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Small mining districts in the Western Cascades of

Oregon and southern Washington represent different

vertical levels of exposure of geologically similar

hydrothermal systems. These systems, modeled by other

researchers as the tops of porphyry deposits, demonstrate

variations in mineralogy, alteration, metals distribution,

and fluid inclusion characteristics as a result of the

different vertical levels exposed in each system. A

revised hypothetical model for the porphyry deposits of

the Western Cascades takes into account the mineralogies

observed in the course of this study, and superimposes the

distribution of fluid inclusion types upon different

levels of the hydrothermal system.

Copper-bearing breccia pipes localize the most

extensive ore mineralization in the Washougal and North
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Santiam mining districts. In addition to copper, they

contain potentially important amounts of gold and silver

as electrum, sulfide, telluride, and sulfosalt minerals.

Base-metal sulfide vein mineralization is present in

all of the districts but is most extensively developed in

the Bohemia mining district. In addition to the common

sulfide minerals such as pyrite, chalcopyrite, sphalerite,

and galena, the veins may also contain small amounts of

tetrahedrite and arsenopyrite. Extensive sulfide

mineralization in the Bohemia mining district indicates

that this hydrothermal system was larger and (or) more

persistent than those which formed the deposits of the

other Western Cascades districts.

Fluid inclusion studies indicate that sulfide-bearing

veins formed at temperatures of 240° to 360° C, and that

breccia-pipe and porphyry mineralization occurred at

temperatures greater than 490° C. Depths of formation of

breccia pipes are estimated to exceed 1000 m for both

porphyry and breccia-pipe mineralization. Salinity of

fluid inclusions in veins ranges from 1.0 to 10.0 wt %

NaC1 equiv.

Sulfur isotope data are consistent with a magmatic

source for the sulfur. Temperatures of deposition based

on sulfur isotopic compositions of sulfide mineral pairs

are generally lower than those deduced from the fluid

inclusion data. The cause of this discrepancy is

presently uncertain, and possibly results from incomplete



recovery of sulfur in concentrates of galena during sample

preparation.

The areas of greatest potential for future metal

production are the Cedar Creek breccia pipe in the North

Santiam district (copper, gold, and silver) and the base-

metal sulfide veins in the Bohemia district (lead, zinc,

and perhaps gold and silver). Fluid inclusion assemblages

which are known to be associated with well-defined

porphyry copper deposits elsewhere suggest the presence of

areas favorable to exploration in the Quartzville and

Bohemia mining districts.
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BASE AND PRECIOUS METAL DEPOSITS IN THE WESTERN CASCADES
OF OREGON AND SOUTHERN WASHINGTON: MINERALOGY,

FLUID INCLUSIONS, AND SULFUR ISOTOPES

INTRODUCTION

Base- and precious-metal deposits of the Western

Cascades have been shown by recent investigations to

resemble high-level extensions of porphyry-copper deposits

(Field, 1976; Power, 1985). The mining districts with

which this thesis is concerned are centered on five of

these deposits.

These mining districts have been active

intermittently since the late 1850's, when prospectors

first discovered placer gold, and they have been exploited

chiefly for their precious metals. With subsequent

discovery of the veins from which the gold was derived,

additional revenue was gained by marketing the silver,

lead, and copper which were associated with the gold.

Zinc was also present but was a metallurgical hindrance to

the early smelting process; its presence in ores was

penalized. Recorded production from these districts

totals less than $1.5 million, mostly from small, high-

grade, vein-type deposits of precious metals (Brooks and

Ramp, 1968).

Mining activity for precious metals in these

districts has been minimal since World War II and now



consists primarily of recreational miners and hopeful

prospectors. Recent investigations by larger mining

interests in these areas have focused on the potential of

these deposits as base-metal resources.

Location, Access, Physiography, and Climate

The locations of the five mining districts and their

relationships to the physiographic provinces of western

Oregon and southwestern Washington are shown in Figure 1.

The Washougal mining district is located in Clark and

Skamania Counties in southwestern Washington, south of Mt.

St. Helens. The other four districts are in Oregon. The

North Santiam mining district is in Marion County, about

80 km east of Salem; the Quartzville mining district is in

Linn County, about 70 km east of Albany; the Blue River

mining district is 70 km northeast of Eugene, in Linn and

Lane Counties; and the Bohemia mining district is in Lane

County, 55 km southeast of Cottage Grove.

Each of the districts is accessible by unpaved

logging roads or better-traveled and maintained

recreational roads. Construction of these roads has

provided numerous exposures of bedrock that facilitate

geologic studies.

Narrow ridges with rugged slopes and steep-walled

valleys are characteristic of the Western Cascades.
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Altitudes range from about 400 in in the Washougal and

North Santiam mining districts to 1800 in in the Bohemia

mining district. At higher elevations, former alpine

glaciation is evidenced by cirques and cirque lakes

heading modern stream valleys. Munts (1978) and Power

(1978) reported that Pleistocene glaciers modified valleys

at higher elevations to U-shapes in the Quartzville and

Blue River mining districts.

Annual rainfall in the districts reportedly averages

between 40 and 70 inches, with mean temperatures around

50° F. This climate sustains a thick stand of Douglas fir

timber at low to moderate elevations, except where clear-

cut logging has occurred.

Previous Work

General descriptions of mineralization in the Western

Cascades were presented by Callaghan and Buddington

(1938), Brooks and Ramp (1968), and Mason et al. (1977).

Many contributions have been made concerning the

individual districts; these are recorded in Table 1. Age

determinations for plutonic host rocks and mineralization

events in the Western Cascades range from 24 to 6 million

years before present (Power et al., 1981; Field et al.,

1987). Power (1985) compiled data from previous studies

and from her own work, and presented a case for the



Table 1. Literature concerning some of the Western
Cascades mining districts, arranged by district
from north to south.

Mining District Authors

Washougal, WA

North Santiam, OR

Quartzville, OR

Blue River, OR

Bohemia, OR

5

Felts (1939), Heath (1966),

Grant (1969), Moen (1977),

Schriener (1978), Shepard (1979),

Birk (1980), Schriener and

Shepard (1981).

Leever (1941), Olson (1978).

Gray (1977), Munts (1978, 1981),

Nicholson (1989).

Power (1978).

Diller, (1900), Lutton (1962),

Tregaskis (1975), Schaubs (1978),

Gray (1978), Katsura (1988).



presence of extensive porphyry copper-molybdenum deposits

at depth in the Western Cascades.

Purpose of Study and Methods of Investigation

The mining districts of the Western Cascades provide

a unique opportunity to study hydrothermal systems from

near-surface levels (vein mineralization) to moderate and

deep levels (breccia-pipe and porphyry mineralization).

If each district represents a different vertical level of

exposure in a hydrothermal system similar to others in the

Western Cascades, then metallization and alteration

mineralogy, sulfur isotopes, and fluid inclusion

characteristics should vary regularly with respect to the

vertical position of the system that is exposed in each

district.

The primary purposes of this study are to provide

detailed ore mineralogy, depositional temperatures, and

characteristics of the mineralizing fluids for samples

from each of the 5 mining districts. This is done to

further characterize the deposits and to better describe

the hydrothermal systems in which they formed. A

secondary purpose is to test the porphyry copper-

molybdenum model presented by Power (1985).

For the most part, samples from the collection at the

Geology Department at Oregon State University were

6
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examined in this study. Additional samples from the North

Santiam and Quartzville mining districts were collected in

the summer of 1988 and spring of 1989. Core samples from

the Cedar Creek breccia pipe in the North Santiam mining

district were made available from a drilling project

conducted by Amoco Minerals Company. Sample locations are

given in Appendix 1 and a description of each sample is

presented in Appendix 2.

All hand specimens were examined for the presence of

sulfides and (or) quartz. Where samples consisted of

massive sulfides, standard polished sections were prepared

for petrographic study. Doubly-polished thick sections

were prepared for samples which contained multiple

sulfides of copper, zinc and lead in quartz veins. These

were suitable for petrographic examination and fluid

inclusion study. Samples which contained multiple base-

metal sulfides and (or) barite were slabbed, and

concentrates of each sulfide and sulfate mineral were

prepared. The sulfur in these minerals was converted to

sulfur dioxide, and these gases were analyzed for their

sulfur isotopic compositions.

Thirty doubly-polished thick sections and standard

polished sections were examined. The mineralogy of

alteration and of the base and precious metals was studied

by transmitted light, reflected light, and scanning

electron microscopy (SEM) with energy-dispersive X-ray
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(EDX) analysis. The detector utilized by the SEM to

acquire elemental spectra was not capable of detecting

elements lighter than sodium (atomic number 11).

Following petrographic study and fluid-inclusion

mapping, 18 doubly-polished thick sections were removed

from their glass slides and broken into chips suitable for

fluid-inclusion studies on a Chaixmeca microthermometry

apparatus. Fluid-inclusion freezing-point-depression

experiments yielded estimates of fluid salinities.

Homogenization of fluid inclusions and the distribution of

sulfur isotopes between co-genetic sulfur-mineral pairs in

13 samples provided independent estimates of depositional

temperatures. Sulfur-isotope data also provided

information about the source of the sulfur.

Many of the analytical techniques used in this

study, including SEM and EDX, were made available by the

U.S. Bureau of Mines, Albany Research Center, Albany,

Oregon. Sulfur-isotope determinations were undertaken

with funds supplied by the Geology Mineral Research Group;

the analyses of sulfur dioxide gases extracted from the

mineral concentrates were performed under contract by

Global Geochemistry Corporation under the supervision of

Professor H. R. Krause, University of Calgary.



GEOLOGY

Regional Geology

The Cascade Range is a north-south belt of volcanic

mountains that parallels the western margin of North

America between northern California and southern British

Columbia. At this tectonically active plate margin, the

North American continental plate overrides the Juan de

Fuca oceanic plate. The southern end of the Cascade Range

correlates with the southern extent of subduction off-

shore from Cape Mendicino, California. The modern Cascade

volcanic arc and eroded remnants of ancient Cascade

volcanoes are expressions of the magmatism associated with

this zone of subduction.

The Cascade Range of Oregon is clearly divisible into

two north-trending parallel provinces, the High Cascades

and the Western Cascades (Fig. 1; Peck et al., 1964;

Allison, 1968). They are distinguished by their chemical

compositions, physiography and age relationships. In

Washington, the Western and High Cascades converge and

overlap.

The High Cascades, a plateau of coalescing shield

volcanoes and stratovolcanoes, are composed chiefly of

basalt and basaltic andesite. They range from Pliocene to

Recent age and form a belt 25 to 50 km wide along the

9
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eastern margin of the range. The High Cascades are

relatively uneroded, although they host alpine glaciers

that have modified their appearance to a limited extent.

Structural deformation is not readily evident, but the

plateau occupies a large graben that has been down-dropped

with respect to older rocks to the east and west (Thayer,

1936; Taylor, 1968, 1980, 1981).

The Western Cascades volcanic rocks are generally

more silicic in overall composition than are the rocks of

the High Cascades and are of Late Eocene to Miocene age

(Priest et al., 1983). Small hypabyssal plutons of

intermediate to silicic composition intrude the volcanic

rocks. The plutons are spatially associated with

extensive propylitic alteration and metallization in the

Western Cascades (Peck et al., 1964, Field, 1976). In

contrast to the High Cascades, the Western Cascades are

extensively eroded. They are also affected by broad folds

with northeast-trending axes and numerous northwest-

striking faults (Peck et al., 1964). These fractures

controlled the orientations of some of the stocks, dikes,

and breccia pipes, and of most of the veins that host

sulfides and precious-metals.

The following description of Western Cascades

stratigraphy is drawn from Peck et al. (1964), McBirney et

al. (1974), Priest et al. (1983), and Power (1985). The

oldest rocks in the Western Cascades of southern
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Washington are the Ohanepecosh, East Fork, and Skamania

Formations. These late Eocene to early Miocene rocks

consist of basalt and andesite flows and volcaniclastic

breccias.

In Oregon, pyroclastics and andesitic flows of the

Colestin Formation represent late Eocene volcanism. These

are overlain by the Oligocene to early Miocene Little

Butte Volcanic Series, which consiscts of basalt and

andesite lavas, and flows and tuffs of dacitic to

rhyodacitic composition. Andesitic volcaniclastics

dominate the Sardine Formation of mid-Miocene age. The

Elk Lake Formation, 11 to 8 million years old (Sutter,

1978), contains the youngest volcanic rocks in the Western

Cascades, with the exception of isolated younger volcanic

centers with rocks compositionally similar to those of the

High Cascades.

Intrusive rocks in the Western Cascades range in age

from 24 to 6 million years (Power et al., 1981; Field et

al., 1987). Plutons are fine- to medium-grained

equigranular to porphyritic dikes, plugs, sills, and

stocks; quartz diorite and granodiorite are the most

abundant rock types (Power, 1985).

Some of the early Western Cascades volcanic rocks (40

to 18 million years old) demonstrate a tholeiitic

affiliation. Later volcanic and intrusive rocks (18 to 9

million years old) of the Western Cascades have a calc-
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alkaline character (Priest et al., 1983), although they

are low in K20 and slightly enriched in CaO, FeO,t and MgO

compared to other calc-alkaline suites from continental

environments (Field et al., 1987).

Local Geology

Washougal Mining District

Country rocks in the Washougal mining district are

dominantly basalt and andesite flows and volcaniclastics

of the East Fork and Skamania Formations. They are

intruded by a post-middle Miocene calc-alkaline intrusive

sequence known as the Silver Star plutonic complex. The

phases of this composite intrusion, in the probable order

of their emplacement, are diorite, quartz diorite,

granodiorite, quartz diorite porphyry, granodiorite

porphyry, and granite aplite (Schriener, 1978; Shepard,

1979).

Gentle folds in the southern Washington Cascades

trend northwest. Northwest and north-northeast structural

trends have controlled the orientations of faults and

joints. These trends have also localized intrusions and

the effects of hydrothermal mineralization in the



Washougal mining district (Schriener, 1978; Shepard,

1979).

North Santiam Mining District

Volcanic rocks of the Sardine Formation comprise the

country rocks in the North Santiam mining district. These

tuffs, polymictic breccias, and flows of andesite and

basalt are intruded by plutons of intermediate

composition, including a complex intrusion of

microdiorite, diorite, and granodiorite (Power, 1985).

Faults, fractures, and shear zones dip steeply and

strike both northwest and northeast. The northwest-

striking structures have controlled the emplacement of

dikes and breccia pipes, and have localized hydrothermal

effects (Olson, 1978; Power, 1985).

Quartzville Mining District

Country rocks in the Quartzville mining district are

pyroclastic rocks and basalt and andesite flows of the

Sardine Formation. Interbedded dacite and rhyodacite

flows are also present, and small inter-canyon flows of

olivine trachybasalt of Quaternary age (Power, 1985;

Nicholson, 1989). Small intermediate to silicic

intrusions are numerous, and the compositions reported by

13
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Power (1985) establish that a number of these are among

the most silicic (51.47 to 78.0% Si00 and potassic (1.53

to 7.02% K20) of any rocks in the Western Cascades.

Veins, dikes, and fractures exhibit northwesterly

strikes, which represent the dominant structural trend in

many mining districts of the Western Cascades. The

strikes of these features indicate that pre-existing

structures influenced the emplacement of plutonic bodies

and localized hydrothermal activity.

Blue River Mining District

Country rocks in the Blue River mining district are

tuffs, tuff breccias, and flows of basaltic andesite and

dacite of the Sardine Formation. Small plutons of

granodiorite and quartz diorite intrude these rocks

(Power, 1978, 1985).

A northeast-trending anticline has deformed rocks in

the western part of the district, and northwest-striking

shear zones localized the most intense hydrothermal

alteration (Power, 1978, 1985).

Bohemia Mining District

Tuffs, multilithic breccias, and flows of andesite,

basalt, and dacite of the Little Butte Volcanic Series
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constitute the country rocks in the Bohemia mining

district. They are of similar age and chemistry as the

Champion Stock, a large composite intrusion in the

northern part of the district of diorite to quartz

monzonite composition. These rocks probably represent the

extrusive and intrusive phases of the same magmatic event

(Schaubs, 1978; Power, 1985).

An anticline with northeast-trending axis has folded

the rocks in the southern part of the district. Other

structures include numerous small faults that strike

northeast and northwest and have localized vein

mineralization (Power, 1985).

Model for Western Cascades Mineralization

Sillitoe (1973) synthesized data from several

porphyry copper deposits into a model for complete

porphyry copper systems. In addition to the economic

portions of such deposits, his work characterized their

uneconomic upward and downward extensions. This

hypothetical model was adapted to the small mining

districts in the Western Cascades by Power (1985).

Figures 2 and 3 summarize the general lithologic features,

types of alteration, mineralization, and metal

distributions in a hypothetical model for a Western

Cascades porphyry copper system. The model was first
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proposed by Field (1976) and subsequently better

quantified by Power (1985) and Field et al. (1987).

Estimated depths of erosion in the mining districts are

superimposed on the model.

Lithology

The host of the hypothetical porphyry copper system

is a porphyritic granitic stock, emplaced as a cupola

above a larger phaneritic body. The pluton intrudes older

basement rocks and may be coeval with an andesitic

stratovolcano which overlies it. These rocks formed in a

volcanic arc environment and display a calc-alkaline

compositional character. Hydrothermal intrusion breccias

may penetrate the basement and overlying volcanic rocks.

Tertiary stocks associated with Western Cascades

porphyry systems are complex, consisting predominantly of

quartz diorite and granodiorite. Phases of diorite,

tonalite, quartz monzonite, and granite are less abundant.

High-level mafic to intermediate dikes are usually present

and follow pre-existing structural trends but are

volumetrically unimportant. Volcanic rocks are basaltic

to andesitic flows and intermediate to felsic

pyroclastics, and many are suggested to be subaerial

expressions of the magmatic activity that formed the

plutons (Peck et al., 1964; Sillitoe, 1973; Power, 1985).

18
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Breccia pipes 3 to 100 meters in diameter are closely

associated with plutonic rocks. They are more strongly

altered than the surrounding rocks and may host sulfide

minerals. Three types of breccia pipes have been

recognized in the Western Cascades (Power, 1985). Matrix-

rich breccias have angular to subrounded clasts in a

voluminous matrix, which consists of altered rock flour

and secondary minerals, usually quartz, sericite, and

tourmaline. The fragments usually show no spatial

relationship to one another. Rubble-rich breccias have

angular to lath-shaped fragments in greater abundance than

matrix; it is sometimes possible to see relationships

between adjacent fragments, although translational and

rotational displacement is evident. Rubble-rich breccias

are most commonly associated with mineralization. Shatter

breccias are highly fractured, and the fragments exhibit

little to no separation, translation, or rotation.

Matrix-rich breccias may grade outward to rubble-rich

breccias (Schriener, 1978) and shatter breccias may form

the outermost and uppermost margins of other breccias

(Schaubs, 1978).

Alteration

The mineralogic and geochemical details of the

alteration halos which surround porphyry copper deposits
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have been extensively described (Creasey, 1966; Meyer and

Hemley, 1967; Rose, 1970; Lowell and Guilbert, 1970;

Gustafson and Hunt, 1975; Rose and Burt, 1979). Potassic

alteration is associated mainly with the porphyry stocks

and underlying phaneritic bodies. Argillic and (or)

phyllic alteration are associated with higher-level

structures such as breccia pipes and shear zones, and may

surround a potassic alteration core in some occurrences.

Propylitic alteration is broadly distributed and may be

far more extensive, both laterally and vertically, than

the areas of economic mineralization. These alteration

types are present in the mining districts of the Western

Cascades (Power, 1985) and are described in greater detail

below.

Potassic alteration, referred to as potassium

silicate alteration by some researchers, is characterized

by the replacement of plagioclase feldspars by orthoclase

or microcline and by biotitization of mafic minerals (Rose

and Burt, 1979). Accessory sericite and chlorite may be

present. In the Western Cascades, tourmaline, quartz,

magnetite, and pyrite are also present; this assemblage is

of limited exposure in the Washougal, North Santiam, and

Bohemia mining districts (Power, 1985).

Argillic and phyllic alteration are characterized by

secondary clays and sericite, respectively (Guilbert and

Park, 1986). If either of these alteration types



21

progresses to completion, total replacement of primary

silicates results in a quartz-clay or quartz-sericite

rock. These assemblages are generally not distinguished

from one another in literature concerning the Western

Cascades. Kaolinite, sericite, and quartz dominate the

phyllic/argillic alteration assemblage, and tourmaline is

considered by some researchers to be a stable constituent

of this type of alteration (Power, 1985). Many breccia

pipes in mining districts of the Western Cascades are

altered to tourmaline, quartz, sericite, magnetite and

hematite, which may be accompanied by pyrite and copper

sulfides. Veins may be fringed by one of these types of

alteration. Some kaolinite occurs in late fractures and

vugs, leading to the supposition that some argillization

is of supergene origin.

Propylitic alteration is prominent in the Western

Cascades, although in some porphyry copper deposits it is

developed only weakly and is of limited extent. Chlorite,

epidote, albite and calcite are the characteristic

secondary minerals of this alteration type (Creasey,

1966). Secondary magnetite, pyrite, and sericite may also

be present (Rose and Burt, 1979). Propylitic alteration

is ubiquitous throughout all rock types of the Western

Cascades mining districts (Callaghan and Buddington, 1938;

Peck et al., 1964; Power, 1985).



Mineralization

Mineralization in the deepest parts of deposits from

the Western Cascades comprises disseminated sulfides and

sulfide veinlets within an intrusive host. Disseminated

mineralization extends vertically or laterally into

breccia pipes, where it is accompanied by open-space

filling of interfragment voids. Disseminated

mineralization diminishes at higher levels and filling of

interfragment voids becomes the dominant form of breccia

pipe mineralization. In the rocks above and surrounding

the intrusions and the breccia pipes, veins have localized

most of the mineralization.

Distribution of Metals

The potassically altered core of a deposit is host to

copper sulfides, primarily chalcopyrite and bornite.

Small amounts of molybdenite have been reported in cores

from the Washougal and North Santiam mining districts

(Power, 1985). Copper persists into the overlying area,

sub-equal in abundance to sulfides of zinc and lead. At

greater distances from the core, zinc and lead are the

dominant metals in sulfide minerals. Farther from the

core, mineralization consists predominantly of the

22
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precious metals, as defined by inference from the spatial

distribution of producing mines from these districts.



MINERALOGIC STUDIES

Washougal Mining District

Mineralization in the Washougal mining district is

related to the emplacement of the Silver Star plutonic

complex. Associated with the formation of the

granodiorite porphyry, one of the youngest events of the

intrusive sequence, was the emplacement of breccia pipes,

in which copper mineralization is concentrated. These

pipes are localized within the intrusion and occasionally

within volcanic rocks associated both spatially and

temporally with the Silver Star complex. Additional

mineralization is present as porphyry-type occurrences of

copper and molybdenum, which are centrally located in the

district, and as quartz veins with base-metal sulfides,

which are present in its southern and eastern parts

(Heath, 1966; Grant, 1969; Schriener, 1978; Shepard,

1979).

Breccia-pipe mineralization is reported to consist of

chalcopyrite, bornite, magnetite, pyrrhotite, molybdenite,

tourmaline, biotite, amphibole, orthoclase, sericite, and

quartz at the Miners Queen prospect (Heath, 1966;

Schriener, 1978). This assemblage represents potassic

alteration, as related to the generalized model reported

by Lowell and Guilbert (1970). The phyllic quartz-

24



25

sericite assemblage may have been introduced during

retrograde alteration (Schriener, 1978), or the sericite

may have been produced during alteration of plagioclase

feldspar to orthoclase (Rose and Burt, 1979).

Breccia pipes of the southern Washougal mining

district are reported to be phyllically or propylitically

altered. Tourmaline is conspicuously absent from most of

the southern pipes (Shepard, 1979).

Quartz-sulfide veins contain chalcopyrite, bornite,

galena and sphalerite, with traces of gold and silver.

Pyrite is not abundant. Supergene copper minerals are

also present (Heath, 1966; Schriener, 1978; Shepard,

1979). Heath (1966) reported argillization and leaching

within veins, propylitization of volcanic country rocks,

and phyllic alteration of host rocks adjacent to the

larger veins has been described by Schriener (1978).

Throughout the district, zonation of metals is

expressed through the sulfide minerals present. In and

near the Silver Star stock, copper sulfides predominate

over those of lead and zinc. South and east of the

intrusion, galena and sphalerite increase in abundance

relative to the copper sulfides (Heath, 1966).

Results obtained during this study by the examination

of samples from the Miners Queen and Black Jack breccia

pipes are consistent with the conclusions of others

(Heath, 1966; Schriener, 1978; Shepard, 1979) that the
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mineralogy and textures resulted from relatively high-

temperature types of deposition. The presence of

tourmaline and (or) actinolite may indicate temperatures

of formation above about 400° C, based on reported

experimental syntheses of these minerals (Deer, Howie, and

Zussman, 1962). However, fluid inclusion temperatures in

tourmaline breccias from other locations are as low as

200° C (Dilles, 1990, pers. comm.). Results of the

current fluid inclusion studies, reported in a later

chapter of this thesis, suggest that these breccia pipes

were formed at temperatures greater than 490° C. Such

temperatures are within the range of temperatures at which

potassic alteration takes place (Creasey, 1966; Rose,

1970; Rose and Burt, 1979).

Samples from the Miners Queen breccia pipe contain

clasts of altered granodiorite porphyry, with phenocrysts

of quartz and zoned plagioclase feldspar in a finely

crystalline groundmass. The groundmass consists of

chloritized plagioclase microlites, quartz, biotite, and

clays. Magnetite and chalcopyrite are disseminated in the

granodiorite clasts. The abundance of disseminated

chalcopyrite increases near the edges of the clasts, but

the spatial distribution of magnetite is relatively

constant.

Native silver is also disseminated as particles less

than 10 gm long within host-rock clasts of the Miners
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Queen breccia. A natural alloy of precious metals was

observed in the silicate host of sample WACS-1; it is less

than 5 gm long and has an approximate composition of 50

atomic % Au, 10 atomic % Ag, and 40 atomic % Cu.

The sample of the Miners Queen breccia is cemented by

a mixture of minerals, predominantly quartz, actinolite,

and chalcopyrite. In order of frequency of occurrence,

opaque constituents of the cement are chalcopyrite,

magnetite, chalcocite, pyrite, and native silver.

Stutzite (Ag5_xTe3) is present within chalcopyrite. Non-

opaque minerals include chlorite, sphene, zircon,

feldspar, and traces of scheelite. The silicate cement

minerals also contain very tiny (1 gm or less in diameter)

spheres with tin-rich compositions. Some were devoid of

other elements in their EDX spectra, but most contained

copper and nickel. Analyses of these spheres were semi-

quantitative at best, because of their extremely small

size.

Samples from the Black Jack prospect are equigranular

granodiorites. Two veinlets, one of barren quartz and the

other of quartz and magnetite, traverse sample WACS-3.

The quartz veinlet is lined with radiating tourmaline that

forms a botryoidal surface upon which quartz was

deposited. The other veinlet contains magnetite and small

quantities of actinolite and chlorite. Magnetite, which

lines the veinlet, contains inclusions of bornite and
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appears to be zoned in studies by reflected light and SEM.

Compositional differences could not be determined for the

zones.

Alteration of sample WACS-3 is dependent on relative

proximity to the barren quartz veinlet. Near the veinlet,

primary minerals and textures are not recognizable due to

flooding of the host with silica, although irregular

patches of sericite and brown clay presumably represent

replaced phenocrysts. At this locality, needles of

actinolite and incomplete tourmaline sunbursts project

into quartz, and earthy hematite is abundant. The fringe

of alteration is 2 to 3 cm wide.

Less intense alteration is apparent through the

remainder of the host rock. Andesine plagioclase feldspar

has clay-filled fractures, but appears unaltered along

twin planes. Primary brown biotite is variably altered to

chlorite; other ferromagnesian silicates are replaced

completely by chlorite and iron oxides. Magnetite is

disseminated evenly in the less-altered part of the rock.

It contains inclusions of bornite up to 10 gm in length

(as does the magnetite in the veinlet), but other sulfides

were not observed. Accessory minerals in samples of the

Black Jack breccia include rutile (with monazite

inclusions), sphene, barite, and thorium-bearing zircon.

Schriener (1978) reported that potassic alteration may be

present in this breccia pipe, but the alteration minerals
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identified through this study are more indicative of

phyllic alteration.

Quartz-sulfide vein mineralization in this district

was also examined. Samples of this type consist of

multitudes of quartz veinlets traversing clay-rich host

rocks. The clay, probably kaolinite, does not show any

morphological characteristics of the minerals it replaced,

but it is sometimes stained with manganese and iron

oxides. Fine-grained chlorite and calcite are also

present as alteration products of the host. These samples

represent locations where the host rock was fractured and

argillized, and quartz-sulfide veinlets filled the voids.

Propylitic alteration is also evident by the presence of

chlorite and calcite within the host rock.

The most common sulfides in the quartz veinlets are

bornite, chalcopyrite, sphalerite, and small amounts of

chalcocite. Other sulfides contain inclusions of galena.

Traces of native silver (less than 5 gm in diameter) and

small amounts of barite and magnetite are also

constituents of the veinlets. Chalcopyrite is contained

within argillized fragments of the host rock in the veins.

Replacement textures were not recognized among the

hypogene sulfides of these veinlets.

Quartz fractures are filled with clays, some stained

with iron and manganese oxides. Supergene (weathering)

processes have also emplaced late sulfides, such as
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chalcocite, which forms rims on and lines fractures in

hypogene copper sulfides. Some bornite has been localized

along fractures that cross-cut crystals of quartz.

North Santiam Mining District

Ore mineralization of the North Santiam mining

district embraces three types: porphyry-type copper

mineralization at depth in the central part of the

district, copper-bearing tourmaline breccia pipes, and

northwest-striking sulfide veins at the surface (Olson,

1978; Power, 1985). Drill core samples of porphyry

mineralization have revealed that the dominant ore mineral

is chalcopyrite, which is sometimes accompanied by bornite

and molybdenite. These minerals are present as

disseminations replacing primary ferromagnesian silicates

of the intrusive host, and within veinlets accompanying

quartz and calcite gangue. Other gangue minerals of

porphyry mineralization include fluorite, anhydrite,

barite, biotite and chlorite (Olson, 1978; Power, 1985).

At the surface, ore and alteration minerals are zoned

around a central elliptical area, the major axis of which

has a northwesterly orientation. The following

description of alteration in the zones is taken from Olson

(1978).
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The country rocks in the elliptical core are altered

to a potassium silicate mineral assemblage. Here,

secondary minerals of hydrothermal origin consist of

biotite, quartz, sericite, and potassium feldspar.

Kaolinite is also present, probably as a weathering

product of feldspar alteration. Results of diamond

drilling have shown that this area broadens out laterally

with depth.

An irregularly shaped zone of phyllic alteration

surrounds the zone of potassium silicate alteration. The

characteristic minerals quartz, sericite, and kaolinite

are present, and tourmaline may be a constituent of

breccia pipes. This type of alteration is strongly

controlled by pre-existing structures such as fractures

and shear zones.

Propylitic alteration, identified by the presence of

chlorite, epidote, calcite, and quartz, is pervasive

throughout the remainder of the district. Other secondary

minerals of this zone are albite, sericite, kaolinite,

magnetite, and pyrite.

Deviation from this clear-cut sequence is seen when

mineralized veins traverse rock that has been altered to

the propylitic assemblage. Such veins have narrow fringes

of phyllic alteration surrounding them.

Three zones, based on sulfide mineralogy in the

veins, were outlined by Olson (1978). These have a rough
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spatial correspondence to the alteration zones described

above, except that particular zones of metallization tend

to be more widespread than the corresponding alteration.

Zone I is defined by the presence of chalcopyrite and

specular hematite, primarily in association with

potassium-silicate alteration; Zone II contains

chalcopyrite and pyrite in the zone of phyllic alteration;

and Zone III is dominated by sphalerite and galena and is

associated with the propylitic alteration assemblage.

Gangue minerals always include quartz and calcite;

tourmaline and magnetite may be constituents of Zone I.

An extensive suite of samples was available from the

North Santiam mining district, including core and rock

samples taken from mines. A vertical cross-section

through a part of the district can be described from the

mineralogy observed in these samples.

Core samples of fine-grained intrusive rock (NSCS-10

and NSCS-11) were examined; they contain disseminated

magnetite and chalcopyrite, and quartz-tourmaline

veinlets. Ilmenite (containing a few percent manganese)

and rutile are frequently present. Although chalcopyrite

is the predominant sulfide, tiny crystals of sphalerite

(less than 5 gm) are dispersed through the altered host,

and inclusions of argentite are contained within

chalcopyrite. Alteration consists primarily of fine-

grained quartz and clays. Ferromagnesian silicate
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minerals have been replaced by potassium feldspar and

epidote, which form envelopes around crystals of

chalcopyrite and ilmenite, as seen in Figure 4. These

alteration minerals are indicative of early, high-

temperature potassic alteration, followed by an

overprinting of argillic alteration.

Several minute (less than 1 Am) crystals of a tin

compound (cassiterite?) were observed in sample NSCS-10.

Other elements did not appear in the spectrum.

Core samples from the Cedar Creek breccia pipe

(Sec.31, T.8S, R.5E) are dominated by copper sulfides,

primarily bornite and chalcopyrite. Replacement textures

indicate that chalcopyrite followed bornite in the

depositional sequence. Samples from deeper in the pipe

contain more chalcopyrite; bornite dominates in the

shallower parts of the pipe. Greater amounts of bornite

were probably initially present within the deeper parts of

the pipe and were replaced by chalcopyrite as the

hydrothermal fluids evolved to more iron-rich

compositions. At some localities, bornite has exsolved

blebs of a slightly different composition, as shown in

Figure 5; they may be sulfur-poor relative to the

remainder of the bornite (Uytenbogaardt and Burke, 1971),

but the SEM-EDX was not capable of distinguishing their

compositions.
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Figure 4. Backscattered electron SEM photomicrograph,
showing disseminated mineralization in
sample NSCS-11. Gray background is silicate
minerals (chiefly quartz and chlorite) in
the plutonic host; bright crystals are
ilmenite (top center) and chalcopyrite.
These are associated with epidote and
potassium feldspar. Scale bar at bottom of
photomicrograph is approximately 100 gm.
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Figure 5. Backscattered electron SEM photomicrograph
of copper sulfides beneath the Cedar Creek
breccia pipe, sample CC3-500. Darker gray
in lower-left-hand corner is chalcopyrite;
lighter gray that makes up most of the rest
of the photo is bornite, containing
exsolution blebs which have slightly
different composition than the remainder.
Wittichenite is the very bright phase; it
primarily forms a border between the two
copper sulfides.
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Wittichenite (Cu3BiS3) is commonly associated with

bornite in these samples, but it may also be contained

within chalcopyrite, or form a border between the two

major copper sulfides (Fig. 5). The early hydrothermal

fluid therefore contained some bismuth and, once formed,

the wittichenite may have been more persistent than was

bornite during the evolution of the hydrothermal fluid.

Minerals of the tetrahedrite-tennantite series

((Cu,Fe)12(Sb,As)4E313), galena, a silver telluride, and

electrum occur infrequently in some of these core samples.

Callaghan and Buddington (1938) reported microscopic

observation of an unknown white mineral, which contained

copper, silver, bismuth, and sulfur, from the Minnie E.

mine; they may have been observing wittichenite and silver

telluride, which have similar color in reflected light.

The tetrahedrite-tennantite occurrences contain up to

7.5 atomic pct Zn, as well as small amounts of bismuth.

Tetrahedrite, the antimony-rich end member of the series,

is present in a sample taken at 382 feet depth, but

arsenic is present in greater amounts at 362 feet in the

same core, making tennantite a more appropriate label for

the mineral there. All of the tennantite-tetrahedrite

occurrences are adjacent to calcite gangue, bordering

other sulfides.

Galena and silver telluride are co-genetic with

bornite in samples of drill core from the Cedar Creek



37

breccia pipe. Galena occurs as rounded blebs up to 20 gm

in diameter within bornite and chalcopyrite. It also

forms stringers in the copper sulfides, and is shown in

Figure 6 in a texture resembling a eutectic intergrowth

with bornite. Silver telluride (approximate composition

(Ag,Cu)7Te2) occurs solely in bornite, as rounded blebs

less than 20 gm in diameter. An un-named silver telluride

with this composition is listed by the computer database

Mineral (CSIRO/ALEPH, 1989).

Electrum particles were found in one polished section.

These are composed of about equal parts silver and gold by

weight, with a few percent copper. They are about 10 gm

in diameter, and are associated with late calcite.

Electrum, in association with calcite and copper sulfides

in drill core sample CC2-362, is depicted in Figure 7.

Rare-earth-element (REE) minerals are contained in

quartz gangue from the Cedar Creek breccia pipe, as shown

in Figures 8a and 8b. These may be bastnaesite ((REE)CO3)

with small amounts of monazite; phosphorus is the only

element to appear in EDX spectra with the REE, but as

amounts too small to stoichiometrically balance all of the

REE as monazite. The REE present is dominantly cerium,

with 4 to 5 pct each of lanthanum and neodymium oxides.

Gangue minerals associated with sulfide minerals from

the Cedar Creek breccia-pipe core samples, in approximate
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Figure 6. Backscattered electron SEM photomicrograph
of galena in bornite, sample CC2-362.
Brightest mineral is galena, intergrown with
and as blebs in bornite. Dark gray gangue
is calcite (Cedar Creek breccia pipe).
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Figure 7. Backscattered electron SEM photomicrograph
of electrum, wittichenite, and tennantite in
bornite, sample CC2-362. Calcite is darker
gray at top of photo and filling fractures
in lighter gray bornite. In order of
decreasing brightness, other crystals are
electrum, wittichenite, and tennantite
(Cedar Creek breccia pipe).
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Figure 8a. Backscattered electron SEM photomicrograph
of rare-earth-element minerals in quartz,
sample CC2-362 (Cedar Creek breccia pipe).
Bright crystal at bottom center is
chalcopyrite. Other brights are REE
minerals, possibly bastnaesite (?).
Crystals that are slightly lighter gray than
quartz are apatite.
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Figure 8b. Backscattered electron SEM photomicrograph
of rare-earth-element minerals in quartz,
sample CC2-362 (Cedar Creek breccia pipe).
Higher magnification of upper-right-hand
corner, Figure 8a. Different brightnesses
indicate that there are two different REE
minerals.
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order of abundance, are calcite, quartz, apatite,

tourmaline, sericite, rutile, kaolinite, ilmenite, and

zircon. These represent changing conditions of

alteration. Tourmaline and apatite represent early, high-

temperature alteration; calcite is a late phase

(propylitic?).

Sample NSCS-6, representing Zone I (Olson, 1978),

contains a 2- to 3-cm-wide vein of chalcopyrite, specular

hematite, quartz, and chlorite. From the veinlet walls to

the center, quartz, chlorite, and delicate plates of

specularite give way to a final, 1-cm-wide filling of

chalcopyrite. Specularite persists into the chalcopyrite

and forms contorted sheaves of lamellae 1 mm or more long

and up to 250 gm wide. A typical intergrowth of specular

hematite and chalcopyrite is shown in Figure 9.

Sulfide veins primarily contain sphalerite,

chalcopyrite, galena, and pyrite with quartz. Grains of

tennantite-tetrahedrite are sometimes included in

chalcopyrite and sphalerite. When in chalcopyrite, the

inclusions approach the tetrahedrite end-member

composition; those inclusions in sphalerite contain

arsenic in excess of antimony. Both varieties contain a

few percent of Ag.

Vein samples containing multiple sulfides show a

paragenetic progression from pyrite to chalcopyrite to

sphalerite. Euhedral pyrite is frequently enclosed by
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Figure 9. Backscattered electron SEM photomicrograph
of chalcopyrite (brightest gray) and
specular hematite (medium gray fibers and
laths) in a quartz vein (sample NSCS-6).
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sphalerite and chalcopyrite; sphalerite replaces

chalcopyrite. Galena occurs as blebs and stringers within

pyrite, sphalerite, and chalcopyrite, and occasionally as

larger masses that are paragenetically equivalent to

sphalerite. Quartz deposition began early, as euhedral

quartz is frequently enclosed by sphalerite, and was

continuous throughout sulfide deposition.

In addition to quartz, the veins also contain clay

minerals formed by argillic alteration of highly fractured

and pulverized fragments of feldspar-bearing wall rocks.

Other gangue minerals, present in trace amounts, include

apatite, zircon (with traces of thorium), scheelite and

sphene.

Supergene base-metal minerals for many of the vein

samples include limonite and chrysocolla. Sample NSCS-12,

from the Blue Jay mine, contains lead, molybdenum, and

zinc minerals, presumably of supergene origin, on a

fracture surface coated with clay and limonite. Crystals

of wulfenite (PbMo04) were observed, and a white zinc

mineral with acicular, radiating crystals was tentatively

identified as parahopeite (Zn3(PO4)2), using optical

methods.



Quartzville Mining District

Historically, mining activity in the Quartzville

mining district has centered on the Dry Gulch area, as do

concentric zones of hydrothermal alteration; other base-

and precious-metal occurrences are outliers of limited

extent (Munts, 1978). Phyllic alteration, evidenced by

the presence of silica and sericite, has been imposed on

all host rocks from the central core of the district.

Clay is abundant in a zone of argillic alteration

surrounding the core. Propylitic alteration has affected

all rocks from the peripheral parts of the district that

have not been more intensely altered. In addition, Munts

recognized a form of alteration that is dominated by

tourmaline (1978).

Phyllic alteration at Dry Gulch is represented by

feldspar phenocrysts incompletely altered to sericite.

The groundmass of the host rocks has been replaced by

cherty silica and clay, and fractures and weathered

surfaces are stained by limonite from the oxidation of

pyrite. Some pyrite remains unoxidized within late

fractures that cut across the quartz veinlets.

Subparallel quartz veinlets give a bedded appearance to

some samples. Micron-sized crystals of monazite and
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apatite are present as primary accessory constituents of

the host rock.

Argillic alteration near the center of the district

has caused feldspar phenocrysts of the igneous host rocks

to be nearly completely replaced by clay (probably

kaolinite). EDX analyses of the clay mineral indicate a

2:1 ratio of silicon to aluminum with a few percent

potassium. This composition may indicate incomplete

alteration of orthoclase or minor amounts of intermixed

sericite. The groundmass of the altered rock is brown

clay, thoroughly leached of Na, Ca2+, and K. In small

areas amorphous aluminum oxide-hydroxide minerals (?) are

present.

Coarse-grained vein quartz in this area appears dark

and cloudy due to abundant inclusions of clay, iron oxide,

and other minerals, as well as some fluid inclusions.

Trace minerals of the quartz veins are epidote, pyrite,

monazite, chalcopyrite, sphalerite, TiO2 (leucoxene or

rutile), and argentite (?). These are generally less than

50 Am in the largest dimension, with monazite (5-10 gm)

and argentite (1 gm) normally much smaller. A single

crystal of xenotime less than 5 pm long was identified by

EDX analysis.

Propylitic alteration, characterized by the presence

of chlorite and epidote, and by lesser amounts of calcite

and pyrite, has imparted a greenish coloration to the
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rocks affected. Chlorite, epidote, and pyrite replace

phenocrysts of ferromagnesian silicates; calcite replaces

the feldspars (Munts, 1978). Calcite is also common as a

vein-filling material within the propylitically altered

rocks, where it may be accompanied by quartz and sulfides.

Callaghan and Buddington (1938) and Munts (1978) have

reported tourmaline as an alteration mineral in volcanic

rocks and breccia pipes. In a road-cut at the confluence

of Yellowstone Creek and Quartzville Creek, tourmaline

occurs with quartz, pyrite, and chalcopyrite (?), and is

weathered and heavily limonite-stained. Fine cubes of

pyrite are peppered into the sunbursts of tourmaline.

Tourmaline is also an alteration mineral near Gold Peak

and within a breccia zone east of the Snowstorm prospect

(Munts, 1978).

Other areas of the district contain the phyllic and

argillic alteration assemblages. These include a bleached

breccia pipe exposed in a road cut on Boulder Creek near

the eastern boundary of Sec. 36, T.11 S, R.3 E. The pipe

has been thoroughly altered to the phyllic assemblage of

sericite, pyrite, and quartz, with lesser amounts of clay

(kaolinite?). Abundant well-formed pyrite pyritohedra (up

to 1 cm in dimension) weather rapidly out of the rock.

Alteration is intense, so that close examination is

necessary to see the outlines of breccia fragments, which

are gray to light green. These are also composed of
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sericite, pyrite, and quartz, and the green coloration of

the fragments is contributed by the mica. A qualitative

spectroscopic examination of the mica indicated that it is

chromium-bearing sericite, although no source of chromium

is evident. Positive identification of fuchsite was not

made.

Adjacent to this altered breccia pipe are andesite

flows to the west and an altered tonalite intrusion to the

east (Nicholson, 1989). The tonalite consists mostly of

quartz and an amorphous aluminum oxide-hydroxide (?)

mineral, with zircon, ilmenite, traces of relict

plagioclase feldspar, and pervasive stains of limonite.

Inclusions of uranium-thorium minerals, visible in SEM

backscattered electron images as very bright specks one or

two microns in diameter, are present in the zircon. This

area, dominated by mineral assemblages representing

argillic alteration (Rose and Burt, 1979), is more than

two miles west-southwest of the intense alteration

centered at Dry Gulch.

An alteration assemblage similar to the one in the

Boulder Creek breccia pipe was described in Chilean

breccia pipes by Sillitoe and Sawkins (1971). They

considered it to be a result of an early stage of intense

alteration, and classified it as sericitic alteration, as

defined by Meyer and Hemley (1967). They also recognized

quartz-tourmaline replacement, and concluded from textural



49

evidence that it was contemporaneous with or closely

followed quartz-sericite replacement in these breccia

pipes. Quartz-tourmaline replacement and sericitic

alteration seem to be exclusive of one another in the

Quartzville District.

Ore mineralization of this district is present within

breccia pipes, base-metal sulfide veins, quartz-precious

metal veins, and disseminated in country rock near veins.

Breccia-pipe copper mineralization is limited to small

amounts of chalcopyrite in the breccia pipe at the mouth

of Yellowstone Creek; it is associated with tourmaline and

pyrite (Gray, 1977; Munts, 1978).

Base-metal sulfide vein mineralization consists

primarily of pyrite, galena, sphalerite, and chalcopyrite,

in approximate order of their abundance. Paragenetically,

the pyrite is early and is followed by galena, sphalerite,

and chalcopyrite. Both quartz and calcite are gangue

minerals within these veins, and they generally cut

propylitically-altered country rock.

Minor amounts of tetrahedrite are present as stringers

within sulfide minerals. Figure 10, a photomicrograph of

tetrahedrite in sample QVCS-13 (Metz claim) shows it to be

composed of two separate phases with slight compositional

differences. Greater amounts of zinc and silver,

accompanied by less iron, are characteristic of the

slightly brighter areas of the tetrahedrite.



Figure 10. Backscattered electron SEM photomicrograph
of tetrahedrite in chalcopyrite, sample
QVCS-13. Differences in brightness result
from slight compositional differences.
Slightly brighter areas in tetrahedrite are
richer in zinc and silver than the darker
areas. (Metz claim)
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Historically, gold was recovered from rich pockets in

oxidized portions of veins in this district. Gold values

decrease and sulfides increase with depth in the veins;

however, assays show that gold is still present and

associated with sulfide ore at depth (Callaghan and

Buddington, 1938).

Gold was not abundant in any sample examined from this

district, although samples were taken from the Snowstorm

prospect and near the Albany mine, where gold has been

recovered in the past. The only sample in which gold was

observed is from a vuggy, iron-stained quartz vein from

Sec. 31, T.11S, R.4E (sample QVCS-7). A previous assay

performed on material from this vein indicated that it

contains 560 ppb Au (Nicholson, 1988, pers. comm.).

Pseudomorphs of hematite after pyrite are abundant in this

sample, and one contains a crystal of electrum about 20

long, as shown in Figure 11. The composition of the

electrum is approximately 73% Au and 27% Ag by weight.

Sulfides in the sample include remnants of pyrite and

crystals of chalcopyrite and sphalerite which do not

exceed 10 gm in length.

Disseminated pyrite is common within propylitically

altered country rock. Near base-metal sulfide veins,

galena may be associated with the pyrite or distributed by

itself as tiny grains. Figure 12 shows galena as tiny
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Figure 11. Backscattered electron SEM photomicrograph
of electrum in hematite pseudomorph after
pyrite in quartz (sample QVCS-7). Elongate,
bright grain in lower left of hematite is
electrum.
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Figure 12. Backscattered electron SEM photomicrograph
of propylitic alteration in sample QVCS-5,
with clusters of pyrite cubes in chlorite
and other silicates (dark grays). The
brightest specks in and near the pyrite
clusters are galena.
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blebs in pyrite and filling the interstices in clusters of

pyrite.

Blue River Mining District

Most country rocks in the Blue River mining district

have been propylitically altered. More intense alteration

to the phyllic assemblage is restricted to shear zones and

wall rocks adjacent to larger veins. Limonite stains are

widespread and prominent at some outcrops (Power, 1978).

Pyrite is present within veins and fractures, and as

disseminations in propylitically altered country rock

(Power, 1978). Other vein sulfide and sulfosalt minerals

are sphalerite, galena, chalcopyrite, and tetrahedrite

(Callaghan and Buddington, 1938). Quartz and sometimes

calcite and clay minerals form the gangue in veins (Power,

1978).

Examination of a polished thick section from the

district showed concentrations of chlorite, pyrite, and

limonite replacing ferromagnesian silicates in the host

rock. The groundmass is dominantly fine-grained quartz

with iron-stained clay and chlorite. Sericite is present

as a minor constituent of the groundmass; traces of

apatite and monazite were identified by SEM-EDX.

Quartz veinlets cross the section in several places

and show that deposition proceeded from a period in which



55

the quartz was fine-grained and barren to one in which

coarser quartz crystals were deposited with sulfides.

Some interstitial limonite and manganese oxides are

present.

Pyrite is the primary opaque mineral in the veinlets.

Figure 13 shows clusters of subhedral to anhedral pyrite

crystals associated with arsenopyrite and tetrahedrite.

Inclusions of galena are aligned along fractures in the

pyrite.

Arsenopyrite forms laths and subhedra enclosed by the

pyrite and equidimensional crystals at the edges of pyrite

(Fig. 13). Tetrahedrite is anhedral and is enclosed by

pyrite. It contains approximately 10% Ag. A few percent

of iron and zinc also substitute for copper. Arsenic was

not found by an EDX analysis of the tetrahedrite.

Some geochemical inferences can be made from the

compositions of the sulfosalt minerals. They indicate

either that the hydrothermal fluid was deficient in

arsenic during precipitation of tetrahedrite, or that

arsenic was preferentially partitioned into arsenopyrite

relative to tetrahedrite. Textural evidence shows that

some of the arsenopyrite was deposited early in the

paragenetic sequence, and that tetrahedrite was deposited

as a late phase. This evidence would support a hypothesis

that the hydrothermal fluid underwent chemical changes
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Figure 13. Backscattered electron SEM photomicrograph
of pyrite crystals in quartz vein, sample
BRCS-1. Bright, subhedral crystals at
margins of pyrite are arsenopyrite. Most of
the brighter gray crystals in interior of
pyrite are tetrahedrite. (Lucky Boy Mine)
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during sulfide deposition, and no longer contained arsenic

at the time of deposition of the tetrahedrite.

Bohemia Mining District

Alteration and metallization in the Bohemia mining

district are spatially and genetically related to the

Champion Stock. Much of the available literature on the

Bohemia mining district describes alteration in the

district on the basis of occurrence of individual minerals

and as a contact-metamorphic aureole surrounding the

Champion Stock (Callaghan and Buddington, 1938; Lutton,

1962). These descriptions are easily adapted to the more

recently outlined schemes of hydrothermal alteration which

have been developed for porphyry-copper deposits (Creasey,

1966; Meyer and Hemley, 1967; Rose, 1970; Lowell and

Guilbert, 1970; Gustafson and Hunt, 1975; Power, 1985).

Schaubs (1978) recognized potassic alteration in

association with the southern contact of the Champion

Stock, in the form of secondary potassium feldspar, which

replaces plagioclase feldspar and forms veinlets. Lutton

(1962) identified biotite, which he believed to be of

secondary origin, in the dacite porphyry phase of the

stock. Katsura (1988) observed pervasive potassic

alteration at underground workings of the Champion Mine,

encompassing replacement of groundmass matrix in tuffs and
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porphyritic granodiorite by fine-grained potassium

feldspar and quartz.

Phyllic and argillic alteration occur within and near

breccia pipes and veins. These alteration types are

characterized by secondary quartz, sericite, and

kaolinite. The abundance of kaolinite decreases with

depth, so much of it is probably of supergene origin

(Schaubs, 1978; Lutton, 1962). As a result, some areas

are more accurately described as phyllically altered with

an overprint of supergene kaolinite.

The entire district has been altered to an epidote-

chlorite-quartz assemblage; concentrations of these

minerals form replacement aggregates with plagioclase

feldspar, magnetite, and pyrite or chalcopyrite (Lutton,

1962). They have largely replaced orthoclase and

ferromagnesian minerals (Schaubs, 1978), and the

assemblage is typical of propylitic alteration.

Tourmaline is associated both with phyllic alteration

and with potassic alteration. Lutton (1962) mapped a

considerable area of tourmalinization within the stock,

and considered sericite to characterize an outer sub-zone

of this alteration type. Schaubs (1978) has mentioned

tourmaline as a component of the zone of potassic

alteration, but described its occurrence in breccia pipes

altered to quartz-sericite-kaolinite in more detail. This

association was also documented for Chilean breccia pipes
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(Sillitoe and Sawkins, 1971) and for breccias at El

Salvador, Chile (Gustafson and Hunt, 1975).

Intense replacement of country rock by calcite near

hypabyssal basaltic dikes (Lutton, 1962) is not

attributable to any of the commonly noted types of

alteration in other hydrothermal systems. Carbonate

veinlets two miles from the border of the stock and

carbonates present as late stage components of sulfide

veins (Lutton, 1962; Schaubs, 1978) are possibly

associated with propylitic alteration.

Country rock associated with the vein samples examined

in this study contains some or all of the minerals of the

propylitic assemblage. Chlorite, calcite, and quartz

occur most often as constituents of altered country rocks.

Clay (probably kaolinite) is both a major component of the

altered country rock adjacent to some veins and a

constituent of the veins themselves. Clay may form

patches and layers within veins that probably represent

relicts of country rock incorporated into the veins. The

host rock in a sample from the Alpharetta vein (Musick

Mine) has been altered to quartz, clay, and iron oxide; it

contains laths of rutile and is impregnated with

disseminated pyrite.

Disseminated pyrite is common in altered rocks, and it

occurs as a minor constituent of breccia pipes (Schaubs,
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1978). Much of this pyrite is oxidized and leached from

surface rocks, leaving cubic voids and limonitic stains.

Only rarely are other sulfide minerals concentrated

beyond the margins of veins from this district.

Chalcopyrite is an occasional constituent of the breccia

pipes (Power, 1985). In addition, a sample examined in

this study from the Vesuvius vein has galena and

sphalerite disseminated with pyrite in the propylitically

altered host rock. These sulfides are often in contact,

and the galena sometimes encloses sphalerite, as in Figure

14.

Base-metal sulfide veins from the Bohemia mining

district are larger and more persistent than in any other

district of the Western Cascades. They contain

chalcopyrite, galena, sphalerite, and pyrite as the major

sulfide phases. Any of these may predominate, depending

on the vein. Callaghan and Buddington (1938) noted a

crude zoning from the center to the outermost parts of the

district, expressed in the size and persistence of veins,

and in the abundance of sulfides contained in the veins.

The largest veins, containing specular hematite and the

greatest volume percent of sulfides, are at the center of

the district. Veins become progressively smaller and

contain fewer sulfides with increasing distance from the

central part of the district. Veins contain quartz and

stibnite at the southwestern margin of the district.
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Figure 14. Backscattered electron SEM photomicrograph
of sulfides in propylitically altered
country rock, sample BOCS-1. Darkest gray
region is made up primarily of chlorite and
quartz; medium gray is sphalerite; brightest
material is galena. (Vesuvius Mine)
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Schaubs (1978) noted that the highest ratios of galena to

other sulfides occur within veins from the center of the

district. As this area is also topographically high, he

surmised that the unusual abundance of lead might be

attributable to vertical zonation.

Many of the veins have complex mineralogical

relationships, with more than one stage of ore and gangue

deposition evident. Katsura (1988) has described four

stages of brecciation and veining in the Champion Mine.

In this study, three stages of mineral deposition were

identified at the Champion Mine and were noted to be

delineated by different varieties of silica. An early

stage of jasper is followed by white to clear quartz.

Both stages contain sulfides. A very late, clear, barren

quartz veinlet cuts across all of the earlier minerals.

Although the relationships to stages at the Champion

Mine are unclear, other veins also demonstrate more than

one stage of deposition. In a sample from the Helena Mine

dump (BOCS-10), two stages of deposition are defined by

populations of sphalerite: an early, red-brown variety

associated primarily with pyrite, and a late, yellow-green

sphalerite that closely follows fine-grained galena mixed

with white quartz. A thin band of hematitic quartz

separates the two stages, and small amounts of

chalcopyrite are present throughout the vein.
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Sphalerite in the Crystal vein may show a change in

color similar to that expressed in the Helena vein as two

separate populations of sphalerite. Sample BOCS-5 from

this vein contains sphalerite displaying a red-brown core

with a light-green border.

Other evidence of multiple stages of sulfide

deposition is found in the Vesuvius vein, where bands of

barren quartz precede, separate, and follow two distinct

periods of sulfide deposition. The earlier stage of

deposition consists of pyrite, galena, and chalcopyrite,

while the later stage is characterized by chalcopyrite

with small amounts of red-brown sphalerite and galena.

Calcite follows the youngest band of barren quartz.

Because of the complex textural relationships observed

in many of the veins, and the effects of vertical and

district-wide zoning of metals, a paragenetic sequence

over the entire district is difficult to construct.

Quartz deposition was probably nearly continuous, although

the amount, size of the crystals, and included impurities

are variable. A sample (BOCS-3) containing early euhedral

pyrite surrounded by other sulfides is shown in Figure 15.

Blebs of galena are included in the pyrite, and some

parallel crystal faces, as though they define growth

zones. This galena is early and contemporaneous with the

pyrite. Ankerite and calcite are always late, final

fillings, as is barite where present.
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Figure 15. SEM backscattered electron photomicrograph
of sulfides in quartz vein, sample BOCS-3.
From brightest to darkest, the phases are
galena, sphalerite, chalcopyrite, pyrite,
quartz, and epoxy (black in upper part of
photo). Note that pyrite is euhedral, and
that the arrangement of some galena blebs in
pyrite appears to be along growth zones.
(Champion Mine)
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Accessory and trace hypogene minerals include

tetrahedrite (containing enough silver to be termed

freibergite in the Champion Mine), argentite, mckinstryite

((Ag,Cu)2S)(?), and a rare-earth phosphate (probably

monazite (Alpharetta vein, Musick Mine)). Coarse quartz

from the Helena Mine contains trace crystals of cobaltite

and tin minerals (cassiterite?) 2 to 3 gm in diameter.

Free gold was not identified from any of the samples

studied, nor was it detected by analyses of the sulfides.

Silver is a major component of three minerals:

freibergite, argentite, and mckinstryite (?). It was also

detected, in amounts up to about 3 percent, by some

analyses of galena.

Supergene processes have strongly affected some

surficial exposures of host rocks and veins in the

district. Iron and manganese oxides are common coatings

on euhedral quartz crystals from vuggy veins. Botryoidal

hematite fills vugs in the Crystal vein. Some of this

hematite is rhythmically banded with layers of covellite,

as illustrated by Figure 16. A lead-sulfur mineral

(probably anglesite) occurs within fractures and parallel

to the planes of deposition of this late covellite.

Anglesite occurs at the Musick Mine (Callaghan and

Buddington, 1938), and forms rims on some crystals of

galena from the Champion vein.
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Figure 16. Backscattered electron SEM photomicrograph
of supergene mineralization in a quartz vein
from the Crystal prospect, sample BOCS-5.
The dark gray material at lower right and
upper left is quartz. The banded material
is covellite (lighter gray) and hematite
(darker gray). Bright streaks in fractures
and along apparent planes of deposition are
anglesite (?).
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Unusual Mineral Occurrences in Mining Districts of the

Western Cascades

Minerals containing elements of the rare-earth series

are present in several districts. Most of these are in

altered country rock, and may be primary magmatic

constituents. Monazite, xenotime, and zircon are included

in this category. Bastnaesite (?) in core samples from a

breccia pipe in the North Santiam mining district is

apparently of hydrothermal origin.

Samples from the Washougal, North Santiam, and Bohemia

mining districts contain traces of tin, presumably as

oxide minerals. Ore-grade tin mineralization is most

frequently described as an associate of S-type, two-mica

granites, as described by Chappel and White (1974).

However, traces of tin are present in all rocks, including

intrusive rocks of intermediate to silicic composition,

(Hamaguchi et al., 1964), such as those which host the

mineral deposits of the Western Cascades. In these rocks,

it is probably well-dispersed as a substitutional element

in minerals with lattice sites of suitable size. Trace

quantities of tin have been reported in micas, albite,

ilmenite, and rutile; and tin is theoretically capable of

replacing Ca2+ in pyroxene or Fe3+ in biotite and amphibole

(Hamaguchi et al., 1964, and references cited therein;
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Petersen, 1986). It is reasonable to hypothesize that the

host mineral is altered during hydrothermal activity and

that tin is mobilized, to be deposited when fluid

conditions are no longer compatible for its transport in

aqueous solutions. The tin that is present in the Western

Cascades has apparently been upgraded from individual

atoms substituting in compatible mineral structures to

crystals of Sn-bearing minerals in the hydrothermally

altered country rocks. Whether or not the bulk tin

content of the rocks has been upgraded is difficult to

ascertain without extremely sensitive methods of analyzing

fresh and altered rocks. It is also possible that the

tin-bearing particles observed were a result of

contamination acquired during sample preparation and

analysis. However, the source of such a contaminant is

unknown. The various shapes of the grains and their

limited occurrence would tend to indicate that an

extraneous source of the tin is unlikely.



FLUID INCLUSION STUDIES

Fluid inclusions represent the trapping of a fluid

during or subsequent to the formation of the mineral in

which the inclusion is found. As clearly stated by Edwin

Roedder (1984, P. 6),

11 ...fluid inclusions provide a record, albeit
complex, fragmentary, and minuscule, of fluids
long since gone from the face of the earth; hence,
they provide a rich source of small but valuable
clues for unravelling past geological processes."

In order to make use of these clues, the inclusions

must have been trapped as a single homogeneous phase, and

they must have undergone no substantial modifications in

volume or content since formation (Roedder, 1984). If

these criteria are met, the fluids contained in inclusions

are samples of the fluids present during their formation.

A convenient classification of fluid inclusions is

that of Nash (1976), which is based upon phase relations

observable at room temperature. Inclusion types I, II,

and III from this classification are present in the rocks

of the Western Cascades. Type I inclusions are

characterized by liquid and a small vapor bubble. They

may also contain birefringent daughter phases, commonly

dawsonite (NaAl(CO3) (OH)a), other carbonate minerals,

anhydrite, and hematite. Type I inclusions of the Western

Cascades were not observed to contain daughter minerals.
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Type II inclusions also contain liquid and vapor phases,

but in these the vapor phase constitutes greater than 60%

of the volume of the inclusion. Hematite may be present

as a daughter product. These inclusions form by the

trapping of low-density fluids; some synchronous trapping

of Type I and II fluid inclusions represent boiling. Type

II inclusions occur infrequently in the Western Cascades.

Type III inclusions are distinguished by the presence of a

daughter halite crystal in addition to liquid and vapor

phases, and may contain sylvite, anhydrite, calcite, and

other minerals. These inclusions are characteristic of

porphyry copper deposits, but are also known to form in

unmineralized environments (e.g., granites). In the

Western Cascades, these are observed in samples

representing breccia-type and disseminated or fracture-

controlled porphyry-type mineralization.

Three general modes of inclusion formation can be

defined, although the results are seldom easily

distinguished under the microscope. An extensive list of

criteria to aid in determining the origin of inclusions is

given by Roedder (1984). Primary inclusions are those

which are trapped during the crystallization of the host

mineral. They yield information about conditions during

mineral formation. Secondary inclusions are trapped at a

later time in the presence of a fluid unrelated to the

formation of the mineral hosting the inclusion. A
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fracture forms in the mineral, fills with the surrounding

fluid, and heals, leaving a planar group of inclusions,

commonly amoeboid in shape. These may, over time, become

more regular in shape and less ordered in their spatial

arrangement by recrystallization of the host mineral.

This process may take place in response to thermal and

stress gradients (Roedder, 1984) so as to increase the

stability of the inclusion's shape. Psuedosecondary

inclusions are formed in the same manner as secondary

inclusions, but through fracturing and healing of a

crystal during its growth.

A major source of error in fluid inclusion studies is

the misidentification of an inclusion as primary. The

data obtained from such an inclusion are often

sufficiently anomalous to warrant reinterpretation of its

origin.

An inclusion may change in volume following its

formation. A long, thin inclusion may undergo necking-

down, in which one or more segments of the inclusion are

sealed off from the remainder. Necking-down can result in

different phase ratios in each of several segments. Such

inclusions may yield erroneous data if they are

interpreted as primary.

In hydrothermal ore deposits, studies of fluid

inclusions are undertaken in order to define the

temperature and pressure of formation of the host mineral,
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and the composition of the hydrothermal fluid from which

the host mineral formed. For most studies, the

determination of fluid composition is limited to the

determination of salinity, estimated as weight % NaC1

equivalent, in comparison to the experimentally well-

defined H20-NaC1 system. Estimates of salinities and of

formation temperatures are made by direct thermometric

measurements. On the other hand, pressure estimates from

Type I inclusions require that the identities and amounts

of dissolved constituents in the trapped fluid phase are

known, and that accurate pressure-volume-temperature-

composition (P-V-T-X) data for the fluid composition

present are available (Roedder, 1984). Because of

difficulties in determining precise volumes and

compositions for the Type I inclusions, pressure estimates

made during this study are based on the order and

temperatures of phase disappearances in Type III

inclusions.

Most fluid-inclusion microscopy is accomplished in

transmitted light; therefore, only those inclusions which

have been formed in transparent and translucent minerals

can be studied. Accordingly, in ore deposits, the gangue

minerals (quartz, calcite, fluorite, etc.), and sometimes

Fe-deficient sphalerite, provide most of the fluid

inclusion data. It is imperative that textural evidence

support a temporal association between the ore and gangue
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minerals, in order to render valid the assumption that

data from the latter are applicable to the former.

Once petrographic work was completed for a thick

section containing suitable mineral material, the section

was mapped in detail so that the appropriate inclusions

could be relocated. Then the section was separated from

its slide and broken into chips. Because of the danger of

an inclusion stretching or decrepitating upon heating,

freezing runs always preceded heating runs for any chip.

Where possible, both freezing and heating data were

obtained for a single inclusion.

Salinities of Type I inclusions were determined by

super-cooling them until ice crystals formed in the liquid

phase (Tn ice). The frozen inclusions were warmed rapidly

to about -15.0° C, allowed to stabilize, and then warmed

slowly so that the temperature of melting of the ice (Tm)

could be observed and recorded. Some of the freezing runs

were repeated three times, and Tm values were always

within 0.1° C of one another, indicating a precision of

about ± 0.1° C. The freezing-point depression (Df) is

related to salinity (Ws) by

Ws = 0.00 + 1.76958Df - 4.2384 x 10-2Df2 + 5.2778 x 10-4Df3

(± 0.028) (Eq. 1)

(Potter et al, 1978); Ws is expressed in units of wt% NaC1

equivalent. For Type III inclusions, the salinity of the
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fluid was approximated by visually estimating the volume

percent halite in the inclusion (Roedder, 1984).

The homogenization temperature (Th) was measured for

Type I and II inclusions by increasing the temperature of

the inclusion until the vapor bubble seemed to disappear.

At that point the temperature was recorded, and then

decreased sharply while observing the inclusion. If the

vapor bubble reappeared rapidly and increased gradually in

size, Th had not been reached. If the bubble reappeared

suddenly after a 30°-40° C temperature drop, Th had been

exceeded. For every inclusion, a series of measurements

bracketing Th was made; these converged on 2°-3° C

intervals, at which time the two closest values (greater

than and less than Th) were averaged to obtain Th. By

this method, an estimated precision of ± 2° C was

obtained. Th was determined for Type III inclusions by

recording the temperature at which the fluid in the

inclusion became a single homogenous phase, regardless of

which two phases were the last to homogenize.

Accuracy of measurements was determined by

constructing a calibration curve for the data, based on

determinations of the melting temperatures of a partial

series of standards; a correction (AT) based on this curve

was applied to measurements of Th. It was also noted that

ice crystals which formed on the sample surface during

freezing runs melted within 0.1° C of 0.0° C, indicating
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that measurements taken near 0.0° C were reasonably

accurate.

Th measurements are minimum estimates of the

temperatures of trapping (Tt) of the inclusions, and of

the temperature of formation of the host mineral.

Estimates of pressures of formation are used to determine

the correction needed to relate Th and T. Depth

estimates for Western Cascades mineralization range from

740 to 1800 in (Munts, 1978; Power, 1985; Field et al.,

1987), equivalent to between 70 and 150 bars hydrostatic

pressure, or between about 200 and 500 bars lithostatic

pressure. These pressures indicate that homogenization

temperatures reported in this study are 50 to 45° C lower

than trapping temperatures (Potter, 1977; Roedder, 1984).

Western Cascades Fluid Inclusion Data

Type I fluid inclusions are common in the samples

examined from the Western Cascades. Type II inclusions

were recognized in only a single sample, collected from

the Quartzville mining district. Type III inclusions are

present with the Type II inclusions in this sample. They

are also present in samples from breccia pipes in the

Washougal mining district and in rocks containing

disseminated sulfides from the North Santiam mining

district.
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In the Western Cascades, quartz, calcite, and

sphalerite are appropriate minerals for fluid inclusion

studies. None of the inclusions observed in calcite was

large enough for study, and only a few measurements of

inclusions in sphalerite were made; the bulk of data is

from determinations on inclusions in quartz. Complete

tables of the fluid inclusion data are found in Appendices

4 and 5.

Salinities

Salinity data for two-phase inclusions (Types I and

II) in samples from all of the mining districts are

compiled in Figure 17 and Table 2a. Salinities range from

1.0 wt% NaC1 equiv. to 10.0 wt% NaC1 equiv. Some two-

phase inclusions are suspected to be secondary, based upon

their behavior during homogenization runs, which is

described in the next section. In Table 2b, data for

these inclusions have not been incorporated into the

means. The mean and standard deviation of salinities for

this limited group of data are 4.6 ± 2.5 wt% NaC1 equiv.

Mean salinities of two-phase inclusions in each

district show an apparent increase from the northernmost

Washougal mining district south to the Bohemia mining

district (Table 2). Salinity data, for 115 fluid

inclusions, were obtained from 13 hand samples. This
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Table 2. Statistics for fluid inclusion data - number of
samples (N), mean (X-bar), standard deviation (s)
from all districts. Units for means and standard
deviations are °C for homogenization and wt% NaC1
equiv. for salinity.

2B. Primary 2-phase inclusions

1

1

2A. All 2-phase inclusions

Homogenization Salinity
Statistics Statistics

District N X-bar s N X-bar s

Washougal 14 262 15 22 2.0 0.6

N. Santiam 14 255 29 11 2.6 1.4

Quartzville 23 302 57 29 4.1 2.0

1

Bohemia 38 266 16 53 6.4 1.9

W. CASCADES 89 273 37 115 4.6 2.5

Homogenization Salinity
Statistics Statistics

District N X-bar s N X-bar s

Washougal 14 262 15 22 2.0 0.6

N. Santiam 14 255 29 11 2.6 1.4

Quartzville 18 296 44 24 3.8 1.8

Bohemia 37 268 13 52 6.5 1.9

TOTAL
W. CASCADES 83 271 29 109 4.6 2.5
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limited number of samples probably does not provide a good

representation of all two-phase inclusions in the mining

districts. However, increased chloride concentrations in

the Bohemia mining district would indicate greater

influence of magmatic fluids compared to the other mining

districts. This is in agreement with a study of oxygen

isotopic compositions of alteration minerals from these

mining districts; some samples from the Bohemia mining

district have the most magmatic oxygen isotopic

compositions of any samples from the Western Cascades

(Taylor, 1971). In addition, the transport of metals in

hydrothermal fluids is widely believed to be accomplished

predominantly in chloride complexes (Barnes, 1979), and

salinity is noted to be directly related to copper grade

in some porphyry copper deposits (Pomarleanu, 1986).

Greater proportions of sulfides in veins in the Bohemia

mining district relative to other mining districts of the

Western Cascades (Callaghan and Buddington, 1938) is

consistent with these concepts and with these salinity

data.

Type III inclusions have salinities from greater than

30 wt% to about 60 wt% NaCl. Salinity data for Type III

inclusions are not depicted in Figure 17, nor are they

summarized in Tables 2a and 2b. However, it is apparent

without addition of these values that the distribution of

salinities is bimodal, and the data for Type III
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inclusions would fall above 26 wt% NaC1 equiv. Because

the Types I and III inclusions occur in environments which

are very different from one another, it is inappropriate

to consider their salinities together. Data for Type III

inclusions are not available from the Blue River and

Bohemia mining districts, and a bias reflecting the high

salinities would be introduced if these data were

incorporated into the means for the other districts.

Temperatures

Homogenization temperatures are presented as a

histogram in Figure 18; statistical data are given in

Tables 2a and 2b. For all two-phase inclusions, Th ranges

from 180° C to 420° C. Sample QVCS-19, from the

Quartzville mining district, contains an assemblage of

fluid inclusions that is indicative of boiling. Such

inclusions, according to Roedder (1984), may yield

erroneous trapping temperatures. Additionally, the two

inclusions with the lowest Th values are associated with

other inclusions of higher Th, and such inconsistencies

provide good evidence that these data are not correct.

Elimination of all probably erroneous Th values decreases

the range to between 220° C and 310° C. The mean and

standard deviation of this limited group are 271° ± 28° C

(Table 2b). Mean Th values for the individual mining
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districts are not statistically different from one

another.

The Chaixmeca microthermometry apparatus used to

measure the homogenization temperatures was not capable of

attaining temperatures greater than 490° C, so that it was

not possible to determine Th for most of the Type III

fluid inclusions in the samples. Therefore, Th data for

these inclusions are not incorporated into Figure 18.

Washougal Mining District

Two distinct populations of inclusions are present in

the Washougal mining district; their Th and salinities

have a bimodal distribution. Type I inclusions homogenize

between 238° and 292° C, have salinities of 1.0 to 3.8 wt%

NaC1 equiv., and are associated with the sulfide-bearing

veins. Type III inclusions homogenize at greater than

490° C and are associated with breccia-type

mineralization.

Type III inclusions occur in a quartz-magnetite

veinlet from the Black Jack breccia pipe. Daughter phases

include halite and sylvite, and some inclusions have one

or two other unidentified solid phases. Sylvite-bearing

inclusions have been related to potassic alteration in

many porphyry copper deposits, including a prospect at

Guadalcanal (Chivas and Wilkins, 1977). This is
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consistent with reported potassic alteration in the Black

Jack breccia pipe (Schriener, 1978).

With one exception, the Type III inclusions in the

sample from the Black Jack breccia pipe do not completely

homogenize below 490° C, the limit to which the stage

could be heated, although the daughter minerals dissolved

between 350° C and 465° C. Based on the daughter phase

behavior, the pressure of formation of these inclusions is

a minimum of 150 bars (Roedder, 1984). This is equivalent

to about 1500 in of depth, assuming hydrostatic pressure.

Because the anomalous inclusion is not representative of

the sample as a whole, a pressure of formation was not

determined based on it.

Power (1985) reported Type II inclusions in

association with Type III inclusions, an assemblage

indicative of boiling. A boiling fluid is trapped on the

liquid-vapor curve and needs no pressure correction to Th

(Roedder, 1984). Based on the assumption that such

inclusions were contemporaneous and on data from the NaC1-

H20 system, Power (1985) estimated that the breccia-pipe

formed at a depth of 1800 m under hydrostatic conditions.



North Santiam Mining District

Two populations of inclusions are also present in the

North Santiam mining district, and their Th have a bimodal

distribution. Type I inclusions homogenize between 224°

and 300° C, have salinities of 1.2 to 5.1 wt% NaC1 equiv.,

and are associated with sulfide-bearing veins. Type III

inclusions homogenize at greater than 490° C and are

associated with porphyry-type mineralization.

Quartz-tourmaline veinlets, which host numerous Type

III fluid inclusions, are associated with porphyry-type

disseminated copper sulfide mineralization in core samples

from the North Santiam mining district. None of the

halite dissolves on heating to 490° C, nor do the liquid

and vapor homogenize. This lack of dissolution or

homogenization of phases indicates a minimum pressure of

formation greater than 300 bars (Roedder, 1984),

equivalent to a depth of 1000 in under lithostatic

conditions or 3000 in under hydrostatic conditions. The

actual pressure regime was probably intermediate between

lithostatic and hydrostatic. An estimation of 741 in was

made by Power (1985) for a breccia pipe sample, based on

the behavior of an assemblage of inclusions suggestive of

boiling.
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Quartzville Mining District

A wide range of salinities and Th are evident in fluid

inclusions from the Quartzville mining district. Such

variability most likely results from a wide variety of

environments represented by the samples studied. Type I

inclusions homogenize between 192° and 386° C and have

salinities of 1.2 to 8.0 wt% NaC1 equiv.; Type II

inclusions homogenize between 275° and 418° C; and Type

III inclusions homogenize at 360° C.

A sample of argillized tonalite (QVCS-19, Sec.31,

T.11S, R.4E), metallized with only traces of sulfides,

contains Types I, II, and III fluid inclusions. The

quartz in this sample, inferred to be of magmatic origin,

has the greatest fluid inclusion abundance of any sample

studied. Type III inclusions are least common and are

randomly distributed; Type I inclusions are much more

abundant, but also seem to be randomly distributed; Type

II inclusions appear for the most part to be developed

along microfractures. The arrangement and homogenization

temperatures of these inclusions can be used to interpret

fluid evolution in the sample (Chivas and Wilkins, 1977).

As discussed below, homogenization temperatures preclude a

magmatic origin for any of these inclusions. Therefore,

all are considered to be of secondary origin, resulting

from fracturing and healing episodes. Earliest-formed
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planes of inclusions were intersected by all later

fractures, which destroyed inclusions along the older

fracture planes. The oldest inclusions should have the

lowest degree of planar continuity and the youngest, the

highest (Chivas and Wilkins, 1977). The inclusions

preserved in sample QVCS-19 indicate that the chronologic

order of their formation was Type III, Type I, and Type

Type III inclusions in sample QVCS-19 contain about 45

wt% NaCl; the vapor bubble homogenizes with the liquid at

230° C and the inclusions homogenize completely near 360°

C by dissolution of the halite cube. This homogenization

behavior indicates that the inclusions formed at pressures

higher than 400 bars (Roedder, 1984), but Th indicates

that these cannot be magmatic inclusions. They may be

associated with the intense alteration of the tonalite,

although the strong leaching associated with argillization

is not consistent with Na-rich fluids. Alternatively, and

most probably, these saline inclusions may have formed

during an early period of high-temperature alteration that

has been obscured by more recent retrograde or supergene

argillization.

Type I inclusions in sample QVCS-19 have salinities

near 8.0 wt% NaCl equiv. and homogenize at around 380° C.

Type II inclusions trapped a low-density vapor phase,

probably during boiling, which resulted in the formation
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of inclusions containing between 60 and 90% vapor by

volume. Salinities are difficult to determine for Type II

inclusions because of the problem of observing the

freezing and melting of the small quantity of liquid

lining the inclusion cavity. One determination yielded a

salinity of 8.0 wt% NaC1 equiv. Homogenization

temperatures in the Type II inclusions are between 275° C

and 420° C; a few homogenize in the liquid phase, but most

homogenize in the vapor phase. In the simplest case, two

types of inclusions will be trapped as a result of

boiling, one (Type I) containing the high-density liquid

phase and the other (Type II) the low-density vapor phase.

If pure liquid and vapor phases are trapped, the

homogenization temperatures for the resulting inclusions

will be similar. More commonly, varying ratios of the co-

existing liquid and vapor phases are trapped in the

inclusions during boiling. These inclusions yield

homogenization temperatures that are too great, and the

lowest Th of a group of inclusions from a boiling

assemblage is a maximum estimate of Tt (Roedder, 1984).

Assemblages of fluid inclusions similar to those

observed in sample QVCS-19 are associated with porphyry

copper deposits (Roedder, 1971; Nash, 1976; Chivas and

Wilkins, 1977) and copper-bearing breccia pipes in Chile

(Sillitoe and Sawkins, 1971). The presence of Type III

fluid inclusions in association with Type II inclusions
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has been cited as a potential indicator of porphyry copper

mineralization (Nash, 1976). In addition, inclusion

abundances have been shown to relate to anomalously high

geochemical analyses for Cu in soil samples (Chivas and

Wilkins, 1977) and inclusion salinity has been related to

copper grade in a Romanian porphyry copper deposit

(Pomarleanu, 1986). These data collectively suggest that

the tonalite intrusion on Boulder Creek may host porphyry

copper mineralization at depth.

Moderately saline Type I inclusions (between 4.4 and

6.7 wt% NaC1 equiv) accompany barren quartz in argillized

rock near Dry Gulch (sample QVCS-18), and sulfide

mineralization in a quartz-carbonate vein near the

southern limits of the district (sample QVCS-5; Sec.31,

T.11S, R.4E). Th ranges from 244° C to 305° C for these

inclusions. Inclusions in sphalerite of the sulfide-

bearing vein have salinities comparable to those in

quartz. However, some of the sphalerite inclusions show

evidence of secondary origin and of necking down. Their

low homogenization temperatures (192° C) also support a

secondary origin.

The least saline inclusions in the Quartzville mining

district are in a vuggy, iron-stained quartz vein (sample

QVCS-7, SE 1/4, Sec.31, T.11S, R.4E) that contains

electrum in hematite pseudomorphs after pyrite. These

Type I inclusions have a range of salinities from 1.5 to
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4.6 wt% UaC1 equiv. Interestingly, inclusions nearest the

electrum-bearing hematite have salinities greater than 2.1

wt% NaC1 equiv, and those from other areas in the same

sample have salinities less than 2.1 wt% NaCl equiv.

Homogenization temperatures are between 250° C and 305° C

and do not allow discrimination between these two groups.

The coarse quartz which hosts the inclusions most distant

from the electrum is interpreted to be later than and

unassociated with the gold-bearing pyrite.

Bohemia Mining District

Type I fluid inclusions in the Bohemia mining district

homogenize from 206° to 281° C and have salinities between

1.6 and 10.0 wt% NaC1 equiv. Inclusions that have the

highest salinities (up to 10.0 wt% NaC1 equiv.) are in

vein quartz from the Hidden Treasure Mine (sample BOCS-2).

Samples from this mine also contain inclusions with

salinities near 5.0 wt% NaC1 equiv.

A pair of veinlets in sample BOCS-9 from the

Alpharetta vein of the Musick Mine displays cross-cutting

relationships which enable the identification of an early,

barren, iron-stained veinlet, and a later sulfide-bearing

veinlet. Each of these contains two-phase, liquid-

dominated Type I fluid inclusions, which were examined in



the hope of defining paragenetic changes in the

hydrothermal fluid.

The early veinlet contains primary inclusions with

salinities near 6.0 wt% NaC1 equiv., which have Th

averaging 274° ± 1° C. Inclusions in the late veinlet

have salinities between 5.1 and 7.0 wt% NaC1 equiv. and

average homogenization temperatures of 275° ± 7° C.

Significant differences in the character of the

hydrothermal fluid were not determinable from this

comparison of the fluid inclusions in these veinlets.

More extensive sampling with careful attention to

paragenetic relationships, and studies of the contained

fluid inclusions, might contribute to a better

understanding of the evolution of hydrothermal processes

in the Bohemia mining district.
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SULFUR ISOTOPE STUDIES

Sulfur has four naturally occurring isotopes, the most

abundant of which are 32S and 34S. They fractionate in

response to physical and chemical processes because of

their mass differences, and become distributed unevenly.

These fractionations are preserved in hydrothermal and

other geologic environments, especially as small

differences between the isotopic compositions of

coexisting sulfide minerals and as large differences

between coexisting sulfate and sulfide minerals.

The sulfur isotopic composition of a compound is

quantified by measuring the 34S/32S ratio using mass

spectrometry. This ratio is compared to a standard ratio

and expressed as a per mil value (0/00) using the equation

sus 0/00 = ( (34s/32s )x/ (34s/32s%
)stdi/ - 1) x 1000 (Eq.2)

where (34S/32S)x is the isotopic ratio in the sample to be

evaluated, and (34S/32e' sw is the standard sulfur isotopic

ratio for troilite from the Canyon Diablo meteorite. By

definition, the standard has a 634S value of 0

Isotopic fractionation effects between compounds are

generally expressed as a Delta (A) value, defined as

A = 6 0, 6 0, (Eq.3)A-8 A 100 /00

for the sulfur-bearing mineral phases A and B.

0/00-
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Isotopic fractionation in sulfur compounds leads to

higher concentrations of the heavier isotopes in compounds

with greater bond strengths. The order of decreasing bond

strengths in the common sulfides, determined by

thermodynamic data and by experimental studies, is pyrite

> sphalerite > chalcopyrite > galena. This sequence is

supported by sulfur isotopic data from cogenetic

assemblages of these sulfides (Bachinski, 1969).

Three properties of hydrothermal environments are

major controls of the sulfur isotopic compositions

preserved in hydrothermal sulfur-bearing minerals. They

are temperature, the bulk isotopic composition of sulfur

in the hydrothermal fluid (634Sm), and the proportions of

oxidized and reduced sulfur species in the hydrothermal

fluid (Rye and Ohmoto, 1974).

Fractionation of sulfur isotopes (or of any isotope

pairs) decreases in magnitude with increasing temperature,

and is independent of pressure. A given pair of sulfur

minerals formed in equilibrium at a given temperature will

always have the same difference (A) between their OS
ratios. This relationship is the basis for the use of

sulfur isotope fractionation as a geothermometer.

Equations relating AA.E, to temperature are summarized in

Ohmoto and Rye (1979) and Field and Fifarek (1985).

The bulk isotopic composition of a hydrothermal fluid

(834Sm) can be calculated by summing the products of the
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834S values and the mole fractions of each sulfur species

present in the fluid. The source of the sulfur in the

fluid can be inferred from the 634S, each of the three

significant sources of sulfur in hydrothermal ore deposits

has a characteristic 634S Magmatic sulfur has a

bulk isotopic composition near 0/ Sulfur derived from
(1,

sea-water sulfate (aqueous or in pre-existing evaporite

minerals) tends to have a large positive (heavy) per mil

value. Sulfur recycled from the local country rocks has

an intermediate bulk composition (Rye and Ohmoto, 1974).

Biogenic sulfide minerals, if present in the country rock,

can contribute sulfur with isotopic analyses as light as -

30 to -50 0/00 to this source. However, biogenic sulfide

minerals are not significant components of country rocks

of the Western Cascades.

The isotopic compositions of hypogene sulfate and

sulfide minerals reflect the compositions of aqueous SO4=

and H2S in the hydrothermal fluid, respectively.

Fractionation is effected between aqueous sulfate and

sulfide, leaving S04= richer in the heavy 34S isotope than

coexisting aqueous H2S, because of its greater bond

strength.

Oxygen fugacity and pH control the presence and

abundance of the diverse sulfur species in the

hydrothermal fluid. A fluid of high f02 or low pH may

contain significant quantities of aqueous sulfate sulfur.
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Fractionation in hydrothermal fluids having a bulk

isotopic composition near 0 ()/00 leads to sulfate being

enriched in 34S (positive per mil values) and sulfide

being depleted in 34S (negative per mil values). The

magnitude of this fractionation effect in sulfate and

sulfide minerals is inversely proportional to temperature:

approximately 10 0/00 at 500° C versus 30 0/00 at 200° C

(Field and Fifarek, 1985). To the extent that sulfate or

sulfide becomes the dominant aqueous species of sulfur in

the system, as dictated by conditions of f02 and (or) Ph,

the dominant species becomes isotopically similar to the

bulk composition (0 0/00, for this case) and the

fractionation effect is imposed on the subordinate species

(Field and Gustafson, 1976).

Western Cascades Sulfur Isotope Data

Samples containing assemblages of different sulfur-

bearing minerals were slabbed, and the portions of

interest coarsely crushed. The minerals were separated by

hand-picking aided by use of a 70-power binocular

microscope. Each sulfide mineral separate was crushed to

powder, combined with CuO, and the sulfur was converted to

SO2 at 1025° C under vacuum. Sulfate in barite separates

was reduced to H2S by boiling in HI, H3PO4, and HC1 (Thode

et al., 1961). H2S was precipitated as Ag2S, which then
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was prepared as other sulfide samples. Isotopic analyses

were performed by contract with Global Geochemistry

Corporation, using mass spectrometers at the University of

Calgary under the supervision of Professor H. R. Krause.

634S per mil values for sulfide minerals from the

Western Cascades mining districts are presented as a

histogram in Figure 19. Statistical parameters for the

data obtained for each mineral species are presented in

Table 3. The individual sulfur isotope data obtained in

this study are presented in Appendix 6.

A separation between the OS values of galena and

those of other sulfides is readily evident in Figure 19.

This fractionation effect is consistent with the trend

predicted from theory for sulfides on the basis of bond

strengths (Bachinski, 1969) and on the basis of subsequent

experimental data (Ohmoto and Rye, 1979). The mean values

for other sulfide minerals follow the same predictions

(Table 3), except for pyrite (caused by one anomalously

34S-depleted sample). However, the overlaps of the

standard deviations are large and the means are not

significantly different.

Some samples from the Helena mine, Bohemia mining

district, contain pyrite that was deposited very late in

the depositional sequence. It is associated, but not

contemporaneous, with barite. Analysis of sulfur

extracted from this pyrite yielded an anomalously light
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Table 3. Statistical parameters
Number of samples (N),
standard deviation (s)
(MIN), highest 634S u/

for sulfur isotope data.
mean OS 2/00 (X-bar),

, lowest P4S 040 value
value (MAX).
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PYRITE SPHALERITE
CHALCO-
PYRITE GALENA BARITE

9 12 8 9 2

X-bar -0.1 1.2 1.1 -2.3 22.4

6.2 1.0 1.0 1.2 3.6

RANGE =

MIN -16.5 -0.3 -1.1 -4.1 19.8
MAX 3.5 2.7 2.3 -0.1 24.9
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634S value (-16.5,,(1),/
which strongly affects the mean(m

634S value of pyrite. If this datum is not considered in

statistical calculations, the mean for pyrite is

compatible with the trend predicted by theory and

experimentation (Bachinski, 1969; Ohmoto and Rye, 1979)

and established in the other sulfide minerals from the

Western Cascades.

Source of Sulfur

With the exception of the anomalously light analysis

of pyrite from the Helena Mine, Bohemia mining district

(-16.5 °,/00), the (534S data obtained in this study for

sulfide minerals from the Western Cascades range from

-4.1 to +3.5 0/00. The two OS values obtained for barite

(also from the Helena Mine, Bohemia mining district) are

19.8 and 24.9 0/00. Barite is in contact with the

anomalously light pyrite in one instance.

Traditionally, a distribution of sulfur isotope values

near 0 c)/00 in sulfides has been interpreted as indicating

a (534S value near 0 0/oo This conclusion is in turn

construed to indicate that the sulfur in the hydrothermal

system had a magmatic source. However, as indicated

above, the sulfur isotopic compositions of the sulfide

minerals are also influenced by the sulfur species in

solution (Ohmoto, 1972; Rye and Ohmoto, 1974; Ohmoto and
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Rye, 1979). Sulfide minerals containing sulfur of

magmatic origin will have isotopic compositions near the 0

°,/013 magmatic value only if sulfate was not a major

component of the hydrothermal fluid. The presence of

barite in the Helena Mine indicates that sulfate was

present in this hydrothermal system. However, textures

demonstrate that the barite was paragenetically later than

sulfide minerals in the veins. Sulfate minerals

demonstrating contemporaneity with sulfides have not been

observed in samples from the Western Cascades, thus, at

the time of sulfide mineral deposition, sulfate was not a

major component of the hydrothermal fluid.

The isotopic compositions of the sulfide minerals in

the Western Cascades are consistent with a magmatic sulfur

source in a hydrothermal fluid dominated by reduced S

species (S=, HS", H2S). Heavy isotopic compositions of

barite are consistent with this, but the late occurrence

of barite and its lack of association with cogenetic

sulfides indicates that its isotopic composition is not

related to the bulk isotopic composition of the fluid

which deposited the sulfides. The occurrence of 34S-

depleted pyrite in association with barite indicates that

locally, earlier-formed pyrite (or other sulfide minerals)

may have supplied sulfur which was incorporated into

barite during late hydrothermal or supergene

mineralization.



Temperatures of Deposition

Estimated temperatures of sulfide mineral deposition

were determined where textures suggested equilibrium

deposition of sulfide mineral pairs. These temperatures,

presented in Table 4, were calculated using the A values

for sulfide mineral pairs and equations summarized by

Ohmoto and Rye (1979) and Field and Fifarek (1985). If

the pattern of 834S values in a sample was not consistent

with the expected pattern of decreasing bond strengths

(Bachinski, 1969), the system was considered to be out of

equilibrium. Thus, a temperature determination was made

only if the 834S values of a mineral pair conformed to

those predicted by theory and (or) experiment. Textural

indications of contemporaneity among members of a mineral

pair, triplet, etc., constitute good evidence, but not

proof, of isotopic equilibrium. For most of the

individual mineral pairs, the isotopic data (fractionation

trends) and calculated isotopic temperature estimates are

generally reasonable for a hydrothermal environment and

suggest that near-equilibrium conditions prevailed.

However, petrographic study of sample QVCS-13 indicates

that pyrite formed early in the paragenesis, because it

has corroded contacts with other sulfides. Some of the

temperatures obtained for this sample, particularly those
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Table 4. Sulfur isotope temperature determinations for
mineral pairs.

District/
Sample #, Location

a - high probability of disequilibrium
b - possibility of disequilibrium

*(E) - early
(L) - late

Temperature determinations (°C)

PY-GN SL-GN PY-CP PY-SL
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North Santiam
NSCS-2, Eureka 433b

NSCS-12, Blue Jay 116 132 87a

Ouartzville
QVCS-5, S.31,T.11S,R.4E 129

QVCS-12, Tiger's Paw 151 113 344 338

QVCS-13, Metz 295 215 2723a 1315a

QVCS-14, Accident 167 157 197

OVCS-15, Sulfide Bridge 539b 766a

Bohemia
BOCS-5, (Lead) Crystal 179

BOCS-6, Champion 166

BOCS-8, Musick 240

*BOCS-10 (E), Helena 244
*BOCS-10 (L) 193
BOCS-4, Helena 262
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derived from the pyrite-chalcopyrite and pyrite-sphalerite

mineral pairs, are clearly unreasonably high.

The lower limit of usefulness of pyrite-galena and

pyrite-chalcopyrite pairs is about 200° C. The upper

limit of usefulness of the pyrite-sphalerite

geothermometer pair is near 700° C (Field and Fifarek,

1985). Excluding determinations outside these limits,

temperatures obtained from Western Cascades samples range

from 113° C to 539° C.

Sphalerite-galena pairs most consistently give

temperatures which indicate that the minerals formed under

equilibrium conditions (Ohmoto and Rye, 1979).

Restricting the isotopic evidence to only the sphalerite-

galena pairs, the results of this study indicate that

deposition of sulfides in veins occurred at temperatures

ranging from 113° to 240° C. These temperatures are

generally lower than those which have been determined

previously for the Western Cascades, using sphalerite-

galena pairs (Power, 1985; Field, unpubl. data, 1990). It

is possible that the individual minerals in some of the

sphalerite-galena pairs are not contemporaneous, the

sulfur in galena was incompletely converted to SO2 during

sample preparation, or the mass spectrometer that measured

the isotopic ratios was not consistently accurate. These

factors are discussed in the following section.



COMPARISON OF DEPOSITIONAL TEMPERATURES

Sulfur isotopic equilibria temperatures for sulfide

mineral pairs are between 113° and 539° C, and fluid

inclusion trapping temperatures fall between 225° and 355°

C. A comparison of the distributions of temperature

determinations is made in Figure 20, in which pressure

corrections have not been made for the Th values. It is

evident from these histograms that homogenization

temperatures are generally higher than sulfur isotope

temperature determinations. The mean, mode, and median

values for the fluid inclusion data fall in the same

class, whereas the distribution of sulfur isotope

temperature determinations is positively skewed. For

these data, the mean value is greater than the median

value, which in turn is greater than the mode. These

relationships among the mean, mode, and median hold true

even if questionable isotopic temperatures, such as the

highest determination, are not included in calculations of

the parameters.

This comparison is not consistent with previous

studies (Power, 1985) in which a relatively good match was

obtained between temperature determinations made through

fluid inclusion studies and those made based on sulfur

isotope data. There are several possible explanations for

this inconsistency. Sulfide pairs may not have formed
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hydrothermal mineral deposits of the Western
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contemporaneously; formation of the quartz which contains

the fluid inclusions may not have been contemporaneous

with formation of sulfide minerals; the S= in galena may

have been incompletely converted to SO2 before isotopic

analysis; or the instruments which provided the analytical

data may not have been consistently accurate.

In most cases, textural evidence in samples from the

Western Cascades supports, but does not prove,

contemporaneity of sulfide minerals. Some quartz

evidently was deposited prior to and following deposition

of sulfide minerals. However, most of the fluid inclusion

data was obtained from quartz that showed good evidence of

co-deposition with respect to sulfides. Fluid inclusion

measurements made for samples that contain more than one

generation of quartz do not differentiate between

temperatures of homogenization of inclusions in early and

late quartz. These relationships suggest that, for the

samples studied, deposition of barren and sulfide-bearing

stages may have taken place at similar temperatures. The

third possibility would result from the formation of a

solid lead sulfate in the sample chamber during sample

preparation, which would preferentially retain heavy 34S

relative to 32S. This fractionation would render the

galena isotopic analyses too light (negative), resulting

in larger differences (A) between per mil values of galena

and sphalerite and causing the calculated isotopic
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temperatures to be lower than actual temperatures.

Determining instrumental accuracy for the laboratory that

performed the analyses is not feasible, and the fourth

potential source of error cannot be tested.

The sulfur isotopic analyses for galena determined in

this study are lighter than many of those obtained

previously for the Western Cascades mining districts

(Power, 1985; Field, unpubl. data, 1990). The reasons for

this apparent discrepancy and the resultant low isotopic

temperature estimates are currently being investigated at

Oregon State University. The most likely explanations for

the discrepancy are that the sulfide sulfur in galena was

incompletely converted to SO2 during sample preparation,

or that some sulfide mineral pairs are not

contemporaneous, despite textural evidence and isotopic

compositions that support paragenetic equivalence.



SUMMARY AND CONCLUSIONS

The small mining districts of the Western Cascades

expose different levels of similar hydrothermal systems.

Hydrothermal activity was related to the emplacement of

intermediate to silicic composite plutons into coeval and

chemically similar volcanic complexes. Regional northwest

and north-to-northeast structural trends channeled the

hydrothermal fluids and in some instances provided zones

of structural weakness that localized breccia pipes

mineralized with base-metal sulfides. Hydrothermal

activity has also effected alteration and mineralization

of the plutons themselves at some locations (Peck et al.,

1964; Priest et al., 1983).

Revisions to the hypothetical model for Western

Cascades porphyry mineralization (Field, 1976; Power,

1985; Field et al., 1987) were made in accordance with

results of this study and are incorporated into Figures 21

and 22. Observed mineralogies of alteration and

metallization are largely in agreement with this previous

model (compare Figs. 21 and 22 with Figs. 2 and 3). In

the revised model, argillic and phyllic alteration are

presented as having greater distribution in association

with vertical extensions of the plutonic rocks (Fig. 21).

Gold and silver are included with copper and molybdenum as
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potentially important metals within the moderate and deep

parts of the porphyry system, and significant overlap of

base and precious metals occurs within veins (Fig. 22).

The distribution of fluid inclusion types is superimposed

on Figure 22. Type II and III inclusions have similar

distributions, associated mainly with copper

mineralization in plutonic rocks and deeply exposed

breccia pipes. Type I fluid inclusions are ubiquitous in

veins of the mining districts.

The Western Cascades mining districts represent the

upper levels of porphyry copper systems, as porphyry

mineralization is uncommon at the surface. Porphyry

mineralization has been identified in outcrops and is more

widespread at depth in the Washougal and North Santiam

mining districts (Olson, 1978; Schriener, 1978; Shepard,

1978; Power, 1985). It is characterized by chalcopyrite

and bornite disseminated as replacements of ferromagnesian

and oxide phases in finely-crystalline intrusive rocks.

Molybdenite has been reported in porphyry mineralization

in the Washougal and North Santiam mining districts

(Heath, 1966; Schriener, 1978; Olson, 1978; Power, 1985),

but none was observed during this study. Supergene

wulfenite (PbMo00 in the North Santiam mining district

implies that molybdenite was originally present as a

hypogene mineral. Tin-rich particles, irregular in shape

and less than 2 gm in diameter, are present in association
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with porphyry mineralization in the North Santiam mining

district. Other elements do not appear in the spectra of

these particles; they may be cassiterite. Monazite

((Ce,La,Nd)PO4) also occurs in the altered plutonic rocks

which host porphyry mineralization, possibly as a primary

magmatic constituent.

Quartz-tourmaline veinlets, which were observed to be

associated with porphyry mineralization in samples from

the North Santiam mining district, contain Type III fluid

inclusions. The compositions and homogenization behavior

of these inclusions confirm that the hydrothermal fluid

was highly saline, was trapped at temperatures in excess

of about 490° C, and at depths between 1000 in and 3000 m,

assuming that pressure conditions intermediate between

lithostatic and hydrostatic prevailed.

Most copper mineralization at the surface in the

Washougal and North Santiam mining districts is localized

in breccia pipes (Heath, 1966; Schriener, 1978; Olson,

1978; Shepard, 1979). The mineralized zones continue at

depth; they comprise chalcopyrite and bornite which are

disseminated in breccia clasts and form a moderate to

dominant portion of the interfragmental matrix.

Inclusions of stutzite (Ag5.xTe3) may be contained in

chalcopyrite. Magnetite is also disseminated in breccia

fragments and occurs as an early mineral lining quartz

veins in the breccia pipes. Inclusions of bornite were
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observed in the magnetite. Breccia-pipe mineralization in

the Washougal mining district contains traces of precious

metals and of tin. Native silver, and a natural alloy of

gold, silver, and copper are disseminated as crystals 5 to

10 gm in diameter in silicate minerals of the breccia

fragments and the matrix. Also hosted by the matrix are

micron-sized tin-rich spheres. They are localized along

cleavage planes in actinolite, and some of these contain a

few percent of nickel and copper in their EDX spectra.

Chalcopyrite and bornite are present in massive forms

at depth in breccia pipes of the North Santiam mining

district, and textural relationships indicate that

chalcopyrite followed bornite in paragenesis. Blebs of

galena, accessory amounts of wittichenite (Cu3BiS3),

minerals of the tennantite-tetrahedrite series

((Cu,Fe)12(Sb,As)4S13), a silver telluride ((Ag,Cu)7Te.2),

and electrum are present with the copper sulfides.

Wittichenite, silver telluride, and galena are co-genetic

with the copper sulfides in this setting, and tennantite-

tetrahedrite and electrum formed adjacent to and enclosed

by late calcite gangue. Anomalous zinc values in assays

of samples from deep breccia pipe mineralization at the

North Santiam mining district result from the presence of

up to 7.5 pct Zn in tennantite-tetrahedrite. Small

amounts of bismuth are also included in this mineral. In

one sample of diamond drill core, tennantite-tetrahedrite
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crystals contain greater amounts of arsenic than antimony

and are called tennantite. Antimony dominates in the

mineral twenty feet deeper, and it is more appropriately

labelled tetrahedrite. Electrum consists of approximately

equal percentages of gold and silver by weight, with a few

percent copper. Breccia pipes in the North Santiam mining

district contain hydrothermal rare-earth-element minerals

in quartz. These were tentatively identified as

bastnaesite ((REE)CO3), although small amounts of monazite

((REE)PO4) may be intermixed.

Breccia pipes are associated with potassic alteration

when deeply exposed, as observed in the Washougal and

North Santiam mining districts. Shallowly exposed breccia

pipes are characterized by phyllic and argillic

alteration, as in the Quartzville and Bohemia mining

districts. They do not contain important amounts of base

or precious metals, but are mineralized with small to

moderate quantities of pyrite and trace amounts of

chalcopyrite (Gray, 1977; Munts, 1978; Schaubs, 1978;

Power, 1985). Breccia pipes have not been identified in

the Blue River mining district.

Fluid inclusions in the deeply exposed breccia pipes

of the Washougal and North Santiam mining districts may be

Type I, Type II, or Type III, although the Type I

inclusions show evidence of secondary origin.

Temperatures of mineralization greater than 490° C are
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indicated by fluid inclusion studies for potassically

altered portions of breccia pipes. Estimates of pressure

have been made based on the behavior of assemblages of

Types II and III inclusions, which are indicative of

boiling. These estimates range from 740 in to 1800 m,

assuming hydrostatic pressures (Power, 1985). Estimates

of formation depths were also made during this study for

deeply exposed breccia pipes and range from 1000 in to

greater than 1500 m, under hydrostatic conditions.

All of the districts studied contain base-metal

sulfides in quartz-carbonate veins. This is the dominant

form of mineralization in the Bohemia mining district and

an important portion of mineralization of the North

Santiam and Quartzville mining districts (Olson, 1978;

Munts, 1978; Schaubs, 1978). However, this type of veins

is present only rarely in the Washougal and Blue River

mining districts (Schriener, 1978; Power, 1978; Shepard,

1979). The most abundant sulfide minerals in veins are

bornite, chalcopyrite, galena, sphalerite, and pyrite.

Zoning of metals is evident to some extent in the veins

from each of the mining districts. Galena and sphalerite

increase relative to bornite and chalcopyrite from central

to peripheral zones. In the central parts of the North

Santiam and Bohemia mining districts, copper sulfides are

associated with specular hematite and traces of pyrite.

In all other areas, galena and sphalerite are the major
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sulfide constituents of veins. These two minerals are

usually sub-equal in abundance.

Galena in the base-metal sulfide veins appears to have

been introduced during two distinct periods of

mineralization. Early, euhedral pyrite crystals contain

blebs and stringers of galena, some oriented parallel to

crystal faces. However, the majority of the galena in the

veins was deposited in a later stage than was the majority

of the pyrite, and forms large anhedral to subhedral

crystals that are co-genetic with other sulfides. Galena

in the Bohemia mining district may contain one to three

percent silver.

In thick sections, the color of sphalerite ranges from

yellow-green to amber-yellow and deep red-brown. The

lighter-colored sphalerite contains as little as 0.5

percent Fe. This variety is characteristic of the North

Santiam and Quartzville mining districts, whereas

sphalerite in the Bohemia mining district is a red-brown

variety in the early stages and was followed by a later

pale yellow-green variety.

Tetrahedrite is common but not abundant, and is

localized as stringers and blebs in other sulfides.

Larger, polycrystalline aggregates of tetrahedrite in the

Quartzville mining district consist of two interlocked

phases, one of which contains greater percentages of zinc

and silver relative to iron. Argentiferous tetrahedrite
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(freibergite) is also present in the Blue River and

Bohemia mining districts. These varieties contain 10 to

30 percent silver.

Other minor constituents of base-metal vein

mineralization are arsenopyrite, from the Blue River

mining district; cobaltite, which occurs as rare micron-

sized crystals in coarsely crystalline quartz from a vein

in the Helena Mine, Bohemia mining district; the silver

sulfides argentite (observed in all except the Blue River

mining district) and mckinstryite (?) ((Ag,Cu)2S - Bohemia

mining district); native silver, in sulfide veins in the

Washougal mining district; and irregularly shaped crystals

of tin-oxide (?) up to about 3 Am in diameter (Helena

Mine, Bohemia mining district).

Supergene minerals associated with base-metal veins

include chalcocite and bornite in the Washougal mining

district, wulfenite (PbMo04) and parahopeite (?)

(Zn3(PO4)2) in the North Santiam mining district, and

covellite in the Bohemia mining district.

Precious-metal veins represent the highest levels of

mineralization in hydrothermal deposits of the Western

Cascades. Many precious-metal occurrences in the

Quartzville and Bohemia mining districts consist of

pockets of gold in the oxidized portions of base-metal

sulfide veins (Callaghan and Buddington, 1938). This

evidence indicates that precious-metal mineralization and
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base-metal mineralization overlap, possibly to a large

extent. Quartz veins of the Quartzville mining district

may contain electrum enclosed in pseudomorphs of hematite

after pyrite. However, it is not possible to determine if

the gold formed as a discrete phase or as a solid solution

constituent of the pyrite.

Veins of base and precious metals usually traverse

propylitically altered country rocks. Large veins may

have selvages in which argillic alteration has affected

the wallrock. Propylitically altered rock associated with

base-metal sulfide veins may contain small amounts of

disseminated galena as crystals a few Am in diameter. The

galena may be distributed alone or with clusters of pyrite

cubes, forming blebs and filling interstices.

Type I fluid inclusions are common in vein quartz of

the Western Cascades mining districts. Their salinities

range from 1.0 to 10.0 wt% NaC1 equiv, and homogenization

temperatures are between 2200 and 310° C. Pressure-

corrected trapping temperatures are estimated to be 225°

to 355° C.

When the mineralogical characteristics of the mining

districts of the Western Cascades are compared to those of

an idealized porphyry system, the Washougal mining

district represents moderate depths in such a system.

This district has been eroded mostly beyond the depths of

well-developed veining, but is within the vertical span in
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which copper-bearing breccia pipes occur. More abundant

sulfide veins in the North Santiam mining district

indicate that it is at a somewhat higher level in the

system, but it also is within the zone of important

breccia-pipe mineralization. Erosion in the Bohemia

mining district has exposed a level of well-developed

veins and high-level, poorly-mineralized breccia pipes.

Similar breccia pipes occur in the Quartzville mining

district, but fewer and smaller veins are present relative

to the Bohemia mining district, indicating that it

correlates with a higher level of the idealized porphyry

system. Because breccia pipes are not exposed in the Blue

River mining district, and because the density of veins

and abundance of sulfide minerals are low relative to the

other districts, the district exposes the highest level of

a porphyry system among the five districts studied.

Type II and Type III fluid inclusions co-exist in a

tonalite intrusion from the Quartzville mining district.

An earlier study identified this assemblage of fluid

inclusions within intrusive country rocks of the Bohemia

mining district (Power, 1985). This evidence indicates

that porphyry or breccia-pipe copper mineralization was

localized near the surface in these two districts.

Sulfur in vein minerals exists predominantly as

sulfide minerals, with less than 10% sulfate minerals.

With the exception of a single anomalous light 34S
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analysis of pyrite, sulfur isotopic compositions of the

sulfide minerals range from -4.1 to +3.5Isotopic
f)/oo

analyses of two barite samples yielded values of 19.8 and

24.90,/oo These compositions and the sulfide/sulfate

ratios indicate that the bulk sulfur isotopic composition

of the hydrothermal fluid was near 0/o therefore, the(3,o;

sulfur probably had a magmatic origin. The dominant

sulfur species in the fluid was S=, and the major

fractionation effects were imposed on the subordinate SO4=

species.

Excluding determinations outside the useful range of

the geothermometer mineral pairs, sulfur isotope

temperatures ranged from 113° to 539° C. Determinations

obtained for sphalerite-galena pairs ranged from 113° to

240° C.

Depositional temperatures were compared for the

hydrothermal mineral deposits of the Western Cascades

based on fluid inclusion homogenization studies and sulfur

isotope analyses of sulfide mineral pairs. Homogenization

temperatures are normally distributed with a mean of 271°

C. Because no correction for pressure was included in the

homogenization measurements, the mean trapping temperature

is between 50 and 45° C higher. The distribution of

sulfur isotope temperatures is positively skewed with a

mean of 230° C. The mean sulfur isotope temperature is

169° C for only the sphalerite-galena pairs, which are
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considered to be the most reliable pairs for temperature

determinations. The most plausible explanation for the

discrepancy between the temperatures of deposition

determined by the different methods is that the sulfide

sulfur in galena was incompletely converted to SO2 during

sample preparation.

The results of this study suggest that the areas most

likely to yield significant production of base and

precious metals in the future include the Cedar Creek

breccia pipe of the North Santiam mining district (copper,

gold, and silver) and the sulfide veins of the Bohemia

mining district (copper, lead, zinc, silver, and gold).

Based on fluid inclusion study, targets for future

exploration should include the tonalite intrusion on

Boulder Creek in the Quartzville mining district.
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APPENDICES



District
sample #

Blue River
BRCS-1

Type of study
Location and/or Miner- Fluid Sulfur Collector
other sample # alogy incl. isotope of sample

Miners Queen
35-(S78-35b)

SW14,Sec21,T3N,R5E
Black Jack

S78-43C
SE-44,Sec29_,T3N,R5E

N.Santiam
NSCS-1 Black Eagle
NSCS-2 Eureka (E-13)
NSCS-3 Ruth (NS V-4-1)
NSCS-4, Ruth (Amalg)
NSCS-6 NS-V-3 (W-9A)
NSCS-9 Blue Jay (NS-V-5-2)
NSCS-10 NS-1 1944'
NSCS-11 NS DDH-1 1979
NSCS-12 Blue Jay
CC-2-362 Cedar Ck.bxa pipe
CC-2-382 // 11 11

CC-3-500 II 11 II

CC-3-520 It 11 11

Ouartzville
QVCS-5 SW1,Sec31,T11S,R4E
QVCS-7 SE=4,Sec31,T11S,R4E
QVCS-12 Tiger's Paw pspct
QVCS-13 Metz prospect
QVCS-14 Accident claim
QVCS-15 Sulfide Bridge
QVCS-17 NE,Sec21,T115,R4E
QVCS-18 NE3/4,Sec22,T11S,R4E
QVCS-19 NW1/2,Sec31,T11S,R4E
OVCS-20 NW3/4,Sec31,T11S,R4E

X X X Summers
X X 11

X Munts
X X Field

X Munts
X Summers

11

X
X 11

Lucky Boy X Power
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Appendix 1. List of samples.

Schriener
X Shepard

X Schriener
X Shepard

Olson
X II

I/
11

If

Field
It

X Olson
Field

11

11

11

Washougal
WACS-1
WACS-2

WACS -3
WACS -4



a - curator of Oregon State University's Caldwell
collection.

References to sample locations

Washougal Mining District - see Grant, 1969; Moen, 1977;
Schriener, 1978.

North Santiam Mining District - see Brooks and Ramp, 1968;
Olson, 1978.
Cedar Creek breccia pipe - SE1/4 SW1/4 Sec.31, T8S, R5E.
DDH-1 (NSCS-10 & 11) - SW1/4 SW 1/4 Sec.29, T8S, R5E.

Quartzville Mining District - see Brooks and Ramp, 1968;
Munts, 1978; Nicholson, 1989.

Blue River Mining District - see Brooks and Ramp, 1968;
Power, 1978.

Bohemia Mining District - see Brooks and Ramp, 1968;
Schaubs, 1978.
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Appendix 1. (continued)

Type of study
District Location and/or Miner- Fluid Sulfur Collector
sample # other sample # aloqv incl. isotope of sample

Bohemia
BOCS-1 Vesuvius X X Fielda
BOCS-2 Hidden Treasure X X 11

BOCS-3 Champion (BOH-49) X X 11

BOCS-4 Helena(HD;BO-V-11) X X X it
BOCS-5 (Lead)Crystal 4800 X X X II

BOCS-6 Champion X 11

BOCS-8 Musick (BOH-34) X 11

BOCS-9 Alpharetta, Musick X X t/

BOCS-10 Helena X 11

BOCS-11 Helena (BO-V-10) X 11
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Appendix 2. Sample descriptions.

WACS-1 - Miners Queen breccia; potassic alteration;
porphyritic clasts contain disseminated chalcopyrite and
magnetite and quartz veinlets which predate brecciation:
cement of actinolite and chalcopyrite.

WACS-2 - outcrop; argillic alteration in wall rock; veinlets
of quartz which contain sparse bornite and chalcopyrite;
iron and manganese oxide stains.

WACS-3 - Black Jack breccia pipe; phyllic alteration;
brecciated porphyritic plutonic rock; secondary quartz,
sericite, magnetite, and clay; quartz veinlets contain
magnetite, tourmaline, actinolite, and chlorite; bornite
inclusions in magnetite.

WACS-4 - outcrop; argillic alteration in wall rock;
quartz/carbonate veinlets; small amounts of bornite,
sphalerite, and chalcopyrite in veinlets.

NSCS-1 - Black Eagle mine; phyllic alteration (?);
chalcopyrite in vein; sphene and apatite gangue.

NSCS-2 - Eureka mine; phyllic/argillic alteration; quartz
vein with patches of clay and sericite; pyrite, sphalerite.

NSCS-3 - Ruth (Amalgamated) mine; argillic alteration;
quartz vein with clay; chalcopyrite, sphalerite with
inclusions of galena.

NSCS-4 - Ruth (Amalgamated) mine; phyllic alteration; quartz
vein with sericite, small amounts of clay; sphalerite,
pyrite, and galena.

NSCS-6 - potassic alteration; coarse quartz (qz) with
hydrothermal biotite and chlorite from crustified vein;
specular hematite (spec) followed by chalcopyrite (cp) final
filling; traces of pyrite (py); qz - spec cp + py.

NSCS-9 - Blue Jay mine; argillic alteration; quartz-sulfide
veinlets with clay; pyrite + galena chalcopyrite
sphalerite; late barren quartz and calcite.

NSCS-10 - drill core from center of district; potassic
alteration; porphyritic plutonic rock; alteration minerals
quartz, clay, biotite; disseminated chalcopyrite, magnetite;
quartz veinlets containing tourmaline, biotite, and
chlorite.
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Appendix 2. (continued)

NSCS-11 - drill core from center of district; potassic
alteration; porphyritic plutonic rock; alteration minerals
biotite, clay; disseminated chalcopyrite, magnetite,
ilmenite; quartz veinlets - largest lined with chalcopyrite,
followed by tourmaline and quartz.

NSCS-12 - Blue Jay mine; argillic alteration in wall rock;
veinlets of quartz with sphalerite, galena, pyrite;
supergene wulfenite, parahopeite (?).

CC2-362 - Cedar Creek breccia pipe drill core; alteration
(?); chalcopyrite (cp), bornite (bn), small amounts of
galena, wittichenite, tennantite, silver telluride,
electrum; gangue is calcite-ankerite, quartz, rutile,
apatite, zircon, actinolite, sericite; rare-earth-element
minerals, possibly bastnaesite (?), monazite (?); bn cp.

CC2-382 - Cedar Creek breccia pipe drill core; alteration
(?); bornite (bn), chalcopyrite (cp), small amounts of
wittichenite, tetrahedrite, silver telluride, galena,
electrum; gangue is apatite, tourmaline; bn -* cp.

CC3-500 - Cedar Creek breccia pipe drill core; alteration
(?); chalcopyrite (cp), bornite (bn), small amounts of
wittichenite (Cu3BiS3), galena, silver telluride; tourmaline
gangue; bn -* cp.

CC3-520 - Cedar Creek breccia pipe drill core; alteration
(?); chalcopyrite (cp), bornite (bn), small amounts of
wittichenite, galena; gangue is tourmaline, sericite,
calcite-ankerite; bn - cp.

QVCS-5 - roadcut outcrop; propylitic alteration in wall
rock; quartz-sulfide veinlets; disseminated pyrite, traces
of galena; veinlets contain sphalerite, galena, small
amounts of pyrite.

QVCS-7 - roadcut outcrop; argillic/phyllic alteration in
wall rock; vuggy, iron-stained quartz vein; multiple stages
of quartz deposition; hematite pseudomorphs after pyrite;
electrum in hematite; traces of chalcopyrite and sphalerite.

QVCS-12 - Tiger's Paw prospect; sulfides from quartz vein;
pyrite (py), galena (gn), sphalerite (sl), chalcopyrite
(cp); py gn + sl + cp.

QVCS-13 - Metz prospect; sulfides from vein; pyrite (py),
galena (gn), sphalerite (sl), chalcopyrite (cp), traces
tetrahedrite; quartz gangue; possible paragenesis py gn +
sl cp.
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Appendix 2. (continued)

QVCS-14 - Accident claim; sulfides from quartz vein; galena
(gn), pyrite (py), sphalerite (Si); py gn + sl.

QVCS-15 - outcrop at Sulfide Bridge; propylitic alteration;
quartz, calcite, sulfides in veinlets; sphalerite,
chalcopyrite (cp), pyrite (py); cp and py apparently
cogenetic.

QVCS-17 - Snowstorm prospect; argillic/phyllic alteration;
silicified host with clay and sericite; sub-parallel quartz
veinlets; pyrite disseminated and in veinlets.

QVCS-18 - outcrop near Albany mine; argillic alteration in
wall rock; coarse quartz vein containing fragments of wall
rock, traces of pyrite, chalcopyrite, sphalerite, argentite,
rare-earth-element silicate (?).

QVCS-19 - roadcut outcrop on Boulder Creek road; argillized
tonalite; quartz, clay, sericite, and aluminum mineral (oxy-
hydroxide-?), relict plagioclase, hematite, traces of
pyrite, zircon.

QVCS-20 - outcrop of Boulder Creek breccia pipe; phyllic
alteration; clasts of Cr-bearing sericite, fine pyrite,
quartz; matrix sericite, quartz, pyritohedra of pyrite.

BRCS-1 - Lucky Boy mine; propylitic alteration of wall rock;
secondary chlorite, sericite, clay; quartz veinlets with
pyrite, small amounts of arsenopyrite, tetrahedrite.

BOCS-1 - Vesuvius mine; propylitic alteraion of wall rock;
disseminated sulfides, widespread pyrite and galena and
sphalerite near crustified vein; from walls inward, layers
in vein are quartz, pyrite-galena-chalcopyrite, quartz,
chalcopyrite-sphalerite-galena, quartz, carbonate.

BOCS-2 - Hidden Treasure mine; argillic alteration of wall
rock; quartz-sulfide vein; paragenesis of sulfides is pyrite
-0 galena + chalcopyrite -0 sphalerite.

BOCS-3 - Champion vein; phyllic/argillic alteration (?);
complex, brecciated vein; early hematite-rich quartz with
galena -* sphalerite, pyrite, and chalcopyrite; later quartz-
sulfide veining has pyrite ± galena -0 galena, chalcopyrite,
and sphalerite; last stage barren quartz; some galena is
argentiferous.
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Appendix 2. (continued)

BOCS-4 - Helena mine; phyllic/argillic alteration; coarse
quartz in vein with sulfides; chalcopyrite, galena, some
sphalerite; terminated barite is final stage; galena may be
argentiferous.

BOCS-5 - (Lead) Crystal mine; phyllic/argillic alteration;
early deposition is fine-grained quartz and sulfides;
sphalerite, galena, chalcopyrite; later coarse quartz;
supergene botryoidal hematite, covellite, and traces of
angles ite.

BOCS-6 - Champion vein; massive sulfides; galena,
sphalerite, chalcopyrite.

BOCS-8 - Musick mine; argillic alteration in wall rock with
disseminated pyrite; quartz vein is banded, with thin layer
of pyrite next to wall rock; layers are galena-sphalerite ±
small amounts chalcopyrite, chalcopyrite-sphalerite.

BOCS-9 - Alpharetta vein, Musick mine; argillic alteration
of wall rock; disseminated pyrite; veining in multiple
stages; early, barren, iron-stained quartz; later, clear
quartz with chalcopyrite, sphalerite, barite, and some
galena; late carbonate (ankerite).

BOCS-10 - Helena mine; silicified host/disseminated pyrite,
layered quartz-sulfide vein; layers are pyrite,
chalcopyrite-sphalerite, galena, sphalerite.

BOCS-11 - Helena mine; argillized host, disseminated pyrite;
fracture surface coated with cherty quartz and friable,
grayish-green pyrite (?) cubes, euhedral barite crystals;
quartz also fills veinlets in host.



Appendix 3. Ore and gangue minerals in mining districts ofthe Western Cascades.

District/
Mineralization

Washougal/
breccia pipe

vein

North Santiam/
porphyry

Hypogene
Ore

born ite
chalcopyrite
Au-Ag-Cu
alloy/

gold
molybdenite
pyrite
pyrrhotite
silver/
stutzitel
tin oxide/
(cassiterite?)

bornite
chalcocitel
chalcopyrite
galena
gold
pyrite
silver
sphalerite

argentite
bornite
cassiterite/
chalcopyrite
magnetite
molybdenite
pyrite
sphalerite

Gangue/
Alteration

actinolite
albite
barite/
biotite
chlorite
kaolinite
magnetite
orthoclase
quartz
rutilel
scheelite/
sericite
sphenel
tourmaline
uralite
zeolite
zircon/

calcite
chlorite
epidote
kaolinite
quartz
sericite

biotite
chlorite
clay
epidote
ilmenitel
orthoclase
quartz
rutilel
tourmaline

Supergene

bornite
chalcocitel
hematite
Mn-oxide
minerals

1 - identified in this study by scanning electron microscopy
(SEM) and energy-dispersive x-ray (EDX) analysis.
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Appendix 3. (continued)

District/
Mineralization

North Santiam/
breccia pipe

vein

Hypogene
Ore

bornite
chalcopyrite
electrum
galena
ilmenite
tennantite
tetrahedrite
un-named
((Ag,Cu);Nyl
wittichenitel

chalcopyrite
galena
gold
pyrite
specular
hematite
sphalerite
tennantite
tetrahedrite

albite
apatite/
calcite
chlorite
clay
magnetite
quartz
scheelite/
sphene
tourmaline
zircon/

Quartzville/ chalcopyrite Cr-sericite
breccia pipe pyrite (fuchsite?)2

clay
quartz
sericite
tourmaline

Gangue/
Alteration Supergene

anhydrite
ankerite
apatite/
barite
bastnaesitel
chlorite
fluorite
kaolinite
monazite/
quartz
rutilel
sericite
tourmaline
zircon/

chrysocolla
clay
hematite
limonite
parahopeite2
wulfenite2

hematite
limonite
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1 - identified in this study by scanning electron microscopy
(SEM) and energy-dispersive x-ray (EDX) analysis.

2 - identified in this study by optical, spectroscopic, and (or)
x-ray diffraction methods.



Appendix 3. (continued)

District/
Mineralization

Quartzville/
vein

other

argentite
bornite
bournonite
chalcopyrite
electrum
galena
pyrite
sphalerite
stibnite
tetrahedrite
xenotimel

alunite
amorphous
aluminum
oxide-
hydroxide
minerals1,2

apatitel
calcite
chlorite
clay
epidote
ilmenite
magnetite
monazitel
quartz
sericite
Ti02(rutile/
leucoxene)

tourmaline
zeolite

amorphous
aluminum
oxide-
hydroxide
mineralsL2
ilmenite
plagioclase
quartz
U-Th oxide
mineralsl

zirconl

Supergene

hematite
limonite

clay
limonite

1 - identified in this study by scanning electron microscopy
(SEM) and energy-dispersive x-ray (EDX) analysis.

2 - identified in this study by optical, spectroscopic, and (or)
x-ray diffraction methods.
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Ore Alteration



Appendix 3. (continued)

District/ Hypogene Gangue/
Mineralization Ore Alteration Supergene

Blue River/
vein

Bohemia/
vein

arsenopyritel
chalcopyrite
galena
gold
pyrite
sphalerite
tetrahedrite

adularia
albite
apatite
barite
calcite
chlorite
clay
epidote
magnetite
monazitel
quartz
sericite
zeolite

argentitel adularia
cassiteritel albite
chalcopyrite ankerite
cobaltitel barite
freibergitel biotite
galena calcite
gold chlorite
marcasite clay
mckinstryitel dolomite
pyrite epidote
sphalerite hematite
stibnite magnetite
tetrahedrite monazitel

orthoclase
quartz
rut ile
sericite
tourmaline
zeolite

limonite
Mn-oxide
minerals

anglesite
barite
covellite1'2
hematite
limonite
Mn-oxide
minerals

1 - identified in this study by scanning electron microscopy
(SEM) and energy-dispersive x-ray (EDX) analysis.

2 - identified in this study by optical, spectroscopic, and (or)
x-ray diffraction methods.
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Appendix 4. Fluid inclusion data for all two-phase
inclusions (Types I and II) from all districts.
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Homogenization temperatures Salinities
District,
Sample#, Chip#
and Inclusion

Th (°C)
(meas)

AT(°C)
12-89

Th (°C)
(adj)

Tm Wt% NaC1
(°C) equiv

Washougal
WACS-2 C-1 A. -.8 1.4

B. -.9 1.6
C. 267 -6 261 -.9 1.6
D. 256 -5 251 -1.4 2.4
E. 271 -6 265
H. -1.3 2.2
I. -1.3 2.2
J. 242 -5 238 -1.4 2.4
K. -1.3 2.2
L. -1.3 2.2

-1.2 2.1
-1.2 2.1

255 -5 250 -1.2 2.1
252 -5 247 -1.2 2.1
260 -6 254 -.6 1.1

WACS -2B -1.4 2.3
254 -5 249 -.6 1.1

WACS -2 A-1 . 279 -6 273 -1.0 1.6
-.7 1.2

276 -6 270 -.9 1.6
276 -6 270 -1.0 1.7
273 -6 267
285 -7 278 -2.2 3.8

WACS -4 1. 299 -7 292
-1.4 2.4

North Santiam
NSCS-3 1-A. 236 -4 232 -1.3 2.2

B. 228 -4 224 -1.0 1.7
C. 248 -5 243 -.8 1.4

2-A. 240 -4 236 -1.2 2.1
B. 243 -5 238 -1.1 1.9
C. 235 -4 231 -1.1 1.9

NSCS-2 1-A. 292 -7 285
B. 285 -7 278 -3.1 5.1
C. 308 -8 300
D. 293 -7 286

2 . 239 -4 235 -.7 1.2
NSCS-4 1-A. 284 -7 277 -2.4 4.0

B. 292 -7 285 -1.6 2.7
2-A. 230 -4 226 -2.8 4.6
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Appendix 4. (continued)

Homogenization temperatures Salinities
District,
Sample#, Chip#
and Inclusion

Th (°C)
(meas)

AT(°C)
12-89

Th (°C)
(adj)

Tm Wt% NaC1
(°C) equiv

Ouartzville
QVCS-5 A. 277 -6 271 -2.7 4.5

-2.7 4.5
-2.8 4.6

B. 250 -5 245 -2.5 4.2
251 -5 246 -2.5 4.2

-2.8 4.6
SL. 194 -2 192 -3.1 5.1

-3.1 5.1
QVCS-7 1. 298 -7 291 -1.2 2.1

-1.0 1.7
2. 259 -5 253 -.9 1.6
3. 290 -7 283 -1.0 1.7

-1.0 1.7
309 -8 301
304 -8 296
295 -7 288 -1.1 1.9

Au. 302 -8 294 -2.8 4.6
-1.5 2.6
-1.8 3.1

280 -6 ' 274 -2.8 4.6
-1.3 2.2
-1.4 2.4

QVCS-18 A. -2.5 4.2
-3.0 4.9

B. 304 -8 296
314 -8 306

C. 287 -7 280 -4.1 6.6
-4.1 6.6
-4.2 6.7

262 -6 256 -4.1 6.6
QVCS-19 A. -5.1 8.0

-5.3 8.3
-.7 1.2

B. 398 -12 386
350 -10 340
284 -7 277
432 -14 418
398 -12 386
389 -12 377
393 -12 381



i
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Appendix 4. (continued)

Homogenization temperatures Salinities
District,
Sample#, Chip# Th (°C) AT(C) Th (°C) Tm Wt% NaC1
and Inclusion (meas) 12-89 lad1) (°C) equiv

Bohemia
BOCS-4 B-2. 292 -7 285 -4.4 7.0

. -4.7 7.4

. -4.7 7.4
-4.7 7.4

B-1. 241 -4 237 -3.9 6.3
. -3.9 6.3

BOCS-9 A . 283 -7 277 -4.4 7.0
. 292 -7 285 -4.4 7.0
. -4.2 6.7
. -3.8 6.1

B-1. 285 -7 278
3. 271 -6 265
4. 274 -6 268
2. 281 -6 275

C . 281 -6 275 -3.1 5.1
-3.1 5.1

209 -3 206 -3.0 4.9
287 -7 280 -3.2 5.2

D 288 -7 281 -1.0 1.7
-1.0 1.7
-1.0 1.7
-.9 1.6

281 -6 275 -3.8 6.1
279 -6 273 -3.7 6.0

-3.7 6.0
BOCS-1 A. 288 -7 281 -3.8 6.1

B. -3.3 5.4
240 -4 236

C. -3.1 5.1
-3.6 5.8

284 -7 277
285 -7 278
288 -7 281

D. 276 -6 270 -3.2 5.2
-3.2 5.2

274 -6 268 -3.7 6.0
-3.7 6.0
-3.9 6.3

256 -5 251 -3.8 6.1



Appendix 4. (continued)
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Homogenization temperatures Salinities
District,
Sample#, Chip#
and Inclusion

Th (°C)
(meas)

AT(°C)
12-89

Th (°C)
(adj)

Tm Wt% NaC1
(°C) equiv

BOCS -2 A-1. 263 -6 257 -3.5 5.7
254 -5 248 -3.6 5.8

-3.6 5.8
259 -5 254
275 -6 269
269 -6 263
301 -7 294 -6.4 9.7

-4.7 7.4
SL. 265 -6 259 -4.3 6.9

-4.9 7.7
-4.4 7.0
-4.5 7.2
-4.3 6.9
-4.5 7.2

BOCS-2 A-2 A. 263 -6 257 -4.9 7.7
B. 269 -6 263 -4.4 7.0
C. 265 -6 259 -5.8 8.9
D. 265 -6 259 -4.3 6.9

266 -6 260 -6.6 10.0
-6.3 9.6

269 -6 263 -6.4 9.7
BOCS -2 C-1. 269 -6 263 -4.2 6.7

-4.3 6.9
275 -6 269 -6.2 9.5
276 -6 270 -6.0 9.2



Appendix 5. Fluid inclusion data for Type III inclusions from all districts.
Homogenization temperatures

Sample*, Chip#
and Inclusion*

Washougal

Measured temperatures

Tm CoC)
Halite Th (oC)

dissolves V -> L

Th (oC)
Total
homog

360.0 >500.0 >500.0
360.0 >500.0 >500.0
466.2 445.6 466.2

203.4 >490.0 >490.0
>490.0 >490.0 >490.0
>490.0 >490.0 >490.0

360.0 230.0 360.0
360.0 230.0 360.0

Calibration Adj.

Delta T Delta T
12-89(oC) 12-89(oC)
hat dis v -> 1

Adjusted temperatures

Tin CoC) Th (oC)
Halite Th (oC) Total
dissolves V -> L homog

Estimated
Salinities

(.4t

NaC1
equiv)

10.3 N/A 349.7 >500.0 >500.0 75.0
10.3 N/A 349.7 >500.0 >500.0 75.0

-15.4 -14.4 450.8 431.2 450.8 55.0

-2.8 N/A 200.6 >490.0 >490.0 60.0
N/A N/A >490.0 >490.0 >490.0 60.0
N/A N/A >490.0 >490.0 >490.0 60.0

10.3 -4.0 349.7 226.0 349.7 45.0
10.3 -4.0 349.7 226.0 349.7 45.0

WACS-3A 1.

North Santiam

NSCS-10 1-R.

Quartzville

QVCS -19 C.



Appendix 6. Sulfur isotope analytical data.

District and
Sample # Location Mineral and 634S /

0- oo

North Santiam
NSCS-2 Eureka vein PY -.2

vein CP -1.1
light/vein SL .2

NSCS-12 Blue Jay one xl/vein PY 3.4
med-lt/vein SL 1.1

vein GN -3.3

Ouartzville
QVCS-5 S.31,T.11S,R.4E light/vnlet SL .3

vnlet GN -4.1

QVCS-12 Tiger's Paw vein PY 3.5
vein CP 2.3

med-lt/vein SL 2.7
vein GN -2.2

QVCS-13 Metz vein PY 1.4
vein CP 1.3

med-light/vein SL 1.2
vein GN -1.8

QVCS-14 Accident vein PY 2.6
med-dk/vein SL 1.3

vein GN -2.6

QVCS-15 Sulfide Bridge vnlet PY 1.6
vnlet CP 1.0

med-dk/vnlet SL 1.4

Bohemia
BOCS-5 (Lead) Crystal vein CP 1.6

med/vein SL 1.8
vein GN -1.7

BOCS-6 Champion vein CP 1.4
med-lt/vein SL 2.0

vein GN -1.8

BOCS-8 Musick vein CP 1.6
dk/vein SL 2.6

vein GN -.1
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PY - pyrite
CP - chalcopyrite
SL - sphalerite
GN - galena
BA - barite
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Appendix 6.

District and

(continued)

Sample # Location Mineral and 634S /
00

Bohemia
BOCS-10 Helena early PY .8

med-dk/early SL -.3
light/late SL .4

late GN -2.9
BOCS-11 Helena vnlet BA 24.9

vnlet PY -16.5
BOCS-4 Helena vein BA 19.8

vein PY 2.1
vein CP .5




