rounded fragments of the enclosing quartz mcnzonite host rock

(Figure 17). The fragments, which are up to 15 inches in diameter,

are strongly altered to a quartz-sericite assemblage (Figure 18).

They are cemented by quartz and tourmaline which appear to have

been deposited as open space fillings. The area between the altered

fragments of quartz monzonite contains many vugs, and quartz and

tourmaline crystals often project into these vugs. The presence of



Figure 18. Photomicrograph of sample JH-3 showing quartz
sericite alteration in a quartz monzonite frag-
ment from the intrusive breccia dike (crossed
nicols, approximately 33x).
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abundant goethite and minor hematite and jarosite suggests that sul-

fides were once present.

Chemistry and Origin

Chemical and modal analyses of an altered quartz monzonite

fragment from the breccia dike cutting the larger stock (JH-3) and an

unaltered quartz monzonite equivalent (JH-5) are given in Table 14.

In general, Si02 was added to and MgO, FeO, CaO, and Na20 were

removed from the quartz monzonite fragments during the alteration of

feldspar to quartz and sericite and the complete destruction of all

ferromagnesian minerals. The fragments are assumed to have been

altered by rapidly ascending hot fluids which imposed the fragmenta-

tion to form the breccia. The presence of quartz and tourmaline in

the matrix cementing the quartz monzonite fragments suggests that the

hot aqueous fluids contained silica and boron...

Many theories have been advanced for the origin of intrusive

breccias (Reynolds, 1954; Perry, 1961; Bryant, 1968; Norton and

Cathles, 1973). The fluidization theory, as proposed by Reynolds

(1954), best explains the observed characteristics of the breccia dikes

of the Paisley Mountains. Bryant (1968) suggests the breccia pipes in

the Warren district, Arizona, are also caused by fluidization. The

theory proposes that solid particles are suspended and transported

in upward flowing fluids of magmatic origin that have a lower density

than that of the particles.
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During the initial development of the breccia dike, it is believed

that fluids moved upward from a deep source along joints and fractures

that were coincident with the present positions of the dikes, These

fluids suspended and transported upward the finely fractured pieces of

quartz monzonite. As the fluids removed more and more of the inter-

stitial material, larger fragments were suspended, rotated, and trans-

ported in the upward moving fluids. The quartz monzonite fragments

were strongly altered by the hot aqueous fluids and became rounded by

comminutiori and solution during transport. The intrusive breccias

may have been deposited when the flow pressure lessened or the

channels narrowed and became plugged. The fragments were cemented

together by quartz, tourmaline, and sulfides that were deposited from

the volatile- rich hydrothermal fluids.

The volatile-rich fluids may have been concentrated during

strong fractional crystallization of a water-rich magma, possibly by

the same process that produced the residual silicate liquid forming the

granophyre dikes. A reduction in the total confining pressure on the

water- saturated magmas, such as by its ascent or by rupture of the

confining roof rocks, would have resulted in the ebullition and separa-

tion of this volatile-rich phase from its parent magma (Burnham,

1967).
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Origin of the Paisley Mountains Plutonic Complex

The intrusive phases of the Paisley Mountains plutonic complex

are believed to have been passively to actively emplaced at a high

level in the epizone during middle Oligocene time. The plutonic

phases exhibit continuous and systematic variations in mineralogy and

chemical composition. Successively younger plutons became pro-

gressively enriched in silica and potassium. Plutonic rocks of the

Cascade Range exhibit similar evidence for epizonal levels of

emplacement, and grossly similar chemical variations as well.

Geological, mineralogical, and chemical evidence suggest that the

Paisley Mountains plutonic complex, as well as those in the Cascade

Range, formed from multiple intrusions of successively differentiated

rnagrnas which possibly were generated along an active Benioff Zone.

Mode and Level of Emplacement

The Paisley Mountains pLutonic complex was emplaced at a high

level in the epizone. The complex exhibits the following characteris-

tics of epizonal plutons, as defined by Buddington (1959): 1) sharp

and discordant contacts between plutonic rocks and country rocks;

2) composite character; 3) contact metasomatic and tourmaline

aureoles; 4) homogeneous character without lineation or foliation;

5) zoning of associated mineral veins on a regional scale; 6) chilled
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contacts with a porphyritic texture; 7) intrusive breccias with open

space fillings; 8) minor doming of the country rocks; 9) granophyre

dikes; and 10) volcanic rocks with a close genetic and spatial relation-

ship to the plutonic rocks. The plutonic rocks in the Cascade Range

exhibit similar evidence for the epizonal emplacement of their parent

magmas (Buddington, 1959). In addition, Fuller (1925) and Fiske,

Hopson, and Waters (1963), and Cater (1969) presented evidence

indicating that the magmas from which the Tatoosh and the Cloudy

Pass plutonsformed had broke through to thesurface.

A shallow level of emplacement is also suggested by the coinposi-

tion of the granophyre dikes which cut the complex. As previously

discussed, their normative composition plots near the quaternary

isobaric minima at water pressures between 0.5 and 1 kb, which

suggests emplacement and crystallization of the granophyric dikes at

a depth of 2 to 4 km.

Because the phenocrysts of plagioclase feldspar often exhibit

strong fracturing, Muntzert (1969) suggested that the complex was

emplaced as a crystal mush. However, the presence of intrusive

breccias, chilled contact zones with porphyritic textures, and local

assimilation imply that the plutons were liquid, and contained up to

30 percent phenocrysts, at the time of emplacement. Moreover, flow

lineations or foliations are absent.
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Stocks and dikes of the Paisley Mountains plutonic complex are

often elongated in east-west, north-northwest or north-northeast

directions. Such elongation that characterizes the stocks and dikes

suggests that the. magmas were emplaced along pre-existing struc-

tures. The intrusive breccia dike is also elongated in an east-west

direction, as is the quartz monzonite stock which it intrudes. Several

east-west, north-northeast, and north-northwest trending faults were

also mapped in the area.

Intrusions of the Paisley Mountains plutonic complex exhibit

evidence for both passive and active modes of emplacement. Locally,

the country rocks are little deformed and the plutonic bodies appear

to have been intruded into pre-existing structures, thus suggesting

passive emplacement. In addition, the effects of minor assimilation

of the country rocks can be recognized on a local scale.

In contrast to the foregoing conclusion, Muntzert (1969) sug-

gested that the complex was emplaced by moderately forceful intru-

sion. He believed that doming of the adjacent country rocks

accompanied emplacement of the complex, as suggested by the

attitudes of bedding and the radial distribution of veins. However,

andesitic rocks in the area mapped dip moderately and consistently to

the west. In addition, intrusive breccias are locally developed along

intrusive contacts and a few inclusions of country rock occur within
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the plutonic rocks. Accordingly, the evidence suggests that emplace-

ment was accompanied by magmatic S taping,

Age and Correlation

The age of the larger quartz monzonite stock of the Paisley

Mountains plutonic complex has been radiometrically determined by

R. L. Armstrong (Muntzert and Field, 1968; Muntzert, 1969). Con-

centrations of magrnatic biotite and hornblende from this quartz

monzonite phase yielded K-Ar ages of 32.6 ± 0.7 in. y. and 33.6 1.5

m. y., respectively. These concordant ages indicate the larger quartz

monzonite stock was emplaced in middle Oligocene time. Chemical

and mineralogical trends suggest that the more mafic phases of the

Paisley Mountains plutonic complex were emplaced slightly before the

intrusion of the quartz monzonite phase.

No other plutonic rocks of middle Tertiary age are known to

occur in the region. However, this may be more apparent than real

due to the lack of detailed geologic mapping, the presence of large

areas of younger volcanic cover, and the generally high level of

erosion. The nearest known exposures of plutonic rocks of middle

Tertiary age occur approximately 120 miles to the west in the Cascade

Range (Figure 4). Radiometric age determinations for plutonic rocks

in the Cascade Province of Oregon and Washington range from 8. 2 to

38 m. y., with most of the ages being younger than the quartz
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monzonite phase of the Paisley Mountains plutonic complex (Table 10).

There appears to be no systematic trend in the age of pluonism in

the Cascades, such as a progressive decrease in age to the north or

an increase in age with increasing size of the plutonic body. Lead-

alpha age determinations of zircons from the stocks at Nimrod and

Detroit Dam h3ve yielded ages of 35 ± 10 m. y. and 25 ± 10 m. y.,

respectively (Peck, Griggs, Schlicker, Wells, and Dole, 1964). How-

ever, these stocks intrude volcanic rocks which have yielded much

younger K-Ar ages (McBirney, Sutter, Naslund, Sutton, and White,

1974).

A diabase dike which cuts the CJ.arno Formation in the Mitchell

area of central Oregon has been radiometrically dated as 33.4 ± 0.9

m.y. (Enlows and Parker, 1972).

Plutonic rocks from the Basin and Range province of Nevada,

Utah, and Arizona yield radiometric ages (K-Ar) similar to that of the

quartz monzonite stock in the Paisley Mountains according to sum-

manes by Schilling (1965), Whelan (1970), Nash and Theodore (1971),

and Damon and Bikerman (1964), thus suggesting that the early and

middle O]igocene was a time of widespread plutonism throughout much

of the western United States.

Mineralogical Variations

The mineralogy of the individual plutonic phases at the Paisley
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Table 10. Comparison of geologic and K-Ar age determinations of
plutonic rocks from the Paisley Mountains and the Cascade
Range (* denotes lead-alpha age for zircon).

Pluton Age Reference

Paisley Mountains 33. 1 Muntzert, 1969

Bohemia stock Miocene Lutton, 1962

Fall Creek gabbroic stock 21.3 McBirney et al., 1974

Nimrod stock 35* Peck etal., 1964

Detroit Dam stock 25*

Detroit Dam andesite dike 15. 9

Laurel Hill pluton 8.2
Tatoosh pluton 13-14.7

Snoqualmie batholith
north part 38
south part 18

Squire Creek stock 34. 3

Cloudy Pass pluton 20.22
Cascade Pass stock 20

Golden Horn batholith Eocene
Oligocene

Chilliwack batholith
main-phase Eocene
late Perry Creek phase 30
latest phase 18

Pecketal., 1964

McBirney et al., 1974

Bickerman, 1970

Fiske etal., 1963

Grant, 1969
Baadsgaard et at., 1961

Grant, 1969

Grant, 1969

Misch, 1966

Misch, 1966

Misch, 1966

Misch, 1966

Baadsgaard et at., 1961
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Mountains ranges from syenodiorite to granophyre and varies some-

what systematically and continuously,, Modal percentages of quartz,

orthoclase, and plagioclase feldspar in 18 representative samples

from the complex were recalculated to 100 percent and plotted on the

ternary quartz-orthoclase-plagioclase feldspar diagram illustrated in

Figure 19. These plutonic rocks occupy a fairly narrow region that

trends from the syenodiorite fi,eld near the plagioclase feldspar apex

of the diagram, through granodiorite, to the lower quartz monzonite

field. The granophyre sample plots in the alkali granite field.

Quartz varies from 4.2 percent in a small irregular syenodiorite

body in the south part of the area mapped (NE 1/4 sec. 24, T. 34 N.,

R. 19 E.) to 16.2 percent in the smaller quartz monzonite stock.

Orthoclase varies from 7.4 percent in a syenodiorite dike (NW 1/4

sec. 18, T, 34 N., R. 19 E.) to 35.2 percent in the monzonite stock

immediately north of Johnson Canyon. Plagioclase feldspar varies

from 63 percent in the syenodiorite dike which contained the least

amount of orthoclase to 36.8 percent in the granodiorite stock (JH-34).

In addition, the average composition of the plagioclase feldspar

ranges from An45 in the early syenodiorite phase to An32 in the

younger and more silicic quartz monzonite phase.

The ferromagnesian minerals vary in volume from 28. 1 percent

in the northernmost syenodiorite stock to 11.8 percent in the smaller

quartz monzonite stock. The most common primary mafic minerals
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Quartz

Plagioclase

A Syenodiorite dikes E Monzonite stock
D Syenodiorite stocks Large quartz monzonite stock

Granodiorite dike 0 Small quartz monzonite stock
o Granodjorite stocks Granophyre dike

Figure 19. Ternary quartz-orthoclase-plagioclase diagram with modal plots for rocks from the Paisley
Mountains plutonic complex.(after Johannsen, 1931).
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are hornblende, biotite, and magnetite, Hornblende and biotite are

often altered to chlorite and magnetite. Unaltered hornblende varies

from 1100 percent in the northernmost syenodiorite stock to 1.8 per-

cent in the chilled phase (JH-8A) of the larger quartz monzonite stock.

Biotite is variably present in amounts up to 4.0 percent in the grano-

diorite stock (JH-34). The content of magnetLte ranges from 6.8 per-

cent in the monzonite stock immediately north of Johnson Canyon to

1.2 percent in the smaller quartz monzonite stock. Finally, chlorite

varies from 17. 1 percent in the northernmost syenodiorite stock to

500 percent in the larger quartz monzonite stock. The amount of

chlorite, an alteration product of ferromagnesian minerals, was

largely dependent on the amount of magmatic hornblende and biotite

originally present in the rock.

Petrochemis try

Chemical variations of the major oxide components in rocks of

the Paisley Mountains plutonic complex are typical of a calc-alkaline

suite that exhibits late potassium enrichment. Plutonic rock suites

from the Cascade Range exhibit similar chemical trends. These

piutonic suites display a continuous and systematic variation in

composition with increasing silica and potassium content versus

decreasing age.



Chemical variations of the major oxides of 14 representative

samples (Table 11) from the Paisley Mountains plutonic complex are

shown by partial Harker variation diagrams in Figure 20. This

plutonic suite displays a systematic and continuous variation in com-

position with increasing silica versus decreasing age. Only K20

increases with Si02. Na20 remains nearly constant, whereas A1203,

FeO, MgO, CaO, and Ti02 decrease, Similar chemical variations

are displayed by the calc-alkaline suite of rocks from the Southern

California batholith (Larsen, 1948; Nockolds and Allen, 1953). In

addition, when the chemical components 1(20 + Na2 0, FeO, and MgO

and CaO, Na20, and KO for the plutonic samples from the Paisley

Mountains complex are plotted on ternary AFM and CNK diagrams,

respectively, they fall along the caic-alkaline trend that is typical of

the southern California batholith (Figures 21 and 22).

Partial Harker variation diagrams cornparin the chemistry of

several plutonic rock suites from the Cascade Range and the Paisley

Mountains are shown in Figure 23. The plutonic rock suites from the

Cascade Range, like that from Paisley, exhibit a systematic and

continuous variation in composition with increasing silica content and

decreasing age. Only KO increases with S102, whereas Na20 remains

nearly constant, and Al2 03) FeO, MgO, CaO, and Ti02 decrease.

However, plutonic rocks from the Paisley Mountains are generally



Table 11. Chemical and mineralogical comparison of samples from the Paisley Mountains plutonic complex.

Syenodiorite Mona. Granodiorite Quartz monzonite Gran.
IM_63e* JH-80 IH-78B JH-49 JH-33 JH-39 JH-34 JH-8A IH-85 TM_291* ]H..50 1-1-S 11-1-17

Qtz. 7.1 5.6 6.3 7.6 9.5 12.2 14.8 9.6 9.4 8.5 11.0 10.8 16.2 41.8
K-lId. 11.0 16.8 16.1 34.6 20.2 21.8 27.6 23.0 27.8 22.0 23.0 29.2 27.6 55.8
P-lid. 50. 9 50. 4 50. 7 38. 2 47. 4 44. 2 36.8 42.0 41,8 37.8 41. 8 43. 4 44, 4 -
Granop. - - - .. - - - - - 10.0 - - - -
1-Ibid. 6.5 8.8 11.0 2.8 7.6 7.2 6.6 1.8 5.4 4.0 2.2 4.6 3.0 -
Bio. - 1.0 0.8 - T - 4.0 - 1.4 2.9 - 2.2 - -

cc T 1.0 T T T T T T T T T 0.8 T T
Opq. 4.5 4.0 5.0 6.8 1.4 2.8 1.2 5.8 4.0 2.3 1.6 3.2 1.2 2.0
Ser, 2.9 T T T 1.6 T T 3.2 0.6 1.0 1.8 0.8 T -
Clay - T T T T 5.4 T - - - - T -
Chi. 11.6 10.4 6.6 4.6 10.1 1.6 8.6 10.2 4.2 11.5 - 5.0 5.4 0.4
Penn. 5.5 - 2.5 4.8 2.2 4.2 - - 2.8 - 13.4 - - -
Epi. - 1.0 T 0.6 - - 0,4 4.4 1.6 - 4.8 - 2.2 -
Carb. - 1.0 1.0 - - - - - 1.0 - 0.4 - - -

S. C. - 2.72 2.77 2.70 2.68 2.63 2.66 2.61 2. 66 - 2.64 2.64 2.63 2.45
57. 12 57. 2 58.4 59.4 60. 1 61.3 61,8 60. 1 60.0 60.40 60.8 61.9 64.5 77. 3

Tj02 1.00 0.87 0. 68 0.53 0.55 0.55 0.48 0. 72 0.66 0. 79 0.56 0.48 0.50 0. iS
A1203 17. 99 18.4 17. 9 18.5 17.8 18. 3 18. 3 17. 6 17.6 17. 19 18. 3 17.4 16.8 12.4
FeO** 7. 10 6.8 7.0 6. 7 6.7 6. 3 5.5 6. 3 5.8 5. 26 5.4 5.3 4.4 0.8
MgO 3.02 3.4 3.1 2.4 2.8 3.0 1.2 2.8 3.2 2.48 2.4 2.3 2.1 0.0
CaO 5.23 6.7 4.8 5.3 5.8 4.2 4.5 5.0 5.1 4.29 4.9 &6 3.8 0.2
N a20 3.94 4.4 4.3 4.2 4. 2 4. 1 4,5 4.2 4.2 4.20 4.6 4.2 4.4 2.8
K20 1. 97 2.41 2. 80 2.52 2.52 3. 15 3. 15 2. 73 3.05 3. 08 2. 86 3.40 3. 48 5. 6
Cu 40 - 70 30 - 50 55 70 45 85 35 45 100 SO
Mo 1 .. -1 -1 - -1 -1 1 1 1 -.1 -1 -1 2
Pb 10 - -10 10 - 10 -10 10 10 20 -10 -to to to
Zn 65 - 65 120 - 30 55 65 115 70 50 85 110 65

*
From Muntzert, 1969 Modal and major oxide analyses in volume and weight percent respectively.
Total iron as FeO Trace element analyses in parts per million.
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higher in K20, Al203, and Na20 and lower in CaO relative to their

counterparts from the Cascade Range.

AFM and CaO-Na20-K20 diagrams comparing the chemistry of

several plutonic rock suites from the Cascade Range and the Paisley

Mountains are shown in Figures 24 and 25. Again, the data plot

roughly along the caic-alkaline trend that is typical of the Southern

California batholith (Larsen, 1948; Nockolds and Allen, 1953). The

chemistry of the plutonic rock suites, as displayed by the diagrams

for these two geographically distinct areas (Cascade Range and

Paisley Mountains), is indistinguishable. However, there is a

recognizable difference between the chemistry of different rock suites

from the Cascade Range as displayed by the AFM diagram. The Still

Creek-Laurel Hill plutonic suite plots consistently above the Southern

California caic-alkaline trend, whereas the Snoqualmie plutonic

suite plots consistently below this trend. Trends for plutonic rock

suites o the Paisley Mountains, Cloudy Pass, and Bohemia plutons

plot between those of the Still Creek-Laurel Hill and Snoqualmie suites.

The differences are probably attributable to slightly different MgO to

Si02 ratios in the parent magmas.

The chemical trends of Cascade volcanic lavas (Carmicheal,

1964), when plotted on AFM and CNK ternary diagrams (not shown),

closely parallel the calc-alkaline trends of plutonic phases of the

Southern California batholith, the Paisley Mountains, and the Cascade
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Range. The parallelism between the Cascade plutons and volcanic

lavas must clearly reflect some cogenetic relationship.

The relative enrichment of iron to magnesium in plutonic rocks

from the Cascade Range and the Paisley Mountains is shown in Figure

26. These rock suites exhibit late enrichment in iron typical of the

caic-alkaline trend and in contrast to the Skaergaard trend which dis-

plays early iron enrichment (Wager and Brown, 1968). In addition,

the Paisley Mountains and Cascade Range plutonic suites plot very

roughly along the trend of the Cascade volcanic lavas as shown on the

FeO/FeO + MgO versus Si02 diagram in Figure 26.

Petrogenes is

The Paisley Mountains plutonic complex is composite in charac-

ter. The complex is believed to have been formed by multiple intru-

sions of successively differentiated magmas derived from a single,

more or less homogeneous magma. The mineralogical and chemical

variations between separate intrusive phases are consistent with

such an origin. Successively younger plutons are progressively more

silicic and potassic. In addition, all intrusions appear to be spatially

related. Many of the plutons of the Cascade Range are also composite

in character, and exhibit chemical evidence that suggests they formed

by multiple intrusion of successively differentiated magmas. More-

over, a comagmatic relationship between andesitic volcanism and
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Figure 26. Comparison of the relative iron to magnesium fraction-
ation for plutonic rocks from the Cascade Range and
Paisley Mountains, the Cascade lavas(Carmichael, 1961+),
and the Skaergaard intrusion(Wager and Brown, 1967,
Tables 6 and 9).



Tertiary epizonal plutonism in the Cascade Range is indicated by

their close spatial distribution and similar chemical trends (Fiske,

Hopson, and Waters, 1963; Hopson, Crowder, Tabor, Cater, and

Wise, 1965). A comagmatic relationship may also have existed

between plutonism and volcanism in the Paisley Mountains. The

Paisley Mountains are believed to be a volcanic center (Muntzert,

1969). The rhyodacite breccias appear to have been formed by auto-

brecciati.on of a highly viscous magma which could not have flowed far

from its vent. Moreover, the rhyodacite unit appears to thin away

from the area mapped. In addition, andesite dikes and flows in the

area are of a comparable age and chemistry (Tables 2 and 4) to that

of the nearby syenodiorite phase of the plutonic complex. Geological

and chemical evidence previously discussed indicates that the Paisley

Mountains plutonic complex was emplaced at a shallow level and,

therefore, could easily have had a volcanic expression. Many other

workers have presented evidence that a comagmatic relationship

exists between plutonism and volcanism (Hamilton and Myers, 1965;

Gilmour, 1972; Sillitoe, 1973). Based on the evidence briefly out-

lined above, it is assumed that the plutonic rocks of the Paisley

Mountains and Cascade Range are derived from the same magmas that

produced the temporally and spatially associated andesitic volcanism.

According to Dickinson (1971), current theories for the origin

of andesitic magmas fall into three general categories. They may be
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formed 1) as primary mantle melts or derivative melts formed by the

differenti.ation of primary basaltic mantle melts; 2) as primary crustal

melts or melts derived from crustal contamination of primary

basaltic mantle melts; and 3) as anatectic melts derived from crustal.

or mantle parts of lithosphere descending along inclined Benioff zones.

Insufficient data are available to adequately test these hypotheses inso-

far as the origin of the Paisley Mountains plutonic complex is con-

cerned. However, the data are somewhat consistent with the theory

that andesitic magmas are derived by the melting of crustal and

mantle materials along the Benioff zone. Therefore, such an origin

is speculated for the Paisley Mountains plutonic complex.

Plutonic rocks from the Paisley Mountains plutonic complex

are higher in K20 relative to plutonic rocks from the Cascade Range.

Dickinson and Hatherton (1967) and Hatherton and Dickinson (1969)

have shown that in regions of active subduction- related volcanism,

the ratio of K20 to Si02 in andesitic rocks increases systematically

with increasing depth to the Benioff seismic zone. Their interpreta-

tions suggest that the magmas are initially generated along Benioff

zones, and that their differing petrochemical characteristics result

either from different crystal-melt equilibria governed by depth along

the seismic zones, or possibly from consistently different trends of

magma evolution along the travel paths or distances of ascent from

the seismic zones to the surface (Dickinson, 1971).



Lipman, Prostka, and Christiansen (1971, 1972) proposed that

the generally increasing content in volcanic rocks towards the

continental interior of the Western United States could be explained

by such a mechanism. The increase in the content in plutonic

rocks from the Paisley Mountains relative to the Cascade plutonic

suites might also be the result of a similar process. The con-

tent for each of these plutonic suites was calculated at 60 percent Si02

by linear regression analysis. These values were converted to depth

values by using Dickinson and Hatherton's (1967) and Hatherton and

Dickinson's (1969) data of percent K20 at 60 percent Si02 versus depth

to the Benioff zone for active andesitic arcs (Table 12). The angle of

the inferred Benioff zone along the western United States was calcu-

lated using these depth values, and by assuming the surface expression

of the Benioff zone was along the present coast line. Several infer-

ences can be made from these data if it is assumed that the model is

correct.

The depth of the inferred Benioff zone below the Paisley

Mountains plutonic complex at the time of its emplacement (33. 1 m. y.)

was 216 km. The angle of the zone was approximately 34°. The angle

of the Benioff zone for the Bohemia stock, which is considered to be

early Miocene in age (Lutton, 1962), was approximately 48°. These

data support Lipman, Prostka, and Christiansen's (1971, 1972)



Table 12, Calculated depths to the inferred Benioff zone below some Tertiary epizonal plutons of
the Paisley Mountains, the Cascade Range, Battle Mountain, and Bingham Canyon.

Name of Number of
R2 Depth in Distance Angle of Age

pluton analyses 060 km3 in km4 zone (m. y. )

Bohemia 7 1,55 0.86 139 126 48° early
M io ce n e

Still Creek 5 1,87 0.85 158 170 43° 8.2
Snoqualmie 7 1.38 0.81 128 208 32° 18

Cloudy Pass 16 1.38 0.92 128 283 24° 21

Paisley 14 2.82 0.94 216 315 34° 33,1
Battle Mountain 5 2.51 0.16 197 615 18° 38,2
Bingham 15 4.26 0.06 304 1010 17° 38,1

%K20 at 60% Si02; determined by linear regression analysis of Si02 versus

correlation coefficient (Si02 versus 1(zO).

3Depth (km) = 44.36 + 60.88 x %K60); determined by linear regression analysis of %K20 at 60% Si02
versus depth using data from Dickinson and Hatherton (1967) and Hatherton and Dickinson (1969) for
active Benioff zones.

4Horizontal distance from pluton to inferred surface expression of Benioff zone (present coast line).

5Angle of Benioff zone; determined by tan X = depth/distance.



conclusion that the Benioff zone along the western United States

steepened in Oligocene time.

Similar relationships are exhibited in the Cascades by the older

Cloudy Pass pluton (2 1 m. y.) with a calculated angle of 24° for the

inferred Benioff zone at the time of its emplacement, the intermediate

aged Snoqualmie batholith (18 m. y.) with a steeper angle of 32°, and

the youngest Still Creek pluton with a still steeper angle of 43°. Thus,

the angles to the inferred Benioff zone become progressively steeper

with decreasing age. Closer examination of Table 12 shows a pro-

gressive decrease in the age of the plutonic rocks used in this study

for the Cascades from north to south, with the possible exception of

the Bohemia stock. However, the Bohemia data yielded the steepest

angle for the Benioff zone which should make it the youngest pluton in

this study if it is assumed that the Benioff zone steepened with time.

Therefore, the early Miocene age assigned to the Bohemia stock by

Lutton (1962), based on geologic evidence, may possibly be incorrect.

Potash (K20) and silica (Si02) analyses for plutonic rocks at

Battle Mountain, Nevada (Theodore, Silberman, and Blake, 1973) and

Bingham Canyon (Moore, 1973) were subjected to the same percent

K20 at 60 percent Si02 versus depth calculations, and their data are

also shown on Table 12. These data provide additional support to the

theory that the Benioff zone became progressively steeper with time.

The Battle Mountain (38.2 m. y.) and Bingham Canyon (38. 1 m. y.)



plutonic rocks were the oldest rocks used in this study and, conse-

quently, they yielded the shallowest angle for the Benioff zone. In

addition, these rocks showed the least correlation between Si02 and

K20. This relationship may be consistent wLth the fact that the travel

paths of the subducted material and the resultant magmas which pro-

duced these stocks were much greater along the Benioff zone and

from the Benioff zone to the surface. These longer travel paths may

have resulted in slightly different trends in magma evolution and

greater contamination. Alternatively, the Battle Mountain and

Bingham stocks may not have originated from magmas formed along

the Benioff zone that is inferred to have given rise to the Cascade and

Paisley Mountains plutonic rocks.

It should be noted that several workers have presented evidence

which suggests that the percent K20- percent Si02-depth relationship

differs for different andesitic arcs (Nielson and Stoiber, 1973). Thus,

the use of Hatherton and Dickinson's (1969) data of KO_versus depth

to determine the depth to the Benioff zone below the Paisley Mountains

and the Cascade Range may be somewhat erroneous. Nonetheless, it

is believed that reasonably accurate relative values can be obtained

by this technique. Nielson and Stoiber (1973) also suggest that the

correlation between percent K20, percent Si02, and depth is low to

moderate over several active arcs. However, Dickinson and Hatherton



(1967) found a strong correlation between these components for the

active arcs they studied.

Many investigators, with the aid of more accurate radiometric

dating, have come to realize that local volcanic and plutonic activity is

not continuous but varies with time in a discontinuous manner (Gilluly,

1973; Kistler, Evernden, and Shaw, 1971; Noble, McKee, Farrar, and

Petersen, 1974). In addition, McBirney, Sutter, Naslund, Sutton,

and White (1974) suggest that Cenozoic volcanism in the Cascade

province of Oregon was episodic on the basis of K-Ar ages for the

associated volcanic rocks. These observations are inconsistent with

the plate tectonics theory that suggests calc-alkaline volcanism asso-

ciated with convergent plate boundaries should be continuous if sub-

duction is continuous. However, recent detailed studies of magnetic

anomalies have revealed that the rate of sea-floor spreading may not

be uniform (Frerichs and Shive, 1971; Herron, 1972). Furthermore,

Blakely (1974) calculated changes in crustal spreading rates for the

Gorda Ridge during Miocene time that varied in a cyclic manner.

Scheidegger and KuIm (1975) suggest that the apparently variable

rates of sea-floor spreading, and consequently subduction, provide a

viable hypothesis for discontinuous volcanic activity associated with

subduction. Thus, the apparent episodic nature of volcanism in the

Cascade Range does not rule out the existence of a once active,
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easterly-dipping subduction system along the coast of Oregon, as

suggested by Sutter and McBirney (1974).

Lead isotope data have been obtained for single samples of

galena from the Paisley Mountains (Brattian), the Bohemia, and the

Quartzville mining distiicts of Oregon. The 206Pb /204Pb, 207Pb /

204 208 204Pb, and Pb! Pb ratios for these samples are listed in

Table 13. The ratios for the Paisley Mountains and the Bohemia

district were previously reported by Zartman (1974). When these
206 204 207ratios are plotted on Pb! Pb versu.s Pb/204Pb and Z06Pb/

204 208 207Pb versus Pb! Pb diagrams, they fall near the center of the

isotopic field characteristic of Zartman's (1974) "Area III- type lead"

in igneous rocks (Figure 27). This type of lead occurs in association

with young eugeosynclinal plutonic, volcanic and sedimentary rocks in

a 100- to 300-km wide belt immediately adjacent to the Pacific Coast.

Igneous rock and ore lead (such as the galena samples from the

Paisley Mountains, Bohemia, and Quartzville districts) from this

province exhibit relative uniform isotopic ratios, probably as a result

of a common source and the recent isolation of the lead ore (galena)

from the system. Pelagic sediments and basalts that presumably have

been altered by sea water appear quite similar in lead isotopic corn-

position to igneous rocks of "Area III. " Moreover, the isotopic field

of "Area III- type lead" coincides with that of several island-arc

environments. Consequently, Zartman (1974) suggested that subducted
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Table 13. Lead isotopic composition of galena samples
from the Paisley Mountains (Brattian),
Bohemia, and Quartzville mining districts,
Oregon.

206Pb/ 207Pb/ 208Pb/District
204Pb 204Pb 204Pb

PaisleyMountains1 18.970 15.626 38.648

Bohemia2 18.915 15.604 38.636

Quartzville3 18.842 15.566 38.502

1JH-15, Gaylord Tunnel, NE 1/4 sec. 11, T. 34 N.,
R. 18E.

2JH-Bo--3, Musick mine, NE 1/4 sec. 14, T. 23 S.,
R. IE.

3Qtz-1, Accident claim, SE 1/4 sec. 23, T. 11 S..,
R. 4E.

pelagic sediments and/or basalts of the oceanic crust could be the

source of the lead in "Area III." Such materials would melt upon their

descent into the mantle and would return to the surface and subsurface

by subduction-r elated volcanism and associated plutonism. Thus, the

lead isotope data from the Paisley Mount3ins, and the Bohemia and

Quartzville districts are consistent with a plate tectonic origin for

the plutonic and volcanic rocks of this region.

Osborn (1959, 1969) suggests that the caic-alkaline trend can

arise from fractional crystallization of a basaltic magma if the partial

pressure of oxygen of the system is maintained or slightly increased

during fractionation. He suggests the oxygen is derived by the
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dissociation of water and escape of hydrogen. The water necessary

for such a process could have been derived from water saturated

sediments and/or from the dehydration of oceanic basalts that were

carried down the Benioff zone.

In summary, geological relationships and mineralogical and

chemical trends indicate that the Paisley Mountains plutonic complex

was emplaced as multiple intrusions of siccessively differentiated

magmas derived from a single, or common, and more or less

homogeneous magma. Plutonic rock suites in the Cascade Range

exhibit similar relationships. In addition, a comagmatic relationship

probably existed between the plutonism and the associated andesitic

volcanism. The percent SiO_K2O versus depth relationship for

plutonic rocks from the Paisley Mountains and the Cascade Range, and

the isotopic composition of ore leads from these two geographically

distinct regions are consistent with a common plate tectonic origin for

these rocks whereby andesitic magmas are derived by the anatectic

melting of subducted pelagic sediments and/or basalts of the oceanic

crust.
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STRUCTURAL GEOLOGY

The Paisley Mountains are within the Basin and Range province

(Figure 3), and, consequently, normal faults are the predominant

structural feature in the area. The Paisley Mountains themselves are

a horst bounded by two northerly-trending faults (Walker, 1963;

Muntzert, 1969). In addition to these major northerly-trending struc-

tures, east-west, north-northeast, and north-northwest trending faults

have been recognized in the area of study (Plate 1). This faultingmay

have resulted partly from a conjugate strike-slip shear system and

east-west crustal extension as suggested by Donath (1962) in the

Summer Lake basin. East-west trending normal faults appear to

dominate in the central part of the thesLs area. Here, upthrown

blocks of the older rhyodacite unit are in fault contact with the younger

andesitic flows and volcaniclastics and the rocks of the plutonic corn-

plex. The east-west elongation of the larger quartz monzonite stock

and the intrusive breccia dike suggest they were emplaced along an

east-west trending structure. Post-intrusive movement along this

structure is indicated by the presence of a fault contact in Johnson

Canyon between the quartz monzonite stock and older rocks to the

north. The elongated occurrence of other plutonic phases suggests

they were also emplaced along north-northwest and north-northeast

trending structures. Muntzert (1969) has proposed that the
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emplacement of the plutonic complex was accompanied by doming of

the adjacent country rocks as indicated by the strike and dip of the

bedding, and the radial distribution of the veins in the larger area he

mapped. However, the andesitic flows and volcaniclastics in the area

mapped during this study dip moderately and consistently to the west.

Thus, the evidence for the presence of doming does not appear to be

entirely conclusive.

The rhyodacite flows north of Johnson Canyon appear to be

dipping to the north, and those to the south in the opposite direction.

Although based on just three measurements, this relationship may

suggest that an anticlinal structure existed in the area prior to the

deposition of the unconformably overlying andesitic unit. Alterna-

tively, the observed orientations of the rhyodacite unit may represent

initial flow dips on the flanks of a volcanic cone or dome in Johnson

Canyon which were modified by later movement.
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ECONOMIC GEOLOGY

Products of hydrothermal alteration and associated copper,

lead, and zinc mineralization are widespread throughout the Paisley

Mountains. A close spatial relationship exists between these minerals

and the plutonic complex. The alteration and mineralization as so-

ciated with epizonal plutonic rocks in the Cascade Range are similar

to those exposed in the Paisley Mountains (Callaghan and Budding ton,

1938; Buddington and Callaghan, 1936; Grant, 1969; Lutton, 1962).

Moreover, these mineralized areas exhibit features which are charac-

teristic of porphyry copper systems exposed at relatively high levels.

History and Development

Gold was discovered along the east flank of the Paisley

Mountains in 1875 by a member of an army patrol (Appling, 1950).

This discovery brought several prospectors to the area. About 1900,

a man named Gaylord drove an adit and sank several shafts on vein-

type lead, zinc and copper mineralization exposed in the volcanic rocks

at the head of Brattian Canyon (Plate 1, NE 1/4 sec. 11, T. 34 S.,

R. 18 E.). He is reported to have hired a crew and supported his

family from the proceeds of this mining. Since that time, the district

apparently remained inactive until 1965 when copper mineralization

associated with the plutonic complex in sec. 18, T. 34 S., R. 19 E.



was discovered. Numerous trenches were excavated to better expose

areas of hydrothermal alteration and mineralization. Subsequently,

several major mining companies have examined the area for its

mineral potential, but were apparently discouraged.

Rocks of the plutonic complex and the adjacent country rocks

have been subjected to various degrees and types of hydrothermal

alteration. Deuteric and supergene alteration products are also

present, but they are commonly difficult to distinguish from their

hydrothermal counterparts. However, an attempt was made to

recognize and record these separate alteration types.

Deuteric Alteration

Ferromagnesian minerals in the plutonic and volcanic rocks of

the Paisley Mountains have been extensively altered to chlorite,

magnetite, and minor amounts of epidote and calcite. This mineral

assemblage is characteristic of rocks which have been affected by

deuteric alteration, propylitic (hydrothermal) alteration, or regional

greens chist facies metamorphism. From the standpoint of mineral

resource evaluation, it is important to determine which of these

processes was responsible for the development of the chlorite-
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magnetite-epidote- calcite assemblage in the plutonic rocks of the

Paisley Mountains.

Because of the relatively young age of the plutonic host rocks

and the obvious lack of regional metamorphism in the area, green-

schist facies metamorphism can be dismissed as the cause of this

secondary assemblage. However, the distinction between propylitic

(hydrothermal) and deuteric types of alteration is more difficult to

make. Deuteric alteration is the late-stage development of minerals

in cooling plutonic or volcanic rocks as a result of the breakdown of

primary rock-forming minerals by interstitial magmatic fluids.

Difficulties in interpretation may arise because the products of deu-

teric alteration may grade into and be related to those of later hydro-

thermal alteration. Hydrothermal alteration refers to the mineralogi-

cal destruction of pre-existing rock by hot waters of magmatic and/or

meteoric origin. Such effects are commonly localized along and

adjacent to fractures. The propylitic assemblage typically occurs as

a low temperature hydrothermal alteration fringe adjacent to veins or

larger masses of disseminated sulfide mineralization. Pervasive

quartz-sericite alteration developed along veins in the Paisley

Mountains plutonic complex is almost always in sharp contact with the

chlorite- magnetite- epidote- calcite ass emblage of alteration. This

relationship suggests that these two types of alteration were caused by

two different episodes of alteration; the chlorite-rnagnetite-epidote-
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calcite assemblage is not a propylitic fringe related to the quartz-

sericite alteration. The quartz-sericite assemblage is unquestionably

of hydrothermal orig in, whereas the chior ite-magnetite- epidote-

calcite assemblage may be of hydrothermal or deuteric origin.

The plutonic rocks of the Paisley Mountains appear to be uni-

formly altered throughout. Moreover, the chlorite-magnetite-epidote-

calcite alteration assemblage does not appear to increase in intensity

with proximity to structures. However, the plutonic rocks are

strongly jointed and the joint surfaces are often encrusted with magne-

tite and epidote. Mackin and Ingerson (1960) described in detail the

deuteric alteration of ferromagnesian minerals in the Three Peaks

intrusions of the Iron Springs District, Utah. They suggested that

deuteric alteration of primary magrnatic hornblende and biotite, by

late magmatic volatile-rich fluids, released iron to these fluids. The

iron-bearing fluids then migrated outward along tension cracks

developed in the chilled peripheral shells of the intrusions. Iron was

deposited both as magnetite encrustations along these fractures and as

magnetite-hematite replacement ore bodies in limestone country rocks

adjacent to the quartz monzonite.

A similar process may have affected the plutonic complex of

the Paisley Mountains. Here, magnetite veinlets commonly cut the

most silicic quartz rnonzonite stock (NW 1/4 sec. 18, T. 34 N.,

R. 19 E.). Moreover, the magnetite not only encrusts joint surfaces
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but also incipiently replaces the rhyodacite host rock along the intru-

sive contacts. These relationships, however, are not exclusively

characteristic of deuteric alteration. In the porphyry copper environ-

ment, magnetite is commonly transported to and deposited by hydro-

thermal fluids in the outer zone of propylitic alteration.

The origin of the chlorite-magnetite-epidote- calcite alteration

assemblage in the plutonic rocks of the Paisley Mountains cannot be

conclusively determined from available evidence. However, the

deuteric- type alteration may have been caused by a water-rich magma

which gave rise to later hydrothermal fluids.

Oxygen and deuterium isotope studies may be an invaluable tool

in determining the origin of the water, and consequently the origin of

the chlorite- magnetite- epidote- calcite alteration. Provided meteoric

waters played a dominant role in the alteration as indicated by deple-

tion of 18o and D isotopes, the assemblage might then be considered

of hydrothermal origin. If magmatic waters were predominant, as
18suggested by D values of -60 to -90 permil and 0 values of about

+7 to +9 permil, the assemblage might then be ascribed to either

deuteric or hydrothermal processes. Oxygen isotope studies of epi-

zonal intrusive rocks and volcanic host rocks of the Western Cascades,

western Scotland, and the San Juan Mountains, Colorado, show that

these rocks are depleted in 18o by about 5 to 7 permil (Taylor, 1971).

These low 18o values suggest the intrusive rocks reacted with heated
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meteoric waters. Taylor (1971) suggested that convective circulation

of heated ground waters occurred in the vicinity of the stock throughout

its history of crystallization and cooling. He concluded that much of

the so-called "deuteric" alteration of igneous rocks is probably

caused by meteoric-hydrothermal waters rather than by water

released during late-stage (deuteric) magma crystallization. Because

the Paisley Mountains plutonic complex exhibits many similarities to

the epizonal plutons of the Western Cascades, circulating meteoric-

hydrothermal waters may also have served as an important mechanism

in the alteration of these plutonic rocks.

Hydrothermal Alteration

Products of hydrothermal alteration are discussed according to

classification schemes proposed by Burnham (1962), Creasey (1966),

Meyer and Hemley (1967) and Lowell and Guilbert (1970). In general,

they subdivide alteration assemblages into propylitic, intermediate

argillic, phyllic, advanced argillic, and potassium silicate types. The

propylitic assemblage is characterized by epidote, albite, chlorite

and calcite. Kaolin and montmorillinite group minerals occurring

principally as alteration products of plagioclase feldspar characterize

the intermediate argillic alteration type. The phyllic zone is defined

by the presence of hydrothermal quartz, sericite, and pyrite.

Tourmaline is occasionally present in the phyllic assemblage.
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However, in this study, tourmalinization will be described separately.

In the Paisley Mountains, the intermediate argillic minerals (clays)

are strictly associated with the phyllic assemblage and, thus, will not

be discussed. The advanced argi].lic assemblage is characterized by

pyrophy-Ilite, dickite and alunite. This type of alteration has not been

recognized, or reported, in the Paisley Mountains and Cascade Range.

Secondary orthoclase and/or biotite are the essential minerals of the

potassium silicate (potassic) alteration type. Potassic assemblages

have not been recognized in the Paisley Mountains or the southern

part of the Cascade Range. In most porphyry copper deposits, these

alteration assemblages are coaxially arranged outward from a potas-

sic core through phyllic, argillic, and propylitic zones under ideal

conditions. The advanced argillic assemblage generally occurs very

high in the porphyry system (Corn, 1975; Meyer, Shea, and Goddard,

Jr., 1968).

Potassium-silicate alteration assemblages have been recog-

nized in several porphyry copper systems in the northern part of the

Cascade Range (Patton, Grant, and Cheney, 1973; Grant, 1969). If

the alteration exposed in the Paisley Mountains and the southern part

of the Cascade Range is related to a porphyry-type copper system,

then the absence of secondary orthoclase and/or biotite alteration

products may suggest that these systems are exposed at higher levels

than those in the northern parts of the Cascade Range. A deeper
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level of erosion is evident in the North Cascades where batholith-

sized plutonic complexes and pre-Tertiary country rocks occur.

Prpylitic Alteration. Deuter ic and propylitic (hydrothermal)

alteration assemblages are both characterized by epidote, chlorite,

magnetite, and calcite as previously discussed, and a distinction

between the two types is often difficult. However, it is believed that

the epido te- chiorite-magnetite- calcite ass emblage observed in the

Paisley Mountains is at least partly hydrothermal in origin. This

assemblage is not just restricted to the rocks of the plutonic complex.

Moreover, Peck, Griggs, Schlicker, Wells, and Dole (1964) mapped

large areas of propylitic alteration surrounding small stocks, dikes,

and plugs in the Western Cascades of Oregon.

Rocks of the Paisley Mountains plutonic complex have been

weakly to moderately altered to a propylitic assemblage. Plagioclase

may be partially to wholly replaced by epidote (Figure 28), and the

ferromagnesian minerals are variably altered to chlorite and magne-

tite. Both penninite and clinochiore varieties of chlorite were recog-

nized. In addition, epidote and magnetite encrust joint surfaces in

the plutonic complex. Epidote was observed in amounts up to 4.8

percent in the larger quartz monzonite stock (Table 11, JH-50).

Chlorite content of the major plutonic phases ranges from 17. 1 per-

cent in the northern syenodiorite stock to 5.0 percent in the larger

quartz monzonite stock. The variations in the chlorite content are
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Figure Z8. Photomicrograph of quartz monzonite sample JH-50
showing a propylitic alteration assemblage of chlorite
(penninite), epidote and magnetite (plain light,
approximately 33x).
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undoubtedly due in part to varying amounts of magmatic hornblende

and biotite originally present in different phases of the complex.

Magnetite occurs both as a primary magmatic mineral and as a

secondary hydrothermal product after the ferromagnesian host

mineral and a distinction between the two was not made.

Propylitic alteration assemblages are also widespread in the

andesitic country rocks of the Paisley Mountains. Epidote, chlorite,

and magnetite occur in the same way as they do in the plutonic corn-

plex, In addition, epidote nodules up to one inch in diameter were

observed in andesite flows adjacent to plutonic rocks at several

localities. With the exception of minor joint surface encrustations of

epidote, propylitic minerals are lacking in the rhyodacite unit,

probably owing to its dense character and to the absence of ferro-

magnesian minerals.

Phllic Alteration. In the Paisley Mountains, pervasive quartz-

sericite- (kaolinite) alteration assemblages are generally restricted

to the intrusive breccia. dikes, the hornfels, and narrow zones around

structures and veins (Plate 1). The presence of lirnonite indicates

that sulfides were associated with this assemblage, but have subse-

quently been completely leached from the rock This relationship

may suggest that the quartz-sericite-(kaolinite) assemblage is, in

part, of supergene origin, Rose (1970) suggested that supergene

alteration effects in leached cappings over porphyry copper deposits
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may be more prevalent than previously recognized. Supergene

alteration products are almost identical to those of the phyllic a1tera

tion assemblage. Consequently, the origin of the quartz- sericite-

kaolinite assemblage observed in the Paisley Mountains could not be

conclusively determined. However, this assemblage is probably the

product of both hypogene and supergene processes.

Quartz monzonite fragments in the intrusive breccia dikes have

been pervasively altered to quartz, sericite, and minor tourmaline.

The primary feldspar and ferromagnesian minerals have been corn-

pletely replaced by quartz and sericite (Figure 18). Similar altera-

tion occurs in the hornfels where andes itic (?) rocks are completely

altered to a quartz-sericite-tourmaline assemblage. Where exposed,

the hornfels appears to grade outward into relatively unaltered

andesite. Phyllic assemblages also occur as narrow envelopes

around veins and structures that are sporadically exposed in the

andesitic sequence throughout the Paisley Mountains, The pervasive

quartz-sericite alteration observed in the breccia dikes and the nar-

row envelopes around veins are almost always in sharp contact with

propylitically altered rocks. No gradation exists between these two

distinct alteration types. This relationship suggests that the propyli-

tic assemblage did not develop contemporaneously with, and as a

fringe around, the phyllic assemblage.
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In addition, secondary quartz and sericite are also present in

the rhyodacite flows, However, these flows appear to have been uni-

formly altered prior to the deposition of the unconformably overlying

andesitic sequence and the intrusion of the Paisley Mountains plutonic

complex, possibly during or soon after their extrusion by gases trapped

in the magma. Therefore, this alteration was not mapped. Nonethe-

less, near the intrusive contacts, the rhyodacite flows appear to have

been partially silicified over narrow zones by fluids that emanated

from the crystallizing stocks.

Comparisons between modal and chemical analyses of phylli-

cally altered quartz monzonite samples and their unaltered equivalents

are listed in Table 14, Chemical gains and losses accompanying the

mineralogical changes are also listed in Table 14. In general, the

alteration of the felds pars and ferromagnesian minerals to quartz,

sericite, and minor kaolinite was accompanied by additions of Si02

and K20, strong deletions of FeO, MgO, CaO, and NaO and reduc-

tions in the specific gravity of the rock.

Chemical effects imposed by the phyllic alteration of these

quartz monzonite samples are shown on the ternary AKF and CNK

diagrams (Figures 21 and 22) as proposed by Field, Briskey,

Henricksen, Jones, Schmuck, and Bruce (1975). On the AFM dia-

gram, the altered quartz monzonite samples generally plot on or near

the calc-alkaline trend of the plutonic complex, but towards the alkali



Table 14. Chemical and mineralogical comparisons between unaltered plutonic rocks and hydrothermal altered equivalents for the Paisley
Mountains plutonic complex (chemical gains and losses in g/100 cm3).

"'JH-5 JH-3 JH-17 JH-9B JM-291 JM-PSb

Qtz. 12. 2 27.8 10.8 46.6 16. 2 xx 8.5 35. 3
K-fld. 21.8 32.0 29.2 - 27.6 22.0 -

P-fld. 44.2 15.8 43.4 - 44.4 37.8 -

Hbld. 7.2 - 4.6 - 3.0 4.0 -

Bio. - - 2.2 - - 2.9 -

Acc. T - 0.8 - T - -

Opg, 2.8 2.0 3.2 3.4 1.2 xx 2.3 4.2
Ser. - 14. 2 0.8 44.8 T xx 1.0 31. 7
Clay 5.4 8.2 - - T xx - 17.6
Clii. 5.8 5.0 - 5.4 11.5 -

Tour. - - - 5,0 - - 1.5
Epi. - - - - 2.2 - -

S.G, 2.63 2.51 2.64 2.52 2.63 2.46 2.64 2.29

Si02 61.3 70.2 +14. 98 61.9 73.3 +21. 30 64.5 75:3 +15. 60 60.40 70.74 + 2.53
Ti02 0.55 0.30 - 0.70 0.48 0.54 + 0.09 0.05 0.50 - 0.09 0. 79 1.04 + 0. 29
A1203 18. 3 17.9 - 3.20 17.4 18.6 + 0. 93 16.8 18, 3 + 0.84 17. 19 17. 70 - 4.85
FeO 6,3 1.9 -11.80 5.3 1.0 -11.47 4.4 1.6 - 7.63 5.26 1,08 -11.42
MgO 3.0 0, 2 - 7. 39 2. 3 1. 3 - 2. 79 2. 1 0.4 - 4.54 2.48 0. 72 - 4. 90
CaO 4. 2 0. 3 -10. 30 4.6 0.02 -12.09 3. 8 0.02 - 9. 94 4.29 0. 10 -11. 10
Na20 4.1 3.9 - 0.99 4.2 0.5 - 9.83 4.4 0.3 -10.83 4.20 0.16 -10.72
K20 3.15 4.7 + 3.52 3.40 3.90 + 0.85 3.48 4,08 + 0.89 3.08 2,59 - 2.20
H20+ - - - 1.51 5.19 + 7.90
Total 100, 90 99.40 99.58 99.16 98.98 100,50 99,20 99,32

Au -1 -1 - - -1 - - -

Cu 50 5 45 15 100 20 85 10
Mo -1 -1 -1 -1 -1 1 1 3
Pb 10 10 -10 30 10 10 20 850
Zn 30 25 85 40 110 15 70 20
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(A) apex from their unaltered equivalents. This relationship may

suggest that the altered samples equilibrated (or partially equili-

brated) with hydrothermal fluids which differentiated from the magma

that produced the complex. The shift of the composition of the

unaltered samples towards the alkali apex is caused by the introduc-

tion of K20 as sericite and to the leaching of FeO and MgO with the

destruction of the primary ferromagnesian minerals.

The altered quartz monzonite samples generally plot near the

1(O apex on the CNK diagram, with the exception of sample JH-39A

which plots on the caic-alkaline trend between the composition of the

unaltered quartz monzonite and that of the granophyre. This trend is

attributable to the introduction of ICO as sericite and the leaching of

CaO and Na20 with the destruction of plagioclase feldspar. The

plagioclase feldspar in sample JH-39A is only partially altered to a

phyllic assemblage (Figure 29), thus accounting for its intermediate

position on the CNK diagram.

In addition, the A1203, K20, Na20, CaO, FeO, and MgO

components for the four altered samples and their unaltered counter-

parts (Table 14) were recalculated as molecular proportions and

plotted on AKF and ACF diagrams (Figures 30 and 31) as proposed by

Creasey (1959). The compositional locations of sericite, montmoril-

lonite, kaolinite (tourmaline), epidote, chlorite, and biotite were also

plotted on the appropriate diagrams. These diagrams illustrate both
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Figure 29. Photomicrograph of granodiorite sample JH-39A
showing plag ioclase and hornblende partially altered
to sericite and clay minerals (crossed nicols,
approximately 33x).
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the chemical and hypothetical mineralogical changes imposed upon the

rocks during alteration in their attempt to equilibrate with the hydro

thermal fluids at the existing temperatures and pressures. The

unaltered samples plot in or near the biotite field of stability on the

AKF diagram and in the calcite-chlorite-epidote field on the ACF

diagram. The altered equivalents plot towards the compositional

locations of sericite and/or the clay minerals on the AKF diagram and

on or towards the composition location of montmorillonite on the ACF

diagram. These trends are attributable to the removal of FeO, MgO,

CaO, Na2 0, and possibly K20 from the rock during the destruction of

the ferromagnesian minerals and feldspars and the formation of seri-

cite and clay minerals. The felds pars and ferromagnesian minerals

in sample JH-39A are only partially altered to the phyllic assemblage.

Thus, this sample plots at an intermediate position in the sericite-

orthoclase-biotite field between the intensely altered samples and

their unaltered equivalents. The presence of clay minerals in sample

JH-39A (Figure 29) indicates that chemical and mineralogical equi-

libria were not obtained for this sample.

Trace element analyses of two of the four phyllically altered

samples reveal that lead and molybdenum were introduced during

alteration (Table 14). The strong depletion of Cu and Zn from all

four samples relative to their unaltered equivalents suggests that

these elements were leached from the rock by supergene processes.
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Thus, part of the phyllic assemblage may be supergene in origin.

Lead and molybdenum are much less mobile in an acid supergene

environment, thus copper and zinc probably were introduced during

phyllic alteration, but were subsequently leached.

Tourmalinization. Tourmaline occurs as sunbursts and encrust-

ations along joint surfaces, as veinjets, sunbursts, and doughnut

shaped clusters of sunbursts in the hornfels (Figure 32), and as an

interstitial filling with quartz between and disseminated sunbursts

within altered quartz monzonite fragments of the intrusive breccia

dikes.

Tourmaline and sericite often coexist together. This relation-

ship suggests that tourmalinization accompanied the phyllic alteration.

However, tourmaline also occurs by itself along joint surfaces in the

rhyodacite (locality JH-78) and andesite (SE 1/4 sec. 13, T. 34 N.,

R. 18 E.) flows. The presence of tourmaline in the andesitic rocks

was much more difficult to recognize due to their similar colors.

The boron necessary to form the tourmaline apparently came

from the volatile-rich residual fluids produced during the crystalliza-

tion of the plutonic complex. This conclusion is supported by the fact

that tourmaline often occurs in pegmatites, and fumarolic gases

emitted from andesitic volcanoes are generally rich in boron corn-

pounds (Naboko, 1959). Tourmaline is a common, but minor and often

overlooked, alteration product associated with porphyry copper
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Fig ure 32. QuarLz sericite- tourmaline hornfels
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systems. In addition, tourmaline is associated with numerous hydro-

thermal systems throughout the Cascade Range (Buddington and

Callaghan, 1936; Felts, 1939; Grant, 1969).

Hornfels. A quartz- sericite- tourmaline hornfels is exposed

over an area measuring approximately 650 by 350 feet adjacent to the

east side of the easternmostmonzonite stock (NW 1/4 sec. 18,

T. 34 N., R. 19 E.). The original rock type cannot be determined

conclusively as it has been intensely altered to a quartz- sericite-

tourmaline assemblage. However, the quartz- ser icite- tourmaline

hornfels appears to grade to the east into an epidote-magnetite-

tourmaline hornfels which, in turn, grades into relatively fresh

andesite. Therefore, it is assumed that the hornfels formed by the

intense alteration of an originally andesitic rock.

The original texture of the hornfels is generally preserved due

to the presence of whitish ghosts of pre-existing plagioclase feldspar

phenocrysts. Abundant limonite is present along joint and fracture

surfaces thus indicating that sulfides were once associated with the

quartz- sericite- tourmaline assemblage. TourmaLne occurs as vein-

lets and as disseminated sunbursts and doughnut-shaped clusters of

sunbursts up to two inches in diameter (Figure 32). The cores of the

doughnut-shaped clusters are generally composed of quartz and

sericite, although they are occasionally hollow.
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The quartz-sericite--tourmajine hornfels grades outward into a

relatively unaltered porphyritic andes ite with epidote- magnetite-

tourmaline nodules up to one inch in diameter. Tourmaline appears to

be replacing magnetite which is, in turn, occasionally replaced by

pyrite. Epidote generally occurs in the core of the nodules, but is

also present peripheral to the nodules in a narrow rim of bleached

andesite.

Buddington and Callaghan (1936) have recognized several differ-

ent types of hornfels in the Bohemia district including tourmaline horn-

Eels, e pidote - tourn-ialine hornfels, and tourmaline specular ite-

sericite hornfels. The descriptions of these hornfels are quite

similar to the hornfels observed in the Paisley Mountains. Moreover,

Felts (1939) has described quartz-tourrnaline-sericite replacement

occurring in shattered zones in the Silver Star stock in the Southern

Cascades of Washington which may also be similar to the Paisley

Mountains occurrence.

In summary, a chlorite-epidote-calcite alteration assemblage of

weak to moderate intensity is widespread throughout the plutonic

complex and the andesitic country rocks in the Paisley Mountains. This

assemblage may be the product of propylitic (hydrothermal) alteration,

deuteric alteration, or both. Quartz and sericite of the phyllic

assemblage, with or without kaolinjte, are restricted to the intrusive

breccia dikes, hornfels, and narrow zones along structures and
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veins. Part of this assemblage may be supergene in origin. Tourma-

line is often associated with the phyilic assemblage. Phyllic altera-

tion, although generally structurally controlled, is more prevalent at

the lower elevations along the east side of the quartz monzonite

stocks (Sec. 18, T. 34 N., R. 19 E. ). This relationship may suggest

the presence of both vertical and lateral zoning. However, the quartz-

sericite-kaolinite assemblage is almost always in sharp contact with

the propylitic assemblage, with the exception of the hornfels. This

relationship may indicate that the chiorite-epidote- calcite assemblage

did not form contemporaneously with and as a fringe around, the

phyllic alteration. On the other hand, the quartz-sericite-tourmaline

hornfels appears to grade outwards into relatively unaltered andesite.

The close spatial relationship between the hydrothermal alteration and

the plutonic rocks suggests that the plutonic complex was either the

source of the hydrothermal fluids or acted as a heat source for circu-

lating meteoric waters.

Alteration assemblages associated with ore deposits in the

Western Cascades of Oregon are quite similar to those observed in the

Paisley Mountains. However, potassic alteration is exposed in

several porphyry copper systems in the central and northern

Washington Cascades due to deeper levels of erosion.

Although the alteration assemblages exposed in the Paisley

Mountains are similar to those assemblages that repeatedly occur in



130

the porphyry copper systems of southwestern United States, they are

much weaker and less widespread, and the zoning is much less

developed. This may partly be due to different levels of exposure.

However, the alteration in the porphyry copper systems in the central

and northern Cascades of Washington is generally much less pro-

nounced and more structurally controlled than that in the porphyry

systems in the southwestern United States. This difference may be

due to the fact that the Cascade porphyry systems are generally

associated with more mafic plutonic rocks (quartz diorite, grano-

diorite) that may have contained less water for the hydrothermal fluids.

Supergene Effects

The absence of fresh sulfides in the intensely quartz-sericitized

intrusive breccia dikes and hornfels and the presence of abundant

limonite coating joint and fracture surfaces suggest that original

sulf ides were totally leached. The formation of supergene sericite

and kaolinite may have accompanied the leaching process. Rose (1970)

suggests that supergene alteration effects in leached cappings of

porphry copper deposits are more prevalent than previously recog-

nized. The origin of the quartz-sericite-Icaolinite alteration assem-

blage in the Paisley Mountains could not be conclusively determined,

but it is assumed that both hypogene and supergene processes

played a role. On the basis of sulfur isotope data, Field (1966)
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suggested that some alunite is supergene. Detailed studies of the

crystal structure and chemical and oxygen isotope composition

(Taylor, 1974) of sericite and clays could be useful in determining

their origin.

Me tall i za ti on

Metallic ore minerals and/or their oxidation products are

sporadically distributed throughout the Paisley Mountains. These

minerals, which include pyrite, chalcopyrite, sphalerite, galena, and

supergene malachite, chalcocite, covellite, srnithsonite and hemi-

morphite, generally occur in narrow quartz and quartz-calcite veins.

Occasionally the vein material consists of altered and brecciated

country rock cemented with quartz, pyrite, and limonite. The veins,

which represent cavity fillings in fissures, rarely exceed two feet in

width. They are localized principally in the andesitic sequence and

to a lesser extent in the plutonic rocks and rhyodacite unit.

In addition to its occurrence in the veins, pyrite is sparsely

disseminated in the plutonic rocks and occasionally in the adjacent

country rocks. The monzonite stock at locality 26 (NE 1/4 sec. 13,

T. 34 N., R. 18 E.) contains up to two percent finely disseminated

pyrite. Elsewhere the plutonic rocks generally contain less than 0.5

percent pyrite. However, limonite occurs as fracture and joint

surface coatings and stockworks in the intensely quartz sericitized
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rocks. The mineralogy of these limonites (geothite:jarosite ratios)

suggests that sulfides were once present in amounts up to several

percent. In addition, prospect pits and trenches often expose limonite

stained zones in the andesitic sequence which occasionally contain ore

minerals (Figure 33).

The ore minerals appear to be imperfectly zoned around the

plutonic complex. Copper minerals are more abundant in and

adjacent to the plutonic complex, whereas lead and zinc minerals are

generally more abundant at greater distances from the complex,

especially in the Gaylord adit area at the head of Brattain Canyon.

Porphyry copper systems in the southwestern United States exhibit

similar, but much better defined ore mineral zoning patterns (Lowell

and Guilbert, 1970). In addition, the pyrite halo which characterizes

the southwestern United States porphyry systems has not been recog-

nized in the Paisley Mountains. The lack of a pyrite halo possibly

suggests that the oxygen to sulfur concentration in the system was

relatively high and, thus, magnetite formed in the place of pyrite.

The porphyry copper systems of the northern Cascades display

similar ore mineral zoning patterns as those of the southwestern

United States, with scattered occurrences of sphalerite and galena

peripheral to the dominant chalcopyrite mineralization (Grant, 1969).

However, the Cascade systems are generally associated with more

mafic plutonic rocks and the sulfide mineralization is generally
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Figure 33. Prospect trench exposing malachite seam in limonite
stained andesitic rocks (locality 75, SE 1/4 sec. 13,
T. 34 N., R. 18 E.).
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weaker and more structurally controlled. These differences, in

addition to the rapid rate of erosion, may account for the fact that

supergene enrichment blankets did not form over the Cascade deposits.

The sulfide systems in the Western Cascades of Oregon appear

to be exposed at amuch higher level than the porphyry systems in

the Northern Cascades. The mineralization in the Paisley Mountains

is more similar to that in the Western Cascades than that in the

Northern Cascades. Deposits of the Western Cascades occur in fis-

sure veins that are believed to be genetically related to dioritic intru-

sive bodies (Callaghan and Buddington, 1938). Typical vein material

consists of altered and brecciated country rock cemented with quartz

that contains sphalerite, galena, chalcopyrite, and pyrite. Mineral

zoning appears to be better developed in the North Santiam district

than in the other mineralized areas of the Western Cascades (Brooks

and Ramp, 1968). In this district sphalerite and galena veins occur

peripheral to higher- temperature chalcopyrite veins.

Origin of Hydrothermal Fluids,
Metals and Sulfur

The sources of the hydrothermal fluids, metals, and sulfur

which form ore deposits have traditionally been assumed to be the

igneous rocks in which they are spatially associated. However,

White (1968) has suggested that a recently intruded magma may simply
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act as a heat source for circulating brines which leach the metals

from nearby country rocks and concentrate them in and around the

igneous rocks. Geological, geochemical, and isotopic data suggest

that the plutonic complex was the source of the metals and sulfur, and

at least some of the hydrothermal fluids, that formed the alteration

and mineralization in the Paisley Mountains. However, the hydro-

thermal fluids may have been partly meteoric in origin.

Geological and Geochemical Evidence

The Paisley Mountains plutonic complex was emplaced at a

shallow depth as multiple intrusions of successively differentiated

magmas derived from a single, or common, and more or less

homogeneous magma. Volatile-rich residual melts which formed the

granophyre dikes apparently were the end product of this differentia-

tion. The source of the hydrothermal fluids could very well be this

volatile-rich residual liquid. Moreover, Burnham (1967) has sug-

gested that the majority of the felsic magmas emplaced in the epizone

initially were undersaturated with water and that where these magmas

reached depths of 3 km or less, they underwent boiling if they initially

contained more than about two percent water. The aqueous phase

produced in the boiling process, which tends to accumulate in the

highest still fluid parts of the intrusion, could be the source of the

hydrothermal fluids. Additional evidence for an intrusive source of
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the hydrothermal fluids and metals at the Paisley Mountains is the

close spatial relationship between the plutonic rocks and mineraliza

tion.

Moreover, comparis ons between trace element concentrations

of copper, molybdenum, lead, and zinc in the plutonic phases of the

Paisley Mountains complex with those in Turekian and Wedepohls

(1961) average for the same rock type (Table 15) show the plutonic

complex to be slightly enriched in copper and zinc, especially the

later phases. This relationship may indicate that copper and zinc

were concentrated in the late volatile-rich residual liquid phase.

Isotopic Evidence

Lead isotopic data were obtained on single galena samples from

the Paisley Mountains and the Bohemia and Quartzville districts in

the Western Cascades. In addition, sulfur isotopic data were obtained

on 13 separate sulfide concentrates from seven samples from these

same three districts. These data suggest that the metals and sulfur

came from an igneous source. However, Taylor (1971) has presented

oxygen isotope evidence which suggests that heated ground waters

were the dominent hydrothermal fluid associated with mineralization

in the Western Cascade Range.

Lead Isotopes. The lead isotope data were previously presented

in the section of this study dealing with the petrogenesis of the plutonic



137

Table 15. Trace metal contents (in ppm) of the plutonic phases of
the Paisley Mountains complex compared with average
content for igneous rock types from Turekiari and
Wedepohl (1961).

Cu Mo Pb Zn

Svenodiorite

JM63e 40 1 10 65
JH-78B 70 -1 -10 10
Average' 87 1.5 6 105

Granodior ite

JH-8A 70 1 10 65
JH-39 50 -1 10 30
Average2 30 1.0 15 60

Monzonite

JH-49 30 -1 10 120
Average2 30 1.0 15 60

Quartz monzonite

JH-34 55 -1 -10 55
JH-8B 45 1 10 115
JM-29l 85 1 20 70
JH-50 35 -1 -10 50
JH-5 45 -1 -10 85
JH-l7 100 -1 10 110
Average2 30 1.0 15 60

Granophyre

JH-7A 80 2 10 65
Average 10 1.3 19 39

'Turekian and WedepohPs (1961) average for mafic igneous rocks.
2Turekian and Wedepohl's (1961) average for intermediate
igneous rocks.

3Turekian and Wedepohl's (1961) average for granitic igenous
rocks.
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complex. In general, the isotopic compositions of the three galena

samples from the Paisley Mountains, Bohemia, and Quartzville

districts are very similar to that of lead in intermediate and silicic

igneous rocks from the same region (Area III of Zartman, 1974).

This relationship suggests that the lead in the galena and that in the

igneous rocks had a common source, and that the ore lead was only

recently isolated from the system. Therefore, it is logical to

assume that the lead in the galena from the Paisley MQuntains came

from the plutonic complex.

Moreover, because the isotopic composition of the galena leads

from the Paisley Mountains and Western Cascades are quite similar

to that of pelagic sediments and basalts of the oceanic crust, and that

of several island-are environments, the source of the lead from these

areas may have been magmas generated by the melting f pelagic

sediments and oceanic crust along a Benioff zone. Evidence has

already been presented for such an origin for the plutonic complex.

In addition, Sillitoe (1972) has also suggested that the source of the

metals in ore deposits in western North and South America was

magmas generated along the Benioff zone by the melting of metal-

bearing oceanic crust derived from the mantle at the East Pacific Rise.

Sulfur Isotopes. Sulfur isotopic data for 13 sulfide concentrates

from seven samples from the Paisley Mountains, Bohemia, and

34Quartzville dlstrLcts are listed in Table 16. The 6S values of all



Table 16. Sulfur isotope data for sulfides from the Paisley Mountains, Bohemia, and Quartzville district.

Temp. 1Sample Location Host rock Occurrence Mineral 6 S34°/oo
(C)

JH-1A Paisley Mountains, Quartz Disseminated Pyrite +1. 6 -

NW 1/4 sec. 18, T. 34 N., R. 18 E. Monzonite in quartz vein

JH-8 Paisley Mountains, Quartz disseminated Pyrite -1. 1 -

NE 1/4 sec. 13, T. 34 N., R. 18 E. Monzonite in quartz vein

JH-1S Paisley Mountains, Andesite Quartz-calcite Sphalerite -0. 7 155
Gaylord adit, flows sulfide vein Galena -4.5 -

NE 1/4 sec. 11, T. 34 N., R. 18 E.

JH-16 Paisley Mountains, Andesite Quartz sulfide Chalcopyrite -0. 4 -

SW 1/4 sec. 1, T. 34 N., R. 18 E. flows vein

JH-26 Paisley Mountains, Monzonite Finely Pyrite -1. 9 -

NE 1/4 sec. 13, T. 34 N., R. 18 E disseminated

JH-Bo-3 Bohemia district, Rhyolite flow, Quartz-sulfide Pyrite +3. 5 320
Musick mine, Little Butte vein Sphalerite +3. 1 -

NW 1/4 sec. 14, T. 23 S., R. 1 E. Volcanic Series Chalcopyrite +2. 3 -

Galena +1.1 -

Qtz-1 Quartzville district, Sardine Quartz. -sulfide Sphalerite +2. 1 195
Accident claim, formation vein Chalcopyrite +1. 9 -

SE 1/4 sec. 23, T. 11 S., R. 4 E. Galena -1. 1 -

1Calculated by using LSSph_Gal 7.0 x 1o5IT2 (Czarnanske and Rye, 1974).

'.0



140

the sulfide minerals fall within a relatively narrow range from +3.5

to -4.5 permil. These values are similar to those from Laramide

and younger porphyry copper systems of the western United States

(Field, 1966; Field, Jones, and Bruce, 1971). The grouping of the

values about the zero permil value of meteoritic sulfur are con-

sis tent with a deep mantle-like source of the sulfur, with the sulfur

being introduced into the suUide systems by magmatic-hydrothermal

processes. Thus, it is assumed that the sources of the sulfur in the

sulfides in the Paisley Mountains and Western Cascades were the

plutonic rocks in which they are spatially associated. These plutonic

rocks were possibly derived from the melting of mantle-like oceanic

crust along a Benioff zone.

At all 1ocalties where values were obtained for more than one

type of sulfide, the order of enrichment of 5S34 in individual minerals

is pyrite > sphalerite > chalcopyrite > galena, thus indicating that

sulfur isotopic equilibrium along these minerals was approached.

Because the partitioning of isotopes among coexisting sulfide phases is

dependent primarily on temperature, the temperature of formation of

these phases can be determined provided they formed contemporane-

ously and in equilibrium. The temperature of formation for coexisting

galena and sphalerite from the Paisley Mountains and the Bohemia and

Quartzville districts were calculated using Czamanske and Rye's
34(1974) fractionation factor of = 634SS h 5Gal 7,0 xSph - Gal
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10 (Table 16). The temperatures range from 155°C for the

Paisley Mountains to 320°C for the Bohemia district,, These

temperatures are consistent with a magmatic-hydrothermal origin

for the ore minerals in these districts.

ygen Isotopes Taylor (1971) has presented oxygen isotope

evidence which indicates that the waters in the hydrothermal systems

associated with the epizonal plutonic rocks of the Western Cascades

were dominantly meteoric in origin. The intrusive bodies as well as

the volcanic country rocks in their vicinity have been strongly

depleted in 18 The areas of 18o depletion coincide approximately

with the patterns of propylitic alteration mapped by Peck, Griggs,

Schlicker, Wells, and Dole (1964). These data suggest that convec-

tive circulation of heated ground waters in the vicinity of the stocks

occurred throughout a large part of their history of cooling and

crystallization. Moreover, Shappard, Nielson, and Taylor (1969,

1971) and Shepp3rd and Taylor (1974) presented oxygen isotopic

evidence which indicates that the phyllic, argillic, and propylitic

alteration assemblages in porphyry copper systems were formed by

meteoric- hydrothermal solutions. However, the potassitm silicate

alteration in the cores of the porphyry copper stocks appears to have

formed from waters with an isotopic composition similar to that of

primary magmatic waters. The major locus of chalcopyrite deposition

tends to be at the interface between the meteoric and the magmatic

waters of the hydrothermal system.
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Because the epizonal plutons of the Western Cascades and the

hydrothermal systems associated with them are exposed at high

levels, the cores of the stocks where potassium-silicate alteration

might be expected to form are not exposed. Consequently, those

areas in the stocks where magmatic-hydrothermal fluids might be

expected to dominate are not presently available for sampling. The

apparent high level of exposure, therefore, necessitates that

meteoric-hydrothermal waters dominated that part of the system

exposed at the Paisley Mountains, and elsewhere in the Western

Cascades.

In summary, the sulfide systems in the Paisley Mountains and

Western Cascades of Oregon and the porphyry copper systems in the

southwestern United States and the central and northern Cascade

Range of Washington exhibit similarities in plutonic and volcanic host

rock associations, alteration and ore mineral zoning patterns, and

lead, sulfur, and oxygen isotopic composition. However, the lack of

widespread and pervasive quartz-sericite-pyrite and potassic altera-

tion and 3ssociated copper mineralization in the Paisley Mountains

and Western Cascades suggests that if porphyry copper targets

exist.in these two geographically distinct regions, they probably are

present at depths of 1000 feet or more.
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SUMMARY

The Paisley Mountains are within the Columbian Arc and the

Basin and Range Province of south-central Oregon. They contain

a thick sequence of pre-middle Oligocene volcanic and volcaniclas tic

lithologies that were deposited in a continental environment. The

oldest recognizable event was the eruption of rhyodacite flows, pre-

sumably from a nearby vent. This unit was altered and eroded prior

to the deposition of the unconformably overlying unit of andesitic

volcaniclastics and flows. The lower and rriLddle parts of the andesi-

tic sequence are composed dominantly of graywackes exhibiting

graded bedding with interbedded conglomerates, thus indicating epi-

sodic uplift of the nearby source area. Andesite flows dominate in

the upper parts of the andesitic sequence.

These older rocks were intruded by stocks and dikes of the

Paisley Mountains plutonic complex during middle Oligocene time

(33. 1 ± 1 m. y.). The complex consists of four major phases whose

sequence of emplacement, based on chemical trends, was: syeno-

diorite, granodiorite, monzonite, and quartz monzonite. The more

mafic and presumably older plutonic bodies are generally restricted

to the periphery of the complex, whereas those that are more granitic

and younger occupy the center. They are generally medium-

crystalline hypidiomorphic-granular to porphyritic in texture, and



144

are composed of varying amounts of primary quartz, orthoclase,

plagioclase feldspar, hornblende, magneti.te and minor biotite, The

common secondary minerals are chlorite, epixiote, magnetite,

kaolinite, sericite, and minor calcite.

Narrow granophyre dikes and intrusive breccia dikes cut the

quartz monzonite phases of the plutonic complex. The emplacement

of these dikes was the last magmatic event recognized in the forma-

tion of the complex. The granophyre dikes consist almost entirely of

qiartz and alkali feldspars in granophyric intergrowths. The alkali

feldspars are orthoclase and albite which occur as a single homo-

geneous phase in solid solution. The normative composition of these

dikes plots near the trend of the eutectic in the Ab-Or-Si02--H20

system at water pressures between 0.5 and 1 kilobars, thus indicating

emplacement and crystallization of the granophyre dikes at a depth of

Z to 4 km.

The intrusive breccia dikes are composed of intensely altered

and subrounded fragments of quartz monzonite cemented by quartz,

tourmaline, and limonite. These dikes apparently formed by hot

fluids that ascended rapidly along joints and/or fractures from a

source at depth.

Available evidence indicates that the plutonic bodies of the

complex were passively emplaced along pre-existing structtres in the

epizone as multiple intrusions of successively differentiated magmas
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derived from a single, or common, and more or less homogeneous

magma. The plutonic phases of the complex range from syenodiorite

through granodiori.te and monzonite to quartz monzonite. They display

systematic and continuous variations in mineralogical and chemical

composition which are typical of the calc-alkaline trend of the

Southern California batholith. The quartz and orthoclase content

increases and the plagioclase feldspar and ferromagnesian minerals

content decreases with decreasing age. In addition, the K20 content

of the plutonic phases increases with increasing SiO content and

decreasing age of the plutons, whereas the Na20 content remains

nearly constant, and those of Al2O3, FeO, MgO, GaO, and Ti02

decrease. Plutonic rock suites from the Cascade Range of Oregon

and Washington exhibit similar chemical trends. However, plutonic

rocks from the Paisley Mountains are generally higher in KO

Al203, and Na20 and lower in CaO relative to their counterparts from

the more westerly Cascade Range.

The I(O content of plutonic rocks in the western United States

generally increases relative to the Si02 content from west to east.

The K20 contents for plutonic suites from the Paisley Mountains,

Cascade Range, Battle Mountain, and Bingham were calculated at

60 percent Si02, and these values were converted to depth values using

data for presently active Benioff zones (Dickinson and Hatherton,

1967; Hather ton and Dickinson, 1969). The calculated depths are
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consistent with the theory that an easterly dipping Benioff zone existed

along the western coast of the U.S. during Oligocene time, and that

this Benioff zone became progressively steeper during and/or soon

after Oligocene time. Lead of galena ores from the Paisley Moun-

tains, Bohemia, and Quartzvi].le districts exhibits isotopic composi-

tions similar to those of intermediate and silicic igneous rocks from

the same region, pelagic sediments and basalts of the oceanic crust,

and island-arc environments. The percent 1(O at 60 percent Si02

versus depth relationship for plutonic rocks from the Paisley Moun-

tains and the Cascade Range, and the isotopic composition of ore

leads from these two geographically distinct regions are consistent

with a plate tectonic origin for these rocks whereby the andesitic

magmas were derived by the anatectic melting of subducted pelagic

sediments and/or basalts of the oceanic crust.

Hydrothermal alteration and associated copper, lead, and zinc

mineralization accompanied, or closely followed, the emplacement of

the Paisley Mountains plutonic complex. All plutonic phases and the

adjacent andesitic country rocks have been weakly to moderately

altered to a propylitic assemblage of chlorite, epidote, magnetite,

and calcite. However, a part of this assemblage may be deuteric in

origin. Phyllic alteration assemblages of quartz, sericite, and pyrite

with or without kaolinite are restricted to the intrusive breccia dikes,

hornfels, and narrow zones along veins or structures.
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Tourmalinization appears to be associated with the phyllic assemblage.

In general, the alteration of the felds pars and the ferromagnesian

minerals to quartz, sericite, and minor kaolinite was accompanied by

additions of SiO and strong depletions of FeO, MgO, CaO, and

Na20, and reductions in the specific gravity of the rock.

Pyrite, chalcopyrite, sphalerite, and galena occur in narrow

quartz and quartz-calcite veins that are sporadically distributed

throughout the Paisley Mountains, The presence of abundant limonite

coating fracture and joint surfaces in the intrusive breccia dikes and

hornfels suggests that sulfides were also once present in these rocks.

The ore minerals appear to be imperfectly zoned around the plutonic

complex with copper minerals being more abund3nt in and adjacent to

the complex, and lead and zinc minerals beirrg more abundant at a

greater distance from the complex. Hydrothermal alteratton and

mineralization associated with plutonic rocks in the Western Cascades

is similar to that in the Paisley Mountains.

Both geological and isotopic evidence indicates that the plutonic

complexes were the source of the metals and sulfur in the mineraliza-

tion of the Paisley Mountains and the Western Cascade Range. The

hydrothermal alteration and mineralization in these two geographically

distinct regions are spatially associated with the plutonic complexes,

and the isotopic composition of galena-leads is similar to those of

intermediate and siliçic igneous rocks of the region. In addition, the
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grouping of the OS34 data about the zero permil value of meteoric

sulfur for sulfide-sulfur from the Paisley Mountains and Cascade

Range is consistent with an igneous source of the sulfur. However,

oxygen isotopic studies by Taylor (1971) indicate that the waters in the

hydrothermal systems associated with the epizonal plutonic rocks of

the Western Cascades were dominantly meteoric in origin.

The sulfide deposits in the Paisley Mountains and the Western

Cascades of Oregon exhibit similarities to porphyry copper systems

elsewhere, but they lack widespread and pervasive quartz-sericite-

pyrite and potas sic alteration and associated copper-molybdenum

mineralization. This relationship may suggest that they are high-

level exposures of deep-seated porphyry copper deposits.
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APPENDIX



Appendix A. Chemical analyses of Tertiary plutonic rocks from the Cascade Range, Oregon and
Was hing ton.

Cloudy Pass batholith and related rocks
1 2 3 4 5 6 7 8 9 10 11

Si02 57.3 58.4 59.4 59.4 60.35 61.4 61.9 62.8 64.1 64.4 66.5
Ti02 0.75 0.65 0.55 0.73 0.58 0.95 0.58 0.50 0.67 0.38 0.43
A1,03 18.0 18.4 18.3 18.8 17.57 16.6 16.6 17.2 16.8 16.6 15.6
Fe2O3 0.54 2.6 1.4 2.8 1.69 1.8 1.7 2.5 1.6 2.1 1.3
FeO 6.4 4.2 4.6 3.8 4.87 4.1 4.2 3.4 2.8 2.8 3.0
MnO 0.16 0.16 0.14 0.19 0.15 0.11 0.12 0.09 0.17 0.10 0.09
MgO 4.3 3.0 3.2 2.5 2.76 3.4 2.9 2.1 2.2 2.1 1.9
CaO 7.6 6.7 7.0 6.0 6.36 5.8 5.6 5.1 4.0 5.0 4.2
Na20 3.0 3.1 3.0 3.6 3.27 3.7 3.1 3.4 4.6 3.1 3.2
1CO 1.2 1.2 1.3 1.2 1.18 1.6 2.0 1.5 1.8 2.3 2.8
H20+ 0.11 - 0.77 - 0.65 0.27 0.20 0.20 - 0.17

0.66 - 0.13 - 0.04 0.42 0.90 0.85 0.65
P205 0.17 0.30 0.16 0.19 0.15 0.20 0.10 0.20 0.17 0.24 0.14
CO2 0.05 0.05 0.05 0.05 0.02 0.05 0.05 0.08 0.05 0.07 0.05
Totals 100 100 100 100 100 100 100 100 100 100 100

1. Biotite-hornblende-labradorite quartz diorite (Cater, 1969, Table 1, col. 1).
2. Labradorite-bytownite andesite porphyry (Cater, 1969, Table 1, col. 2).
3. Hornblende-biotite quartz diorite (Cater, 1969, Table 1, col. 3).
4. Labradorite-bytownite andesite porphyry breccia (Cater, 1969, Table 1, col. 4).
5. Dacite porphyry (Cater, 1969, Table 1, col. 5).
6. Pyroxene-biotite-labradorite quartz diorite (Cater, 1969, Table 1, col. 8).
7. Hornblende-biotite-labradorite granodiorite (Cater, 1969, Table 1, col. 8).
8. Dacite porphyry (Cater, 1969, Table 1, col. 10).
9. Hornblende biotite granodiorite (Cater, 1969, Table 1, col. 1.1).

10, Granogabbro (Cater, 1969, Table 1, col. 12).
11. Biotite granodiorite (Cater, 1969, Table 1, col. 13).



Appendix A. (Continued)

Cloudy Pass batholith Snogualmie batholith and related rocks
12 13 14 15 16 17 18 19 20 21 22

Si02 70.1 71.3 71.7 72.9 75.61
Ti02 0.40 0.37 0.22 0.27 0.10
A1203 15.0 14.7 14.5 14.3 13.22
Fe203 1.3 0.84 0.94 0.90 0.43
FeO 1.8 1.6 1.6 11 0.63
MnO 0.07 0.07 0.05 0.04 0.0Z
MgO 1.0 0.95 1.0 0.26 0.39
GaO 2.2 1.9 2.8 1.8 2.01
Na20 4.6 4.6 3.1 4.2 2.85
1(O 2.5 2.9 3.4 3.1 3.85
H20+ 0.26 0.00 0.42 0.28 0.32
H20- 0.55 0.68 0.08 0.47 0.08
P205 0.12 0.06 0.13 0.03 0.01
CO2 0.05 0.05 0.05 0.05 0.02
Totals 100 100 100 100 100

52.5 64.4 65.6 70.4 75.0 67.0
0.9 0.7 0.5 0.3 0.2 0.4

18.2 15.5 15.7 13.5 13.1 15.8

8.4 4.8 4.5 2.8 1.6 4.0
0.1 0.1 0.1 0.1 tr tr
5.4 2.4 2.3 1.4 0.3 1.9
9.5 4.9 4.5 2.6 1.5 3.7
2.6 3.5 3.4 3.5 3.7 3.5
0.6 2.1 2.3 3.5 3.1 2.2

100 100 100 100 100 100

12. Biotite granodiorite (Cater, 1969, Table 1, col. 15).
13. Biotite quartz monzonite (Cater, 1969, Table 1, col. 16).
14. Biotite quartz monzonite (Cater, 1969, Table 1, cot. 17).
15. Biotite quartz monzonite (Cater, 1969, Table 1, col. 18).
16. Granophyric alaskite dike (Cater, 1969, Table 1, cot. 19).
17. Average composition of the gabbro and diori.te intrusive phases (Erikson, 1969, Table 4).
18. Average composition of the pyroxene granodiorite phase (Erikson, 1969, Table 4).
19. Average composition of the Snoqualmie granodiorite phase (Erikson, 1969, Table 4).
20. Average composition of the Mt. Hinman quartz monzonite phase (Erikson, 1969, Table 4).
21. Average composition of the Preacher Mountain quartz monzonite Ise (Erikson, 1969, Table 4).
22. Average composition of the late granodiorite phase (Erikson, 1969, Table 4).

I-



Appendix A.. (Contrnued)

Cloudy Pass Silver Star Wind Mtn. _SLiU Creek Laural Hill
23 24 25 26 27 28 29 30 31 32 33

Si02 75.9 58.4 58.07 65.90 63.86 65.71 56.4 58.6 60.45 66.6 74.4Ti02 0.1 0.7 0.61 0.45 0.56 077 0.73 0.84 0.9 0.70 0,30
Al2o3 12,3 17,6 16.54 15.72 17.3 17.4 14.8 14.4 14.5 14.45 12,9
Fe203 - 2.47 1. 11 3,01 1.92 4.06 334 2,92 2 07 187
FeO 0.8 5.5 4.26 3.05 1.33 2.01 3.49 3.58 3,75 2.14 0,30
MnO tr 0.2 0.17 0.06 0.04 0.03 0.09 0.15 0.07 0.02 0.01
MgO 0.1 3.6 4.94 2.39 2.22 2.14 3.45 2.8 2.1 0.8 030
CaO 0.7 5.9 7.32 4.78 4.20 3.40 7.1 6.3 5.4 3.2 1.6
Na2Q 3.2 2.9 3.32 3.62 4.40 4.53 4.02 3.53 4.32 4.02 3.92
1(O 5.2 2.0 1.34 194 112. 114 0.58 169 2.17 394 4.12
H20+ - 0.70 0.76 0.99 0.40 4,6 4.1 2.9 2.1 0Z
H20- 0.16 1.05 0.00 -

P205 0,12 0.11 0.25 0.28 0.16 0.19 0.18 0.09 0.05
Co2 - - - - -

Totals 100 100 100 100 100 100 100 100 100 100 100

23. Average composition of the aplitic granite phase (Erikson, 1969, Table 4).
24. Porphyritic hornblende biotite andesite (Erikson, 1969, Table 4).
25. Granodiorite stock (Felts, 1939).
26. Granodiorite stock (Felts,, 1939).
27. Hornblende diorite plug (Wise, 1970, Table 4, col. 16).
28. Quartz diorite plug (Wise, 1970, Table 4, col. 17).
29. Still Creek-Laurel Hill intrusion (Wise, 1969, Table 7, col. 42).
30. Still Creek-Laurel Hill intrusion (Wise, 1969, Table 7, col, 43).
31. Still Creek-Laurel HiLl intrusion, Mt. Hood area (Wise, 1969 Table 7, col. 44).
32. Still Creek-Laurel Hill intrusion, Mt, Hood area (Wise. 1969. Table 7, col. 45).
33. Still Creek-Laurel Hill intrusion (Wise. 1969, p. 984, Table 7, col. 46).
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Appendix A. (Continued)

Detroit Dam
34 35

Nimrod
36 37 38 39

Bohemia stock
40 4142 43

Steens
44

Si02 55.41 65.88 71,57 52.67 59.70 61.99 62.37 65.16 65.71 71.03 53.63Ti02 0.82 0.47 - 1.13 1.13 0.73 0.82 0.74 0.81 0,50 0.91A1203 17.87 16.25 13.55 17.36 15.53 15.69 15.19 15,24 14.29 12.67 17.95Fe203 2.78 2.04 1.55 3.37 3,57 2.96 2.13 2.08 2.44 2.03 3.24FeO 3.89 2.32 2.28 5,14 4.07 2.85 3.38 3.04 2.85 1.58 4.84MriO 0.24 0.08 0.03 0.17 0,17 0.06 0.11 0.09 0.18 0.06 0.11MgO 5.47 1.66 0.53 5.06 3.16 2.76 2.78 2.22 2,15 1.29 4.94CaO 7.14 3.24 1.52 8.80 6.17 4.62 5.06 4.69 4.13 2.66 7.88Na20 3.30 2.63 4.75 3.06 3.65 3.52 3.39 3.62 3.55 2.47 2.25KO 1.19 2.99 4,09 0.73 1.34 1.60 1.85 2.08 2.42 4.16 1.161-120+ 1.61 2.29 0.13 2.15 0.98 1.83 1.90 0.77 0.82 0.84 1.12H20- 0.10 0.37 0.02 0.18 0.03 0. 1T3 0.11 0.13 0.11 0.08 1.10P205 0.16 0.07 0.03 0.29 0.25 0.31 0.24 0.29 0.20 0.39 0.72CO2 - - 0.09 0.75 0.32 0.17 - 0.05 -

Totals 100 100 100 100.20 99,75 99.80 99.65 100.32 99.66 99.81 99.85
34. Detroit Dam granodiorite (Pungrassami, 1969).
35. Altered Detroit Dam granodiorite (Pungrassami, 1969).
36. Granite from the Nimrod stock (Buddington and Callaghan, 1936, Table 1, col. 8).37. Augite diorite plug (Buddington and Callaghan, 1936, Table 1, col. 1),38. Porphyritic augite quartz diorite stock (Buddington and Callaghan, 1936, Table 1, col, 2).39. Augite dacite porphyry (Buddington and Callaghan, 1936, Table 1, col, 3).40. Augite granodiorite porphyry dike (Buddington and Callaghan, 1936, Table 1, col. 4).41. Augite-hypersthene granodiorite porphyry (Buddington and Callaghan, 1936, Table 1, col. 5).42. Augite granodiorite (Buddington and Callaghari, 1936, Table 1, col. 6).43. Alplite dike (Buddington and Callaghan, 1936, Table 1, col. 7).
44. Steens Butte quartz diorite plug (Well and Waters, 1935, p. 970, col. 5).




