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The Wind River gold prospect is located in TSN, R7E of Skamania 

County, Washington, and is an epithermal gold-quartz vein system hosted 

in volcanic rocks of the Ohanapecosh Formation, a late Eocene to middle 

Oligocene unit of calcalkaline chemical composition. Andesitic 

pyroclastic rocks of the Ohanapecosh Formation are the host of 
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mineralization in the study area, and form the lowest of several 

stratigraphic subunits. These pyroclastic rocks are overlain by two 

sequences of lava flows which cap the ridges and are folded by an 

anticlinal warp over the length of Paradise Ridge, plunging gently to 

the southeast. Toward the west, the number of flows decreases and the 

proportion of intercalated pyroclastic rocks increases. Numerous dikes 

cut the pyroclastic rocks at the Wind River prospect. Geochemical data 

show these dikes to have been feeders for the overlying lava flows. 

Differing degrees of alteration of the dikes relative to the most 

intensely altered pyroclastic rocks which they cut indicates a complex 

history of overlapping hydrothermal and volcanic activity at the 

prospect. 

Three associations of hydrothermal alteration have been recognized 

in the study area and represent expression of the hydrothermal system at 

differing lateral and vertical distances from the center of activity. 

The lava flow sequences overlying the pyroclastic rocks acted as a 

limited permeability barrier on the system, and hydrothermal activity 

was controlled mainly by structures. 

The main system alteration, Type 3, is found at the Wind River 

prospect, and is controlled by the northeast-trending No. 5 structure. 

The alteration is zoned and grades from a chlorite-smectite zone as the 

least altered to a smectite zone with decreasing chlorite and increasing 

illite toward a more intensely altered zone of calcite-Fe-carbonate

illite-kaolinite-quartz. The inner zone is of illite-kaolinite-quartz, 

and includes the No. 5 structure, which consists of discontinuous 

stringers of fine-grained, sulfide-rich quartz in a clay matrix. 
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Geochemical anomalies of Au, Ag, As, Sb, W, and Hg are associated with 

the No. 5 structure, but the highest concentrations of Au, Ag, and Sb 

are found in the large, structurally-controlled quartz veins which cut 

the alteration zones and which were formed late in the history of the 

system. 

Type 2 alteration is found at higher elevations than the main 

system and affects lavas and tuf f s along the crest of Paradise Ridge to 

the west and northwest of the prospect. This alteration was produced by 

boiling and/or fluid mixing in permeable horizons in the upper part of 

the system. Kaolinite, illite, and poorly crystalline or amorphous 

clays are common alteration minerals in all rock types. Tuffs are more 

pervasively altered than lava flows, and silicification is most 

prevalent in tuffs. Geochemical anomalies of both As and Sb are found 

in these zones. 

Restricted "leaks" from the system produced Type 1 "rootless zone" 

alteration peripheral to the main system. These zones are characterized 

by localized, quartz-cemented breccias which may contain calcite, and 

which lack obvious structural controls. Alteration of wallrock and 

breccia clasts is weak to moderate. Geochemical anomalies of Sb were 

detected in these zones. 

Any possible association of the Wind River prospect with a 

porphyry copper type system at depth cannot be proven with currently 

available data. Minimum depths of formation of 300 to 600 m and fluid 
0 

temperatures of 220 
0 

to 259 C are too shallow and too low, 

respectively, to fit accepted models of porphyry copper system 

metallogenesis in the Cascade Range of Washington and Oregon. The Wind 
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River prospect appears to be related to an episode of metallogenesis 

different from, and later than, that responsible for the porphyry copper 

systems in the Cascades. 
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INTRODUCTION 

The Cascade Range in the Wind River area of southern Washington is 

composed of extensive deposits of Tertiary lavas and pyroclastic rocks 

of calcalkaline chemical composition (Wise, 1961, 1970). These rocks 

have been intruded by a variety of gabbroic to dioritic dikes, sills, 

and plugs. In addition, the area is located among three large, 

andesitic Quaternary stratovolcanoes, Mt. Adams, Mt. St. Helens, and Mt. 

Hood (Fig. 1). 

The thick, pre-Columbia River Basalt section in the Wind River 

area is divided into the Ohanapecosh, Stevens Ridge, and Eagle Creek 

Formations. The Wind River prospect is hosted in rocks of the 

Ohanapecosh Formation, a middle Eocene to late Oligocene sequence of 

interstratified andesitic and basaltic lava flows, pyroclastic rocks, 

and volcaniclastic rocks. Lava flows are most abundant and form 

resistant outcrops in that part of the Wind River area in which the 

prospect is located (Wise, 1970). 

Mineralization in the southern Cascade Range of Washington is 

considered to be of the porphyry copper type (Grant, 1969, 1982; Moen, 

1977). Deposits located in the nearby St. Helens and Washougal 

districts of southern Washington are porphyry copper type systems and 

consist of base metal sulfides hosted in quartz veins associated with 
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high-level intrusions of granodioritic to quartz dioritic composition 

(Moen, 1977; Grant, 1969, 1982). Small amounts of gold and silver occur 

associated with base metal deposits in both districts. 

Alteration at porphyry copper deposits of the southwestern United 

States was described in the classic works of Lowell and Guilbert (1970) 

and Rose (1970) as having a core of potassic alteration centered on a 

porphyritic intrusion, surrounded by a zone of sericitic alteration, and 

grading outward to a propylitic alteration zone. Alteration associated 

with Cascade porphyry deposits exhibits similar patterns (Brooks and 

Ramp, 1968; Callaghan and Buddington, 1938; Grant, 1969, 1982), but due 

to strong structural control, many of these systems are elongate along 

major structures ("linear porphyry copper deposits"), and zoning of 

alteration shows greater vertical than lateral extent (Grant, 1969, 

1982). 

The Wind River gold prospect is an epithermal gold-quartz vein 

system hosted in andesitic pyroclastic rocks of the Ohanapecosh 

Formation in Skamania County, Washington. It differs from other 

mineralization in the Cascade Range in that it is a gold-quartz vein 

system with little or no associated base metal mineralization, and does 

not fit with a porphyry-related model of metallogenesis. 

Although the amount of ore produced from the Wind River prospect 

has been relatively minor, the deposit has produced the most gold of the 

southwestern Washington districts. The prospect is developed by 

approximately 146 m of adit, and vertical exposure of 270 m is available 

along an exploratory roadcut zigzagging up the hill above the 

development adit (Plate 2). 
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PURPOSE AND SCOPE 

The Wind River prospect is anomalous in terms of accepted models 

of metallogenesis in the Cascades. The purpose of the study is to 

define the alteration and mineralization history of the deposit in order 

to compare the Wind River prospect to systems more typical of the 

Cascades, and to develop models that may be used in further exploration 

for similar deposits in the Cascade Range. Specific goals of the study 

are to: 1) define the alteration mineralogy, 2) determine the zoning 

patterns in alteration mineralogy and selected metal concentrations in 

the system, 3) determine the relations among host structures and veins, 

4) define in a preliminary manner the composition of ore solutions and 

temperatures of formation, and, 5) define the volcanic stratigraphy in 

the vicinity of the prospect. 

The scope of the study is to determine relations among structure, 

alteration, and mineralization at the prospect. Alteration zones away 

from the prospect were noted in reconnaissance. The examination of 

stratigraphy and structures within the study area was related to 

controls on distribution of mineralization rather than correlation to 

regional patterns. 

METHODS 

Field work was conducted during the summers of 1983 and 1984. 

Reconnaissance mapping was done during July-September, 1983. Mapping of 

the prospect and vicinity was done during June-August 1984. Mapping 

control points along the exploratory roadcut on the property were 

established by a transit survey; subsequent mapping of the roadcut and 

" 
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prospect adit were done by alidade and plane table. Mapping of the adit 

on a scale of 1:120 (1'~10') and of the exploratory roadcut at a scale 

of 1:1200 (1"=100') was undertaken to define alteration patterns and 

identify possible variations in the hydrothermal system. 

Geologic mapping away from the prospect was to establish possible 

structural controls on alteration and mineralization, possible relations 

of mineralization to intrusions, and to relate these to the tectonic 

setting of the region. 

Laboratory analysis included examination of selected samples by: 

1) transmitted light microscopy, 2) x-ray diffraction study of clay 

minerals, 3) fluid inclusion study of quartz vein and quartz-cemented 

breccia samples, and 4) trace element analysis by instrumental neutron 

activation analysis (INAA). 

LOCATION AND ACCESS 

The study area is located in TSN, R7E in Skamania County, 

Washington, and consists of approximately 34 square kilometers. Access 

from Washington state highway 14 on the north side of the Columbia River 

is by state route SC (Wind River Highway), which intersects highway 14 

east of the town of Stevenson and runs northwest to Government Mineral 

Springs. Two paved Forest Service roads, USFS 30 and USFS 64, go 

through the study area. A number of logging roads and hiking trails 

provide access to more remote parts of the area. 

RELIEF AND TOPOGRAPHY 

The study area is rugged and well-forested. Elevations range from 

approximately 335 to 490 m along the Wind River to 1220 m at the top of 
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Termination Point, approximately 1.4 km north of the study area. Local 

relief is seldom greater than 610 m. 

The Wind River valley in the study area is a wide, U-shaped valley 

indicative of recent glaciation. North and east of the study area, 

swamps, lakes, and diverted streams are the result of recent volcanism. 
0 0 

Streams in the area are aligned along three dominant trends: N40 to 50 
0 

W, N to N20 E, and approximately east-west. At least one change of 

direction from one of the dominant trends to another somewhere along 

their lengths is common. 

Since the area is well-forested, access to outcrop is mainly 

provided by road cuts, logging roads, and along stream channels. Some 

exposures are also found on the steeper portions of ridge slopes, but on 

the whole, outcrop is sparse. 

PREVIOUS WORK 

The earliest work in the Wind River area was by Williams (1916) 

and Chaney (1918) who named the main stratigraphic units exposed in the 

south wall of the Columbia River Gorge south of the study area. They 

defined the Eagle Creek Formation to include all sedimentary rocks and 

intercalated lavas underlying the Columbia River Basalt. Allen (1932) 

did reconnaissance mapping north and south of the Columbia River Gorge 

in an area which extended 13-15 km on either side and grouped all rocks 

older than the Columbia River Basalt into the Warrendale Formation 

(Eagle Creek Formation has chronologic precedence). These rocks have 

also been called the Skamania series (Felts, 1939a,b; Trimble, 1963). 

Wise (1961,1970) indicated that A. C. Waters reconnoitered the area 
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north of the Columbia River in 1955-1956, and recognized a major 

unconformity within the Eagle Creek Formation. Waters observed that two 

periods of folding had deformed the pre-Pliocene rocks, and that the 

Quaternary olivine basalt in the Wind River valley came from a vent on 

Trout Creek Hill, and had once dammed the Columbia River. In the 

Washougal mining district of southwestern Washington, the Skamania 

series rocks of Felts (1939a) and Trimble (1963) have been informally 

divided into the Skamania Formation and the underlying East Fork 

Formation (Schreiner, 1979). Shepard (1979) has correlated the East 

Fork Formation with the Ohanapecosh Formation of Fiske and others (1963) 

and Wise (1970). 

Wise (1961) mapped the Wind River 15' quadrangle, and parts of the 

Lookout Mountain, Willard, Bonneville Dam, and Hood River 15' 

quadrangles as part of a doctoral dissertation. He divided the pre

Columbia River Basalt section into the Weigle and Eagle Creek 

Formations. The informally named Weigle Formation was later correlated 

(Wise, 1970) with the Ohanapecosh Formation of Fiske and others (1963). 

More recently a third unit, the Stevens Ridge Formation has been 

described in the area (Hammond, 1974, 1980; Hammond and others, 1977). 

The Stevens Ridge Formation comprises a widespread stratigraphic marker 

in the southern Cascade Range of Washington. 

Economic geology of the Cascade Range in southern Washington has 

been studied by Grant (1969, 1982). Similar studies in the Cascade 

Range of Oregon have been done by Callaghan and Buddington (1938) and 

Brooks and Ramp (1968). The St. Helens and Washougal mining districts 

of southwestern Washington are discussed by Moen (1977). The geology 
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and mineralization of the Silver Star stock in the Washougal district 

has been studied more recently by Shepard (1979). Berri and Korosec 

(1983) mapped along the Wind River valley south of Trout Creek Hill as 

part of a geothermal investigation. The mineral resource potential of 

the Indian Heaven roadless area to the east of the study area has also 

recently been investigated (Church and others, 1983a,b). Polivka (1984) 

studied the Quaternary volcanology of the West Crater-Soda Peaks area to 

the southwest of the study area. 

MINING HISTORY 

The Wind River prospect is discussed briefly by Moen (1977) in his 

report on the St. Helens and Washougal mining districts of Washington, 

where the history of the prospect up to 1977 is described. During the 

early 1900's, the area underwent prospecting for lode and placer gold 

deposits, mining claims were staked, but no important discoveries were 

made. During this time, the St. Helens and Washougal districts were 

established. In 1956, the Wind River Mining Co. obtained rights to 21 

quartz lode claims and explored them for gold (Moen, 1977). Although 

the Wind River prospect is the only mining property in the area, old 

adits and prospect pits attest to past exploration activities. Up to 

1977, 831 tons of gold ore had been shipped from the mine (Moen, 1977) 

representing approximately 90% of the total metal production of 

southwestern Washington during that same period. Poor recovery rates 

and low gold content of the siliceous ore have forced repeated cessation 

of activity and the property has changed hands many times. Currently 

the property is being worked by Youngquist Mining Co. 



REGIONAL GEOLOGY 

INTRODUCTION 

The Washington Cascades have been divided into northern and 

southern geologic provinces separated by a transitional subprovince 

(Grant, 1982). The north Cascade province consists of a pre-Tertiary 

metamorphic-plutonic crystalline core separated by fault boundaries on 

the east and west from dominantly pre-Tertiary continental and marine 

rocks. The pre-Tertiary metamorphic rocks have been intruded by late 

Cretaceous to Tertiary calcalkaline plutonic rocks. 

A transitional subprovince in which tectonic slices of northern 

Cascade crystalline rocks are juxtaposed against the Tertiary volcanic 

section separates the north from the south-central province. This 

south-central province is composed of unmetamorphosed early to middle 

Tertiary volcanic rocks and subordinate sedimentary rocks. This 

province in Washington, together with the Oregon Cascade Range has been 

referred to as the 'volcanic Cascade Range' and as the 'southern Cascade 

Range' (Hammond, 1979). Rocks of the volcanic Cascades have been 

stratigraphically divided into the informally named Western Cascade 

Group (Hammond and others, 1977; Hammond, 1979) and the High Cascade 

Group (Peck and others, 1964; Hammond, 1979). These units are intruded 
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by Tertiary calcalkaline plutonic rocks. 

The upper Cretaceous to Tertiary age Cascade intrusions form two 

belts extending south from the Canadian border. The western belt ends 

near Portland, Oregon, while the eastern belt continues south along the 

western slope of the Oregon Cascades. The projection of these two belts 

diverges to the south (Ha~mond, 1979). Ages of the plutons decrease to 

the south in both belts, but the western belt is slightly younger than 

the eastern belt. Plutons of the western belt were emplaced between 35 

to 15 Ma, while plutons of the eastern belt in Washington were emplaced 

between 50 to 25 Ma. 

The intrusions of these belts have a composite magmatic history. 

The main phase rocks are calcalkaline and predominantly granodioritic to 

quartz dioritic in bulk composition, but late-stage magmatic 

differentiates of quartz monzonite and granite are relatively common. 

Emplacement of these late intrusive rocks appears to have been partly 

controlled by development of structures transverse to the regional trend 

(Grant, 1969). 

STRATIGRAPHY 

Regional stratigraphy of the Cascade Range in Washington has been 

correlated by Hammond and others (1977) and Hammond (1979), who assign 

pre-Pliocene rocks in the Cascades to the informally named Western 

Cascade Group. Stratigraphic relations of major formational units of 

the Western Cascade Group in southern Washington are summarized in 

Figure 2. 

The Western Cascade Group has been divided into lower, middle, and 

upper members (Hammond, 1979). The lower and upper members contain 

~ 



W
a

sh
o

u
g

a
l 

W
in

d 
R

iv
e

r 
a

re
a

 
M

l 
R

ai
ni

er
 N

a
t 

S
t 

H
el

en
s 

M
a

 
m

in
in

g 
d

is
tr

ic
t 

W
is

e
 (

1
9

7
0

):
 

P
a

rk
 

·F
is

ke
 &

 
m

ili
n

g
 d

is
tr

ic
t 

0 

S
h

e
p

a
rd

 (
1

9
7

9
) 

th
is

 s
tu

d
y 

o
th

e
rs

 (
 1

9
6

3
) 

M
o

e
n

 (
1

9
7

7
) 

1
2

.t
 

5
1

 
w

 

10j~
 ~ 

ffi (
)
 

C
oh

.J
m

bi
a 

R
. 

Q
 

' 

::::?
 

B
a

sa
lt

 
I 

' 
E

ag
le

 C
r. 

F
H

es
 P

e
a

k 
C

l) 
F

if
e

s 
P

e
a

k 
\ 

2
0

 
ffi 
~
 

F
m

. 
F

m
. 

z 
F

m
. 

I 
0 

\ 
2

2
.5

 
w

 8
 

~ 
I 

\ 
w

 
~::

::?
 

S
te

ve
n

s 
z 

S
te

ve
n

s 
I 

iU 
() 

R
id

ge
 F

m
. 

0 
R

id
ge

 F
m

. 
~ 

I 
\ 

8 
3

0
 
~ 

~ 
5 

\ 
g 

() 
Q

 
it

 
!< 

I 
\ 

E
a

st
 F

o
rk

 
C

l) 

0 
3

8
 
~Bi

 
:::>

 
~ 

~ 
~ 

0 
~ 

I 
F

m
. 

~ 
LL

 
0 

LL
 

(!
J 

s:
 

0 
s:

 

! i 
I 

M
t. 

R
U

W
er

 * 
0 

0 
I 

@
 

0 
t-

0 
4

0
 

w
3:

 
()

 
<

 
&

 
I 

Q
) 

t-
w

 
3:

 0
 

0
. 

iTI 
...

J 
~ 

tU
 

R-@
 

8 
~
 

~ 
~ 

J! 
* 

* I 
M

l 
A

dl
M

na
 

5
0

 
0 

0 
. 0

 
©

®
 

w
 

t- :E
 

5
5

 
1 

2 
3 

4 

F
i9

u
re

 
2

. 
S

tr
a
ti

g
ra

p
h

ic
 
re

la
ti

o
n

s
 

in
 

th
e
 

so
u

th
e
rn

 
W

as
h

in
g

to
n

 
C

as
ca

d
es

 
{

ag
es

 a
nd

 
W

es
te

rn
 

C
as

ca
de

 
G

ro
up

 
d

iv
is

io
n

s 
fr

om
 

H
am

m
on

d,
 

1
9

7
9

, 
o

th
e
r 

re
fe

re
n

c
e
s 

in
d

ic
a
te

d
 

ab
o

v
e 

in
d

iv
id

u
a
l 

st
ra

ti
g

ra
p

h
ic

 
co

lu
m

n
s)

. 

- -



12 

interlayered lava flows, pyroclastic rocks, and volcaniclastic rocks, 

but the middle member is dominated by pyroclastic rocks (Hamr.iond, 1979). 

Hydrothermal alteration is prevalent in deeper stratigraphic levels of 

the Western Cascade Group (Grant, 1969; Wise, 1961; Fiske and others, 

1963; Peck and others, 1964), and coincides with two north-south 

trending belts of epizonal granodioritic to quartz dioritic plutons. 

Rocks of the Western Cascade Group are also intruded by numerous dike 

complexes thought to represent the roots of former volcanoes (Hammond, 

1979). Presumably, these dike complexes have also contributed to the 

hydrothermal alteration. 

The oldest rocks in the Wind River area were originally named the 

Weigle Formation (Wise, 1961) and later correlated with the Ohanapecosh 

Formation, a late Eocene to middle Oligocene unit first described at Mt. 

Rainier National Park by Fiske and others (1963), consisting of 

interstratified basaltic and andesitic lava flows, lahars, and 

pyroclastic rocks of andesitic to rhyodacitic composition. Fiske (1963) 

interpreted the environments of deposition as those of subaqueous and 

subaerial environments. Where there has been no repetition of units by 

faulting, the Ohanapecosh Formation in the Wind River area is nearly 

5,800 m thick, and the base of the section is not exposed. 

The Ohanapecosh Formation is unconf ormably overlain by the Stevens 

Ridge Formation, a distinctive unit consisting of light-colored 

interstratified dacitic to rhyodacitic ash flow tuf fs with subordinate 

lahars, volcaniclastic rocks, and minor porphyritic lava flows (Fiske 

and others, 1963; Hammond, 1974, 1980; Hammond and others, 1977). South 

of the study area, the Stevens Ridge Formation is unconformably overlain 
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by the Eagle Creek Formation, a sequence of volcanic conglomerates, 

sandstones, and tuffs of early Miocene age (Wise, 1970). Also to the 

south of the study area, the flows of the Yakima Basalt Subgroup of the 

Columbia River Basalt Group overlie the Eagle Creek Formation. 

Quaternary olivine basalts erupted during the Pleistocene from vents 

located outside the study area are exposed in the eastern and 

northeastern part of the study area and occur as intracanyon flows along 

Falls Creek and Wind River in the south part of the study area. 

STRUCTURE 

Regional structural features of Washington are shown in Figure 3. 

Major features are the Straight Creek fault, the Olympic-Wallowa 

lineament, and the Yakima folds. The Straight Creek fault extends from 

central Washington to Canada. Over much of its length, it separates 

relatively unmetamorphosed or weakly metamorphosed rocks on the west 

fro~ the metamorphic core of the northern Cascades on the east. It has 

been recognized as a major structure with large right-lateral 

displacement (Misch, 1977; Davis and others, 1978). In central 

Washington, faults associated with the southern segment of the Straight 

Creek fault swing southeast into alignment with the Olympic-Wallowa 

lineament of Raisz (1945). The fundamental structure underlying this 

lineament is not known, but it is defined by northwest-trending 

topographic features extending from the Wallowa Mountains in eastern 

Oregon to the north side of the Olympic Mountains in Washington. 

Two major fold patterns are found in rocks of the Western Cascade 

Group in Washington. An older group of northwest-trending folds whose 
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limbs dip moderately at 10 to 45 are characteristic of the western 

slope of the Cascade Range in Washington. This fold pattern parallels 

the regional structural grain of the pre-Cenozoic terrain of the north 

Cascades (HalilI!lond, 1979). Northwest-trending folds whose limbs dip in 
0 

excess of 45 occur along the Olympic-Wallowa lineament on both sides of 

the Cascade Range. 

A younger fold pattern characteristic of the Yakima fold system of 

the western Columbia Plateau (Newcomb, 1970) is superimposed on the 

older, northwest fold trend (Hammond, 1979), and has been found to 

extend into the Cascade Range (Beeson and others, 1982). The trend of 

these younger folds on the eastern flank of the Cascades shifts from 

dominantly northwest near the Olympic-Wallowa lineament to dominantly 

southwest near the Columbia River. Deformation of the Yakima folds is 

considered to have begun at approximately 12 Ma and ended at about 5 Ma 

(Hammond, 1979). 

The principal fault directions in the southern Washington 

Cascades are northwest and north-south. The northwest fault trend 

parallels the older, northwest fold trend and the Olympic-Wallowa 

lineament, and is believed to have developed at the same time as the 

older fold trend (Hammond, 1979, 1980). 

North-south faults occur in Washington between Mt. St. Helens and 

Mt. Rainier (Hammond, 1979). Other north-south structures are the 

Indian Heaven and King Mountain fissure zones located between Mt. St. 

Helens and Mt. Adams (Hammond, 1979, 1980). The approximate alignment 

of Soda Peak and Marble Mountain with Mt. St. Helens and the Goat Rocks 

volcanic complex with Spiral Butte are considered (Hammond, 1979, 1980) 
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to also indicate north-south structures. !r.1Inediately south of the 

Columbia River, north-south faults are developed in the Mt. Hood fault 

zone (Newcomb, 1969). 

VOLCANIC AND TECTONIC HISTORY 

The volcanic history of the Pacific Northwest has been episodic in 

nature. During the Eocene and Oligocene, volcanism was typically of 

intermediate silica content, and was distinct from Miocene and later 

basaltic and bimodal volcanism that is associated with later Cenozoic 

extensional tectonics (Lipman and others 1972; Christiansen and Lipman, 

1972; Armstrong, 1978). Volcanic and tectonic history of the western 

Cordillera during the period 55 to 17 Ma is summarized in Figure 4. 

The Ohanapecosh and Stevens Ridge Formations of the Wind River 

area are part of the thick Oligocene and lower Miocene sequence of 

intermediate to silicic pyroclastic rocks and lavas in the Cascade arc 

that has been correlated with the Basin and Range "ignimbrite flare-up" 

of 34 to 17 Ma (Lipman and others, 1971; Noble, 1972; Stewart and 

others, 1977). This episode of dominantly pyroclastic volcanism 

indicates emplacement of magmas at shallow depths in the crust, and 

implies significant extension within the arc (Hildreth, 1981). 

ECONOMIC GEOLOGY-GENERAL 

Although there are geologic differences between the north and the 

south-central Cascade Range in Washington, on the whole, the Cascades 

are metallogenically considered a copper province, with most major 

sulfide systems being classified as of the porphyry copper type (Grant, 

1969, 1982). Due to strong structural controls, many Cascade porphyry 

" 
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copper deposits are linear. Alteration haloes show greater vertical 

than lateral zonation. 

Grant (1982) has classified the Cascade porphyry systems on the 

basis of the depth of emplacement of their associated plutons. A 

summary of this classification is given in Figure 5. Most periods of 

metal deposition in the Washington Cascades are at least partly related 

to late Cretaceous to early Tertiary intrusive episodes (Grant, 1969) 

and appear to have occurred at approximately the same time or slightly 

later than emplacement of the associated intrusion (Grant, 1982). Major 

sulfide systems occur in the transitional subprovince or the south-

central province rather than in the north Cascades, and they occur with 

intrusions that appear younger than their north Cascade equivalents. 

The primary physical controls for distribution and concentration 

of sulfides appears to be a series of structural couples involving the 

intersection of transverse, northeast-trending structural belts that 

obliquely cut the northwest regional trend of the Cascades. Intensity 

of deformation along these transverse structures is an important factor 

in mineralization (Grant, 1969). The most favorable chemical 

environment is high in potassium and free silica. K-feldspar, secondary 

biotite, or quartz-sericite alteration characterize the advanced stages 

of the alteration. The K-silicate alteration is commonly associated 

with copper mineralization in the Washington Cascades, and appears to be 

directly related to late-stage magmatic fractional crystallization 

processes (Grant, 1969). 

A schematic diagram of a Cascade linear porphyry copper intrusion 

is shown in Figure 6. Structural control results in linear shatter 
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zones bounded by relatively massive rocks. Vertical shattering may 

extend for thousands of feet. Later hydrothermal activity is 

concentrated mainly in the vertical dimension while lateral zoning is 

narrow or nonexistant. Wallrock alteration was produced by deuteric and 

hydrothermal processes, the intensity of which depends primarily on the 

amount of fracturing of the country rock prior to introduction of 

secondary material (Grant, 1982). 

ECONOMIC GEOLOGY-ST. HELENS AND WASHOUGAL MINING DISTRICTS 

Most of the metallic mineral occurrences of southwestern 

Washington are located within the St. Helens and Washougal mining 

districts (Fig. 7). These are the southernmost mining districts in 

Washington and are located on the western slopes of the Cascade Range. 

They are also the closest mining districts to the Wind River prospect. 

In the Washougal district, mineralization occurs mainly along the 

eastern edge of the Silver Star stock, while in the St. Helens district, 

mineralization occurs along the southeastern part of the Mt. Margaret 

stock and along the south-central section of the Goat Mountain stock. 

Location of metal deposits in the southern Washington Cascades is shown 

in Figure 7. Host rock stratigraphy in these districts is shown in 

Figure 2. 

Stocks in both districts are composed mainly of granodiorite, but 

also contain quartz diorite, quartz monzonite, and minor dacite. K-Ar 

dates of the Mt. Margaret and Goat Mountain stocks of the St. Helens 

district, and of the nearby Camp Creek stock range from 16.2 to 24.0 Ma 

(Engels and others, 1976; Armstrong and others, 1976), suggesting the 

plutons of the St. Helens district and associated sulfide mineralization 
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Figure 7. Location of the St. Helens and Washougal mining 
districts and distribution of metal deposits in these districts 
(modified from Moen, 1977). 
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are related to the Snoqualmie intrusive episode (Moen, 1977). The 

Silver Star stock of the Washougal district has been inferred to have 

been emplaced between middle Oligocene and early Miocene times (Shepard, 

1979; Moen, 1977). 

Mineral deposits in the St. Helens and Washougal districts consist 

of mineralized stockworks, breccia zones, and narrow fissure veins 

containing moderate amounts of copper and small amounts of lead, zinc, 

molybdenum, gold, and silver. Veins occur in the granodiorite 

intrusions and in the volcanic host rocks near the intrusive contacts. 

Gangue material consists of quartz, calcite, and wall rock fragments. 

Pyrite, chalcopyrite, bornite, sphalerite, and galena are the main 

sulfide minerals. At some occurrences, the sulfide minerals are 

accompanied by free gold, especially in the oxidized portions of veins 

(Moen, 1977). Distribution of high-grade ore in the veins is spotty. 

Zoning of wallrock alteration outward from the veins consists of 

silicification, quartz-sericite, argillization, and propylitic zones. 

Mineralization is believed to be of middle to late Miocene age (Moen, 

1977). 

Outside the boundaries of the St. Helens and Washougal districts, 

several copper-gold deposits occur in the Camp Creek area of McCoy Creek 

in north-central Skamania County, while the gold-producing area with the 

largest production in southwestern Washington has been the Wind River 

prospect. 

The St. Helens and Washougal districts have produced only small 

amounts of metal. Although numerous claims were staked in these 

districts beginning as early as 1892 (Moen, 1977), none of the 
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properties ever developed into a mine with large production. Forest 

fires during the early part of this century destroyed the buildings at 

many mines and operations were never re-opened at many properties. 



WIND RIVER PROSPECT AREA 

INTRODUCTION 

The Wind River prospect is located on a minor tributary of the 

Wind River in section 9, TSN, R7E (Plate 1) of the Wind River 15' 

quadrangle. The prospect does not lie within an organized mining 

district, but is located approximately 16 km northeast of the Washougal 

district, and to the south of the St. Helens district. The area is 32 km 

north of the town of Carson, Washington, near the headwaters of the Wind 

River. 

STRATIGRAPHY 

Wise (1961, 1970) mapped the area surrounding the Wind River gold 

prospect as a sequence of massive andesite flows within the Ohanapecosh 

Formation. Mapping done in the course of this study has revealed the 

presence of other lithologic units in the area. The geology is given in 

Plate 1 and the generalized stratigraphy of the area is summarized in 

Figure 8. 

Aside from alluvial deposits in the major stream valleys, the 

youngest deposits in the area are two Quaternary basalt units erupted 

from vents outside the study area. The younger of the two units is 

informally designated the Basalt of Falls Creek in this study. This 
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dark gray, vesicular basalt is exposed to the east of North Butte and 

Middle Butte, and as intracanyon flows along Falls Creek and the 

southern part of Wind River valley in the study area. This basalt has 

not been age-dated, but shows evidence of glaciation during the last 

glacial epoch (Hammond, 1984, pers. comm.). The older basalt, here 

informally named the Basalt of Juice Creek, is a light gray, platy 

olivine basalt that has been dated at 1.40+ 0.06 Ma by the K-Ar method 

(Hammond, 1984, pers. comm.). This basalt is exposed to the east and 

northeast of Lava Butte. 

Tertiary units in the area consist of the Stevens Ridge Formation, 

the Ohanapecosh Formation, and intrusions. The Stevens Ridge Formation 

is middle Oligocene to early Miocene in age. It consists of light 

colored, in some places nearly white, fine-grained, friable tuffs 

exposed in the north part of the study area. The contact with the 

underlying Ohanapecosh Formation is uncertain. Intrusions of hornblende 

diorite are exposed in the far northwest part of the study area. These 

intrusions have not been age-dated. They are intrusive into the 

Ohanapecosh Formation, but their time relations with the younger Stevens 

Ridge Formation are not known. 

The Ohanapecosh Formation comprises most of the bedrock geology of 

the study area, and has been divided into eight subunits, the essential 

characteristics of which are summarized in Figures 9 and 10. The most 

important of these subdivisions in this study are the P 
1 

and P 
2 

pyroclastic rocks and the A 
1 

and A 
2 

lava flow groups. Descriptions of 

these units are given in Figure 9. The stratigraphically lowest of 

these subunits consists of a sequence of pyroclastic rocks that is 
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collectively referred to as P . 
1 

P rocks are crystal-bearing lithic 
1 

30 

lapilli tuffs and lithic lapilli tuffs with minor intercalated andesite 

lava flows. 

The P pyroclastic sequence is overlain by lava flows which have 
1 

been divided into two groups on the basis of primary textures. The 

sequences of lava flows are thickest in the North Butte-Middle Butte 

area, where they are up to 415 m thick. Individual flows in both groups 

are separated by flow breccias and subordinate quantities of 

intercalated pyroclastic rocks. 

Flows of the lower flow group, A , are porphyritic to 
1 

glomeroporphyritic andesites wherein the majority of the plagioclase 

phenocrysts occur in glomerocrysts. The upper group of flows, A , have 
2 

finer-grained, more abundant phenocrysts than those of A , and fewer 
1 

glomerocrysts. The groundmass of the A flows is a very dark blue-gray 
2 

color and contains a high glass content. 

Towards the west, the number of flows in the A 
1 

and A 
2 

flow units 

decreases and the proportion of intercalated pyroclastic rocks 

increases. The flow units interfinger with the P pyroclastic sequence, 
2 

and the section becomes dominated by pyroclastic rocks in the western 

part of the study area. 

Pyroclastic rocks of the P (western) pyroclastic sequence contain 
2 

a higher proportion of fine-grained vitric-crystal tuf f s and airfall 

units with accretionary lapilli than the pyroclastic rocks of P . 
1 

The other four subdivisions of the Ohanapecosh Formation, P , P , 
4 3 

L , and L consist of pyroclastic rocks and laharic units of more 
1 2 

restricted areal extent. Descriptions of these units are given in 
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Figure 10. In most cases, the exact stratigraphic relationships of 

these units to the other Ohanapecosh Formation subunits is unclear. 

The P 
4 

pyroclastic unit appears to interfinger with the A 
1 

and A 
2 

flow units in the north and northeast parts of the study area, and is 

overlain by the Stevens Ridge Formation. 

In the vicinity of the prospect (sec. 4 and 9, Plate 1), the P 
1 

pyroclastic sequence has been subdivided into four subunits on the basis 

of field relations and textural criteria, including proportion and type 

of crystal clasts and lithic clasts. These subunits, T 
1 

to T , are 
4 

shown on the geologic map of the area immediately surrounding the 

prospect (Fig. 11) and lithologies are described in Figure 12. 

Widespread alteration has affected the pyroclastic rocks to a greater 

degree than the associated lava flows. The tuff units T 
1 

to T are 
4 

difficult to trace laterally for more than short distances due to poor 

exposures and the general lithologic similarity of the units. 

INTRUSIONS 

Three groups of intrusions, D , D , and D , have been recognized 
1 2 3 

within the area near the Wind River prospect. Locations of dikes 

exposed along the exploratory roadcut are shown in Plate 2. These 

intrusions are divided into two groups on the basis of degree of 

alteration and apparent relations to the most intensely altered 

pyroclastic rocks which they cut. A third group was distinguished on 

the basis of geochemical differences. Away from the zones of most 

intense alteration, it would be difficult to distinguish different 

groups of dikes. 
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Figure 11. Distribution of tuff units r1 to r4 in the vicinity 
of the Hind River prospect. Map syr:ibol s are described on the 
following page. Lithologies are described in Figure 12. 
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D dikes are dark blue-green to blue-gray in color, fine-grained, 
3 

porphyritic dikes containing both pyroxene and amphibole as mafic 

phases, and 1 to 3% fine-grained sulfide blebs occurring in the 

groundmass. The dikes are narrow, approximately 1 to 6 m wide, and 

appear to be emplaced along fractures aligned with regional structural 

trends. They can be found intruding highly altered pyroclastic rocks, 

and contacts with the altered pyroclastic rocks are sharp. The dikes 

show greater fracturing than the pyroclastic rocks into which they are 

intrusive. Aside from coatings of Fe-oxides on the fracture surfaces, 

alteration along fractures in the dikes is minimal to nonexistant. In 

thin sections, the primary textures of the groundmass of the dikes are 

preserved. Some of the D dikes are crosscut by quartz veins, or have 
3 

quartz veins emplaced between the margin of the dike and the pyroclastic 

rocks into which it is intrusive. 

D dikes may also be found intruding the more altered zones. They 
1 

have somewhat coarser phenocrysts and a higher proportion of 

glomerocrysts than do D dikes. These dikes show differing degrees of 
3 

alteration. Where weakly altered, they show the dark blue-green color 

of the D dikes. Groundmass textures are still preserved in thin 
3 

section and pyroxenes show partial alteration to chlorite. Amphiboles, 

however, are completely altered to chlorite and calcite. These dikes 

may be traced into more strongly altered areas. 

With increasing intensity of alteration, the dikes become lighter 

in color and may show 6 to 8 cm wide bleached haloes along fractures. 

Moderately altered D dikes show greater alteration of phenocrysts than 
1 

weakly altered D dikes, and primary textures are not preserved within 
1 
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the groundmass. Contacts with the altered pyroclastic rocks which they 

cut are sharp, and fracturing of the dike rock is equal to or greater 

than that of the host rocks. Fracture surfaces of some outcrops may be 

coated by thin layers of quartz and K-feldspar. Sulfide blebs may be 

found in the groundmass, associated with phenocrysts, or along 

microfractures. 

Where most intensely altered, D dikes are very light in color, 
1 

pale buff to almost white. They are somewhat more resistant in outcrop 

than the surrounding altered pyroclastic rocks, but the two rock types 

are otherwise very similar in appearance and alteration mineralogy, and 

mutual contacts are difficult to determine. Strongly altered D dikes 
1 

of ten contain sulfide veinlets that have been partly to completely 

oxidized. These veinlets fill fractures in the dikes. Quartz-sulfide 

veinlets are also found. 

One D dike was distinguished on the basis of geochemical 
2 

differences. This dike is cut by the No. 2A quartz vein. Field and 

petrographic studies were not able to distinguish this dike from a 

weakly altered D dike. 
1 

STRUCTURES 

The flow units cap the ridges and are folded by a southeast-

plunging anticlinal warp over the length of Paradise Ridge (Plate 1). 
0 

This structure plunges to the southeast at an angle of approximately 3 . 

Location of the axis of the anticline was inf erred from strikes and dips 

of bedding and flow foliation. Dips on units on the limbs of this fold 
0 0 

are gentle to moderate, with measured values ranging from 10 to 30 . 

Topography and stream drainage are controlled by three major high-
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angle fracture and fault sets. The most prominent set of fractures is 
0 0 

oriented N40 to NSO W, and controls the trend of Paradise Creek, the 

north fork of the creek near the adit, and numerous other tributaries to 

Wind River. The second set, oriented north-south to approximately 
0 

N20 E, controls Wind River within the study area, the south fork of the 

creek near the adit, and parts or all of several tributaries to Paradise 

Creek and Wind River. The third set is oriented approximately east-west 

and controls Falls Creek, the lower portion of the creek near the adit, 

and other small drainages. 

Displacement of up to approximately 70 m may have occurred across 

the Wind River valley, but on the whole, displacement along faults in 

the area is difficult to determine due to poor exposures and the 

lithologic similarities among the units. 

Fracture trends along the exploratory roadcut are most commonly 

oriented northwest and north-northeast (Plate 2). East-west- trending 

fractures are present but less common. The veins exposed along this 

roadcut also follow these trends, with the north-northeast orientation 

predominant. Areas of quartz-cemented brecciation have been identified 

along Paradise Creek and tributaries associated with both north-

northeast- and northwest- trending fractures. 

In the area near the adit in sections 4 and 9, numerous small sags 

occur along lineaments which parallel or are aligned with the Wind River 

valley. The sense of displacement suggested by these features is down 

to the east. 



HYDROTHERMAL ALTERATION 

INTRODUCTION 

Three associations of hydrothermal alteration and rock brecciation 

have been recognized in the study area. Distribution of these types is 

shown in Plate 1. 

Type 1 alteration occurs at the periphery of the hydrothermal 

system. These zones of least intense alteration or 'rootless' zones 

lack readily apparent structural controls. They are located peripheral 

to the main system at similar elevations. Breccias found in these zones 

are cemented by a thin layer of massive white quartz, with coarsely 

crystalline euhedral quartz grown into the interstices. Calcite is 

found grown into open spaces in the euhedral quartz in some locations. 

Some of the massive quartz contains bladed cavities that are thinly 

coated by Fe and/or Mn oxides. Clasts in these breccias are weakly 

altered and contain smectites, illite, and some chlorite. Sulfide 

minerals have not been observed in these zones. 

Type 2 alteration zones are located peripheral to the main system 

at higher elevations. This type is found on Paradise Ridge to the west 

and northwest of the prospect. It occurs in larger, more continuous 

areas than Type 1, but also lacks obvious structural controls. The 
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rocks include strongly altered lavas and tuffs which are bleached and/or 

silicified. Alteration of tuff layers in general is more intense and 

appears to be more extensive laterally than alteration of lavas. 

Silicification occurs more frequently in the tuffs. Kaolinite, illite, 

and poorly crystalline or amorphous clays are common alteration products 

in all rock types. No quartz veins have been found, but rare quartz-

cemented breccias have been noted. The quartz matrix is very fine-

grained and may exhibit 'frothy' textures. Breccia clasts are strongly 

altered to kaolinite, illite, and quartz. Sulfide minerals have not 

been observed in these zones. 

Celadonite alteration has been noted peripheral to both Type 1 and 

Type 2 alteration zones. Where it occurs, celadonite alteration is more 

pervasive in tuffs, lahars, and flow breccias than in lava flows. It 

has been found in A lava flows on the northeast side of Lava Butte, in 
1 

some exposures of the P tuffs to the east of North and Middle Buttes, 
3 

and in part of the L laharic unit. These areas are located near or 
1 

between observed 'rootless zones'. Celadonite alteration also affects 

the groundmass of A 
2 

flows and matrix and clasts of A 
2 

flow breccias on 

Paradise Ridge in sections 16 and 17 to the south of areas of Type 2 

alteration on Paradise Ridge. 

Type 3 alteration is associated with structures and is found at 

the Wind River prospect. Although numerous alteration zones have been 

found along fault and fracture zones near the prospect, none of these is 

as extensive as that found at the prospect. Zoned alteration at the 

prospect is distributed relative to the No. 5 structure (Plate 2), and 

grades from weak to intense. Large banded quartz veins cut the 
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alteration zones. Calcite is intergrown with quartz in the veins at 

lower elevations in the system, but at higher elevations, the large 

veins show bladed cavities lined with drusy quartz. 

Breccias at the prospect occur marginal to the large quartz veins. 

These breccias are quartz-cemented and contain clasts altered to 

smectite, chlorite, illite, and quartz. Several poorly exposed quartz-

cemented breccias not associated with quartz veins were noted along the 

exploratory roadcut. These breccias have strongly altered clasts, but 

neither they nor the vein margin breccias contain appreciable amounts of 

sulfide minerals. 

Sulfide-rich breccias are associated with fault and fracture zones 

along Paradise Creek and its tributaries at moderate distances from the 

prospect. These breccias do not appear to be vein-margin breccias, but 

may have small quartz or quartz-calcite veins crosscutting them. The 

breccias show evidence of multiple episodes of brecciation and 

cementation. Cement is fine-grained, sulfide-rich quartz, and may 

contain drusy cavities. Clasts are strongly altered to kaolinite, 

illite, and quartz. 

HYDROTHERMAL ALTERATION AT THE WIND RIVER PROSPECT 

The alteration zones at the Wind River prospect are best exposed 

within the adit which is developed along the No. 2 quartz vein (Plate 

3), and along the exploratory roadcut which runs from USFS road 30 to 

the top of the lobe of Paradise Ridge located in sections 4 and 9 (Plate 

2). This road was constructed to expose the alteration and provide 

access for drilling the alteration zones. 

The alteration is developed in the P pyroclastic sequence which 
1 
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underlies Paradise Ridge and the D , D , and D dikes which are 
1 2 3 

intrusive into the pyroclastic rocks. In an attempt to characterize the 

alteration in the area, each of the four tuff units described earlier 

(T to T ) were traced into the zone of alteration from areas of low 
1 4 

alteration. The same was done for the intrusive units. The systematic 

changes in alteration mineralogy, textural patterns, and veining in the 

rocks are given in Figure 13. The most extensive data has been obtained 

from the T 
3 

and T 
4 

tuf f s and the D , D , and D dikes, owing to more 
1 2 3 

extensive exposures of these rocks along the exploratory roadcut. 

Alteration is distributed relative to the northeast-trending No. 5 

structure, which contains discontinuous quartz stringers in a clay 

matrix but lacks the prominent banded quartz veins found elsewhere in 

the area surrounding the prospect. 

The most intense alteration is found in a narrow zone that is 16 

to 31 m wide and centered on the No. 5 structure. In this zone, 

alteration mineralogy consists of illite, kaolinite, and quartz. This 

zone grades outward to a carbonate-clay-quartz zone containing calcite, 

Fe-carbonate, illite, kaolinite, and quartz. Calcite content in rocks 

of this zone ranges up to about 20%. K-feldspar and albite are also 

present as secondary minerals. The presence of both feldspars was 

confirmed by x-ray diffraction. This zone is 155 to 185 m wide on the 

footwall side of the No. 5 structure, and may be wider on the hanging 

wall. 

In the next zone outward, a yellow-brown clay that appears on the 

basis of optical studies to be a smectite clay, is the dominant clay. 

Illite and some chlorite are also present. Quartz, albite, and calcite 
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Matrix 
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Figure 13. 

Fresh rock Weakly altered 

Pumice inferred -
development of weak 
eutaxitic layering by 
flattened black lenticles 

Plagioclase (inferred) 

Mafics (inferred) 

Glass (inferred) 

Filled 

Glass inferred 

PlagioclasJ 
Inferred 

Mafic 

P lagioclase 

Mafic 

·~ J P Jagioclase Inf erred 

Mafics 

Open 

(continued) 

Jaumontite 

Moderately altered Strongly altered 

8oundar ies of black glassy 
lenticles with matrix are 
sharp in hand sample but not 
as sharp in thin section 

quartz, more coarely grained to 
center of Jenticles, + traces of 
smectite 

albite + illite + zeolite + smectite 

smectite + quartz 

smectite + quartz + illite 
+ chlorite 
Matix shows incipient to partial 
recyrstallization of quartz to 
coarser grains. Matrix textures 
partly destroyed 

quartz 

chlorite, smectite, illite, 
quartz Oighter colored clasts 
have a higher % of illite than 
darker colored clasts) 

quartz, trace smectite or 
chlorite, albite 
smectite, chlorite, quartz 

illite + smectite + quartz 
Boundaries of crystal clasts are 
blurred in thin sections 

chlorite + smectite + quartz 

Matrix textures are not preserved 

smectite, chlor ite, quartz 
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are the other important alteration minerals. This zone lacks the 

heavily carbonate-dominated signature of the previous zone, and is about 

245 m wide. Beyond this zone, alteration assemblages contain a higher 

proportion of chlorite. Yellow-brown smectite clays, quartz, albite, 

and zeolites are present and the alteration merges with the regional 

alteration. 

VEINS 

Veins of several compositions occur within the study area 

including laumontite, quartz-laumontite-heulandite, quartz-laumontite, 

quartz-K-feldspar, quartz-calcite, and quartz. 

Laumontite veins are not found along the exploratory roadcut, but 

they are present in the tuffs exposed along the Wind River highway, USFS 

road 30. The laumontite occurs as a white, powdery material lining 

fractures. 

Quartz-laumontite veins occur in several locations along the Wind 

River highway. The quartz is chalcedonic, but may form drusy linings in 

open spaces. The presence of laumontite in these veins was identified 

by x-ray diffraction. These veins are found cutting lava flows and flow 

breccias. Heulandite was found in the drusy quartz-lined cavities of a 

sample containing similar veins that was found in float along the lower 

part of the exploratory road cut. The source of this material has not 

been located. 

Quartz-K-f eldspar veins are common fracture coatings in tuf f s and 

dikes of the smectite-chlorite zone on the lower part of the roadcut 

near the Wind River highway. 
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Quartz-calcite veins do not occur along the roadcut, but have been 

identified in areas associated with quartz-cemented breccias along 

Paradise Creek and its tributaries. Calcite occurs in the veining 

within the adit developed along the No. 2 vein filling open spaces lined 

with euhedrally terminated quartz. Calcite also occurs intergrown with 

massive white quartz within bands in the veins. 

The prospect contains at least four mineralized quartz veins which 

cut andesitic pyroclastic rocks. The veins range from 15 cm to about 2 

m in width, strike generally to the north, with dips ranging from 

steeply to the west to nearly vertical. Veins range from milky white 

quartz to chalcedonic, and are commonly banded to vuggy. Pyrite, 

although sparse, is the main visible sulfide mineral of the veins. 

Traces of malachite indicate the presence of altered copper sulfides, 

primarily chalcopyrite, in the No. 2 vein at the adit level. 

A map of the prospect adit is given in Plate 3. The adit was 

driven along the No. 2 vein. At the adit level, this vein consists of 

thick, banded, milky white quartz which is often vuggy. Calcite is 

intergrown with the quartz in bands, but carbonate is not evenly 

distributed over the length of the vein. Zones where the vein is narrow 

contain less carbonate than wider parts of the veins. Vuggy bands in 

the vein are common, but bladed cavities are developed only locally. 

The No. 2 vein pinches and swells several times along its length. 

Parts of the No. 2 vein show quartz-cemented breccia 'pods' rather than 

a definite vein. Quartz-cemented breccias are present along both 

hanging wall and footwall margins of much of the vein. These breccias 

grade outward to quartz-stockworked andesite or to sheared andesite 



49 

zones. Marginal breccias and/or andesite wallrock may show considerable 

brownish discoloration in parts of the adit. Wallrocks are altered to 

quartz, chlorite, and calcite to the extent that primary textures can 

rarely be distinguished. 

At the level of the exploratory roadcut, the large quartz veins 

show development of bladed cavities lined with drusy quartz. Smaller 

veins consisting of chalcedonic quartz with open space textures also 

crop out on the roadcut. The quartz and quartz-calcite veins are 

associated with known mineralization. 

FLUID INCLUSIONS 

Fluid inclusion data for primary inclusions in the No. 2 vein at 

the level of the adit is shown in Figure 14. Inclusions gave 
0 

homogenization ranges of 220 
0 

0 0 

to 259 C and freezing ranges of -0.6 to 

-1.0 C. Daughter minerals were not observed in the inclusions. Plotting 

the homogenization temperatures on a depth vs. boiling temperature curve 

(Fig. 15) gives minimum depths of 300 to 600 m for formation of the 

system. The freezing ranges indicate fluids of very low salinities of 

less than 1% NaCl equivalent. 

Although two-phase inclusions were observed to have vapor bubbles 

of varying size relative to the size of the inclusions, the range of 

bubble sizes was not large enough to be taken as conclusive evidence for 

boiling of the fluids (Roedder, 1984). 
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Figure 15. Depth vs. boiling curves. Percentages indicate wt 
percent NaCl for brines of constant composition (from Haas, 1971). 



GEOCHEMISTRY 

INTRODUCTION 

Trace element geochemistry for a total of 122 samples from the 

Wind River area was determined by instrumental neutron activation 

analysis (INAA). Data for these samples and sample preparation methods 

are given in Appendix A. Rare earth element (REE) values used for 

normalization in chondrite-normalized REE plots were taken from the data 

of Ekambaram and others (1984). These values are also given in Appendix 

A. 

ANDESITES 

Eleven samples of andesite flows were collected from different 

parts of the study area and at different stratigraphic levels within the 

A and A flow groups. Alteration of the lavas is weak. These samples 
1 2 

were analyzed geochemically to determine the variation in trace element 

chemistry of the Ohanapecosh lava flows. Trace element chemistry for A 
1 

and A flows is summarized in Table I. 
2 
Figure 16 is a plot of the incompatible elements Th vs. Hf and 

shows that the andesites of A and A are not distinguished from each 
1 2 

other on this basis. Figure 17 shows plots of Co vs. Hf and Co vs. Ta, 

respectively. While all the A lavas plot in one group in these 
2 
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diagrams, the A lavas are distributed between groups. 
1 

Rare earth element plots for the lavas are shown in Figure 18. 

The lavas show some difference in their REE patterns. A lavas have a 
1 

more pronounced negative Eu anomaly and higher total REE abundances than 

do A lavas. Ratios of La/Sm, La/Yb, and Tb/Yb are all generally lower 
2 

for the A flows. Absolute amounts of REE are somewhat lower for the A 
2 

lavas. A lavas have a flatter slope in the heavy REE range. Although 
2 

2 

the A and A lavas may be distinguished on the basis of field criteria, 
1 2 

geochemically they do not separate well into two distinct groups. 

DIKES 

On the basis of field and petrographic studies, two groups of 

dikes were distinguished along the exploratory roadcut. These dikes 

were studied geochemically to determine whether or not the groups of 

dikes could be distinguished by their trace element chemistry. Also, 

the dikes can be traced into the zone of most intense alteration, and 

changes in trace element content with increasing degree of alteration 

can be observed. Study of alteration in the dikes is advantageous in 

that the dikes have fewer bulk compositional variables affecting them 

than do the surrounding pyroclastic rocks. A third dike, D , 
2 

represented by three samples, was distinguished geochemically. Trace 

element data for these dikes is summarized in Tables II and III. 

Figure 19 shows plots of the incompatible elements Th vs. Hf and 

Th vs. Ta for D , D , and D dikes. These graphs show three groups of 
1 2 3 

dikes. The D dike was found to be chemically distinct from D and D 
2 3 1 

dikes in that it is higher in Th and lower in Hf. 
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D dikes are all weakly altered, but D dikes do not all show the 
3 1 

same degree of alteration. Changes in mineralogy and texture with 

increasing degree of alteration for these dikes are summarized in Figure 

13. Plots of Co vs. Th and Co vs. Hf (Fig. 20) indicate a possible 

separation of the D dikes into two subgroups. While Th and Hf are 
1 

geochemically incompatible elements, Co is a compatible element, and 

along with Sc, Cr, Fe, is preferentially fractionated into mafic phases. 

Co and Sc are plotted vs. Fe 0 in Figure 21 for weakly, moderately, and 
2 3 

strongly altered D dikes. This plot shows a general decrease in Sc and 
1 

Co with decreasing Fe 0 content of the dikes. 
2 3 

Rare earth element geochemistry for the D , D , and D dikes is 
1 2 3 

presented in Figures 22 to 24. Compared to the other dikes, D dikes 
3 

(Fig. 22) show only a slight negative Eu anomaly and greater variation 

in heavy REE values. Absolute concentrations of REE are somewhat lower 

than for the other dikes. 

The D dike samples (Fig. 22) are all from the same dike and were 
2 

collected at different distances from the No. 2A quartz vein. The 

strongly altered sample represents bleached and sheared material 

collected from the margin of the quartz vein. No primary textures 

remain in this material. It plots parallel to and below the curves for 

the less altered samples. Ce and Eu both show depletions relative to 

less altered samples. 

REE plots for D dikes (Figs. 23 and 24) were grouped according to 
1 

degree of alteration of the dikes. Range of REE values for all the 

dikes regardless of degree of alteration is given by the shaded area in 

Figure 24. REE patterns for weakly, moderately, and strongly altered 
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dikes are very similar in shape of the curve and in total REE abundance. 

LAVAS AND DIKES 

A plot of La/Sm vs. Th for A and A andesites and D , 
1 2 1 

dikes is shown in Figure 25. In general, the D dikes and A 

one group, while D 
1 

dikes and A 
1 

TYPES 1 AND 2 ALTERATION 

3 2 
lavas form another group. 

D , and D 
2 3 
lavas form 

Samples from Types 1 and 2 alteration are identified in Appendix 

A. Geochemical anomalies of Sb were detected in breccia quartz and 

clasts from Type 1 alteration. Anomalies of As and Sb were detected in 

rocks from Type 2 alteration zones. 

TUFFS 

REE plots for two sets of tuffs are shown in Figure 26. Tuffs 

within each group show different degrees of alteration. The REE 

patterns for the tuffs are observed to shift to lower values with 

increasing degree of alteration. In Figure 26, the T tuffs show a 
4 

slight spread in the light REE and larger Eu depletions relative to the 

least altered sample than do the T tuffs. 
3 

Figure 27 shows REE plots for a set of strongly altered tuf f s from 

the top switchback of the exploratory roadcut, at higher elevations than 

the tuffs in Figure 26. These tuffs are strongly altered and contain 

varying proportions of clay minerals and quartz. The most clay-rich and 

the most quartz-rich samples are indicated in the graph. The other 

tuffs represent intermediates between these two extremes. The tuffs are 

seen to show a fanning in the light REE range and a tight clustering in 

the middle and heavy REE range. A less altered tuff is shown for 
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comparison. The middle and heavy REE part of the curve is seen to have 

changed direction of slope relative to the less altered tuff. 

NO. 5 STRUCTURE 

Samples from the No. 5 structure are identified in Appendix A. 

Geochemical anomalies of Au, Ag, As, Sb, Hg, and W were detected in 

rocks from this structure. 

Figure 28 shows REE patterns for rocks from the No. 5 structure. 

Samples were collected from the lower and middle switchbacks of the 

exploratory roadcut (Plate 2). The samples show some variation of REE 

abundances within the group, but form a continuous spectrum over the 

range of REE values represented. The curves show strong parallelism 

with one another. 

NO. 2 VEIN 

Detailed sample traverses were made across the No. 2 vein in the 

adit at several locations (see Plate 3 for locations of traverses). The 

traverse at station C includes channel samples as well as grab samples. 

The traverse in the small stope past station G includes only grab 

samples. Trace element data for samples from these traverses is 

summarized in Table IV. 

A sketch of the vein and surrounding wallrock zones in the adit at 

station C is shown in Figure 29. REE data for hanging wall and footwall 

vein margin samples at station C are shown in Figures 30 and 31. 

Footwall green andesite samples are observed to show two patterns, one 

of which has only a slight negative Eu anomaly and a flat pattern in the 

heavy REE range. Samples from the footwall andesite breccia zone plot 
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well below those of the green andesite zone, and the curves are 

generally parallel. Eu shows greater depletion in the andesite breccia 

relative to the green andesite. Quartz-cemented breccias plot below the 

other two footwall zones and generally parallel to them, although one 

sample shows a very flat heavy REE pattern. 

Hanging wall samples shown in Figure 31 show a similar progression 

toward the vein, although the hanging wall green andesites show somewhat 

more spread than do the footwall green andesites. 

Sampling in the stope past station G was not as extensive as that 

for station C. A sketch of the vein and wallrock zones at this location 

is shown in Figure 32. REE patterns for these samples are shown in 

Figures 33 and 34. The footwall breccia is observed to plot below and 

parallel to the footwall andesites. Ce and Eu show depletions relative 

to the least altered samples. Patterns for the hanging wall samples 

show the rusty shear zone shown in Figure 34 to plot higher than the 

andesite located at greater distance from the vein. 

A sketch of the Nos. 2 and 2A veins and wallrock zones on the 

exploratory roadcut is shown in Figure 35. Data for alteration metal 

concentrations (Figs. 29, 32, 35, Table IV, and Appendix A) show the 

following patterns: 

1). The highest Au concentrations are found in the quartz veins. Of 

three vein samples taken at station C in the adit, the highest 

Au concentrations are in samples coming from the margins of the 

vein. Vein samples from the stope past station G show the 

highest Au concentrations in the vuggy quartz zone of the vein. 

The highest Au concentration on the roadcut was in the No. 2A 

~ 
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vein rather than the No. 2 vein. 

2). Ag is found only in quartz veins. Since a standard containing Ag 

and Hg was not included in the INAA runs, values for these 

elements in ppm. are not available, although they were detected 

in some samples. Highest Ag concentration appear to occur in 

those samples also having the most Au. Hg occurs mainly in the 

veins, but has been detected in several other samples as well, 

including samples from the No. 5 structure and the Paradise Creek 

breccias. 

3). Arsenic increases toward the veins, but concentrations are lowest 

within the veins. Quartz-cemented breccias contain less As than 

breccias or shears which contain little quartz. At station C in 

the adit, the As halo has penetrated far~her into the footwall 

than the hanging wall. 

4). Sb concentrations increase toward the veins and are highest in 

the veins. Sb haloes also appear to have penetrated farther into 

the footwall of the vein in the adit than into the hanging wall. 

5). As/Sb ratios are lowest in the veins and increase away from the 

veins. Quartz-cemented breccias have lower As/Sb than breccias 

or shears containing less quartz. 



DISCUSSION AND CONCLUSIONS 

Cenozoic epithermal precious metal deposits are primarily hosted 

by Tertiary volcanic rocks. Ore metals commonly exhibit a base- to 

precious metal zoning with decreasing depth (Buchanan, 1981; White, 

1981; Berger and Eimon, 1982) that is genetically related to the ore 

forming process. Deposits in Tertiary andesitic terrains appear to be 

closely associated with extensive propylitization linked with high K 

mobility, resulting in K-metasomatism of the propylitized rocks and of 

the wallrock alteration zones of the gold-bearing veins (Boyle, 1979). 

These deposits are believed to be fossil equivalents of high 

temperature geothermal systems such as Steamboat Springs, Nevada and 

Broadlands, New Zealand, which are currently depositing ore-grade 

precipitates (Ewers and Keays, 1977; Schoen and others, 1974; Schoen and 

White, 1965; White, 1974, 1981). These systems show depth-related 

zoning of metals, with Au, As, Sb, Tl, and some Ag concentrated near the 

surface and base metals and Ag precipitated at greater depth and higher 

temperatures. 

Zoning of alteration and mineralization in epithermal systems is 

genetically related to the ore-forming process, with location of metal 

deposition a function of the level of boiling of the ascending fluids 
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(Buchanan, 1981). Base metals deposit below and precious metals above 

the boiling horizon, which may fluctuate due to episodic buildup and 

release of pressure. Thallium is deposited in response to decreasing 

temperature, while the other metals are deposited as a result of the 

combined effects of decreasing temperature and boiling of the 

hydrothermal solutions in permeable horizons (Ewers and Keays, 1977). 

At the level of boiling, CO 
2 

partitioned into the vapor phase. 

and H S are released and selectively 
2 

Mixing of the vapors with cooler 

groundwater and oxidation of H S to H SO produces acid solutions which 
2 2 4 

percolate downward, forming a low pH advanced argillic assemblage of 

silica, alunite, and kaolinite. Beneath this horizon, illite, 

celadonite, and adularia may be formed by near-surface degassing. This 

assemblage passes with depth and toward the ore shoots to more well-

ordered white micas. Montmorillonite or kaolinite may form an inner 

alteration halo on the fracture walls of ore shoots. The bleached zone 

forms an upward widening halo around individual ore shoots and is 

virtually absent below the precious metal horizon. 

The Wind River prospect shows a complex interplay between 

volcanic, hydrothermal, and structural activity. Relations among the A 
1 

and A 
2 

lava flows, the D , D , and D dikes, and regional structural 
1 2 3 

controls form the setting for the hydrothermal system developed at the 

prospect. 

Structural trends in the study area that parallel regional trends 

and which appear to be the most important in terms of providing foci for 

the flow of hydrothermal fluids are the north-northeast trend and, to a 

lesser extent, the northwest trend. Northwest-trending faults and folds 
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in the study area parallel the northwest trends developed regionally in 

the Washington Cascades. This northwest trend also parallels an older 

regional structural grain of the pre-Cenozoic terrain of the north 

Cascades (Hammond, 1979). 

North-south structures in the study area appear to have been the 

main focus for movement of hydrothermal fluids in the study area. These 

north-south structures parallel the trend of the Straight Creek fault, 

but any extension of the Straight Creek fault south of the juncture with 

the Olympic-Wallowa lineament is apparently covered by middle to late 

Tertiary volcanic rocks. Tabor and others (1984) believe that 

structures developed during Tertiary times aligned with the north-south 

trend of the Straight Creek fault do not extend to the south. Davis 

(1977) and Schreiber (1981) suggest that the Straight Creek fault may 

have extended further south during pre-Tertiary times. Reconstruction 

of dextral slip along the trend of the Straight Creek fault would place 

Mesozoic basement rocks as far south as the town of Stevenson, 

Washington (R. Miller, 1984, pers. comm.). 

The work of Tabor and others (1984) in central Washington 

indicates a Tertiary history of dominantly vertical movement along the 

Straight Creek fault and its southeasterly splays that merge with the 

Olympic-Wallowa lineament. These authors believe vertical movement 

tapered off during the Oligocene and ceased by Miocene times, when the 

fault was intruded by the 25 Ma Snoqualmie Batholith. 

Much of the Quaternary volcanic activity in southern Washington is 

believed to have occurred on north-south trending fissure zones, 

indicating that north-south structures have been active until quite 
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recently. The Wind River area is located between the St. Helens and 

Indian Heaven fissure zones. Whether the north-south structures in the 

study area are related to reactivation of buried southern portions of 

the Straight Creek fault, or to other causes acting to produce similar 

trends is a matter of conjecture. The possible presence of older 

basement rocks beneath the Wind River area might be an important factor 

in the development of a precious metal hydrothermal system in the area 

as a source for the gold. 

Although the A 
1 

and A lavas may be distinguished on the basis of 
2 

field and textural criteria, they do not separate well into two 

geochemically distinct groups. While a detailed study of the 

petrogenesis of these lavas is beyond the scope of this study, the 

observed geochemical differences in the lavas may be due to 

fractionation of the parent magma with time, or to tapping different 

layers of a fractionated magma chamber through time. 

Plots of geochemically incompatible elements (see Fig. 19) 

indicate there are three groups of dikes intruding the altered 

pyroclastic rocks at the Wind River prospect. D and D dikes may also 
1 3 

be distinguished on the basis of field and petrographic studies, but the 

D dike is distinguished only by geochemical means. Otherwise, this 
2 

dike resembles a weakly altered D dike. 
1 

D dikes are chemically 
3 

distinct from D dikes. They show differences in both compatible and 
1 

incompatible trace elements. REE patterns for the two groups of dikes 

are also different. D dikes show only a slight negative Eu anomaly and 
3 

a relatively flat curve in the heavy REE range. 

D dikes contain higher overall REE concentrations than do D 
1 3 
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dikes and show a more pronounced negative Eu anomaly. REE patterns for 

the groups of D dikes based on degree of alteration (Figs. 23 and 24) 
1 

indicate there is little overall, systematic change in REE concentration 

or pattern related to degree of alteration of the dikes. 

The chemical groupings of the D dikes suggested by Figure 20 
1 

appears to be related to intensity of alteration of the dikes rather 

than to a magmatic fractionation trend. Figure 21 shows a good 

correlation of decrease in Sc and Co with decreasing Fe 0 . The 
2 3 

strongly altered sample with higher Fe 0 contains more sulfide veinlets 
2 3 

than do the other strongly altered samples, and its higher Fe content 

may be due to introduction of Fe that has been incorporated in sulfide 

minerals. 

Some geochemical similarities exist between the A andesites and 
1 

the D 
1 

dikes, and between the A 
2 

andesites and the D 
3 

dikes. 

shows comparisons of the REE patterns for A 
1 

andesites and D 
1 

Figure 36 

dikes, and 

for A andesites and D dikes. Shapes of the curves and concentrations 
2 3 

of REE are similar. 

Figure 25 shows that in general, the A 
2 

lavas group with the D 
3 

dikes, while the A 
1 

lavas group with the D dikes. 
1 

These geochemical 

similarities suggest that the A 
1 

flows were fed by the D 
1 

dikes and the 

overlying A flows were fed by the D dikes. The D 
3 

dikes would 
2 3 

therefore be younger in age than the D dikes. 
1 

Chemical differences in the D dikes appears to be related to 
1 

degree of alteration rather than to fractionation of the source magma. 

However, dikes of varying degrees of alteration are observed to cut 

intensely altered pyroclastic rocks at the prospect. The difference in 
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degree of alteration may be related to the timing of dike emplacement 

relative to activity of the hydrothermal system, with the strongly 

altered dikes emplaced the earliest. The range of time over which the 

D dikes were emplaced was evidently not large enough for the parent 
1 

magma to have undergone appreciable differentiation, so the dikes do not 

show appreciable geochemical differences other than those which may be 

attributed to alteration. 

Rocks of the Ohanapecosh Formation in the type area of Mt. Rainier 

National Park exhibit varying degrees of alteration. The tuffaceous 

units are generally more altered than flows or intrusions, and the 

formation as a whole is usually more altered than the overlying 

formations (Fiske and others, 1963). Many rocks contain laumontite or 

wairakite and varying amounts of prehnite, epidote, chlorite, albite, 

quartz, and clay minerals. Zeolites and albite are usually found as 

alteration minerals after plagioclase. Rocks containing wairakite or 

prehnite are well-indurated, but those containing laumontite are soft 

and friable due to hydration of the laumontite (Fiske and others, 1963). 

The Ohanapecosh zeolite facies in the Mt. Rainier area probably formed 

by a combination of temperature and pressure rise related to burial and 

dispersion of heat from cooling intrusions. 

Wise (1961) extensively studied the alteration mineralogy of the 

Ohanapecosh Formation in the Wind River area, but worked mainly in the 

pyroclastic and volcaniclastic sequences south of the present study 

area. He found zeolites, quartz, chlorite, a smectite tentatively 

identified as griffithite, calcite, and celadonite to be the most common 

alteration minerals. Unlike the type section at Mt. Rainier, conditions 
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apparently did not reach the stability of wairakite or epidote in the 

regional metamorphism. Since the base of the section is not exposed in 

the Wind River area, higher grade assemblages may be present at greater 

depth than is exposed. Also, thermal effects of plutons intrusive into 

the Ohanapecosh Formation in the Wind River area may not have been great 

enough to have raised the metamorphic grade. 

The hydrothermal alteration found in the Types 1, 2, and 3 

alteration zones in the study area has been superimposed on the regional 

zeolite-grade alteration. This alteration extends up through the A and 
1 

A lava flow groups capping the ridges and widens upward. Areas of Type 
2 

1 alteration are found in rocks of the lava flow groups on Lava Butte 

and Middle Butte. Areas of Type 2 alteration are found in the lava flow 

groups on top of Paradise Ridge. Both types of alteration have 

geochemical anomalies of Sb and/or As associated with them, indicating 

transport of alteration metals into these areas. 

Type 1 alteration is interpreted to represent areas where 

hydrothermal activity was not of sufficient duration or intensity to 

produce all the features associated with the main system at the 

prospect. Intergrowth of calcite plates with quartz in the Type 1 

breccias and local development of bladed cavities in the quartz are 

textures similar to those found in the large quartz veins at the 

prospect, but the Type 1 breccias are of restricted extent. 

Hydrothermal activity in these zones has consisted of fracturing 

followed by cementation with chalcedony and then by deposition of quartz 

+ calcite in the interstices. Evidence for repeated brecciation in 

these zones is lacking, and alteration of wallrock and clasts is only 



moderate. 

It may be concluded that individual 'rootless zones' were not 

subject to extended hydrothermal activity. These areas do provide 

information that is lacking in the main system. Overgrowth of 

chalcedonic quartz by euhedral quartz in the breccias may indicate 

thermal progradation of the hydrothermal system, since saturation of 

hydrothermal solutions with amorphous silica occurs at a lower 

temperature than does saturation with quartz. 
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The widespread Type 2 alteration found along the crest of Paradise 

Ridge is laterally extensive. Alteration mineralogies are similar to 

those found in intensely altered zones at the prospect, but lack 

carbonate. Although observed alteration mineralogies indicate intense 

degrees of alteration of these rocks, minerals such as alunite or 

jarosite were not detected, and these zones cannot positively be 

identified as belonging to an advanced argillic assemblage. Trace metal 

anomalies of As and Sb exist in rocks from Type 2 zones, including lavas 

that are not strongly altered. Similar lavas from the North Butte

Middle Butte area do not contain these metals in detectable 

concentrations. 

The regional Types 1 and 2 alteration are probably structurally 

controlled, although field evidence for this control is not obvious due 

to poor exposures. Type 1 alteration zones were produced in response to 

restricted 'leaks' from the main hydrothermal system at the prospect. 

Host structures did not become major channels for fluid flow and did not 

develop into large veins. Fluid flow was not prolonged enough to 

produce more intense alteration of clasts and wallrock. 
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Type 2 alteration is more pervasive and more uniform in tuffs 

intercalated in the lava flow groups. Intercalated tuffs are more 

strongly altered than the lavas, and more frequently show evidence of 

silicification. The tuffs would probably react more readily than the 

lavas to hydrothermal solutions due to a higher proportion of less 

stable constituents and greater permeability. The less reactive lavas 

would be more readily altered in proximity to structures, where greater 

fracture permeability allowed more interaction of the hydrothermal 

solutions with the rocks. 

Areas of celadonite alteration are found peripheral to Types 1 and 

2 alteration and may have formed in response to near-surface degassing 

and K-metasomatism (Schoen and White, 1967; Buchanan, 1981). The amount 

of Ca present and the partial pressure of CO are important controls on 
2 

the formation of this mineral. In rocks with a high CaO content, low P 
+2 

CO favors zeolite formation. Fe and Mg form chlorite or smectite, 
2 +3 +2 

and K, Fe , Fe , and Mg go into celadonite. High P CO favors more 
2 

aluminous clay minerals and calcite, and celadonite would not form. 

Alteration and mineralization at the prospect show strong 

relations to structures. Zoned alteration at the prospect is 

mineralogically most intense at and immediately surrounding the No. 5 

structure. In view of the zoning of alteration mineralogies relative to 

the No. 5 structure, that is, intensity of alteration decreasing with 

distance from the structure, it is concluded that the zoned alteration 

at the prospect is in fact controlled by the No. 5 structure. 

Concentrations of alteration metals decrease outward from the No. 

5 structure. This structure contains anomalous concentrations of As, 
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Sb, and Au. Gold values, however, are low. Ag and Hg are present in 

some samples, and W is found only in rocks from the No. 5 structure. 

The large quartz veins cutting the zoned alteration have produced haloes 

of As and Sb that are superimposed on the effects of the No. 5 

structure. 

The large quartz veins at the prospect are structurally 

controlled. Quartz veins along the roadcut are frequently observed to 

be emplaced between the margins of a dike and the pyroclastic rocks into 

which the dike is intrusive. The veins also cross-cut some dikes. 

These features suggest that both dikes and veins were emplaced along the 

same zones of weakness. Even the smaller veins often show marginal 

shear zones and/or quartz-cemented breccias, which also indicates 

structural control of the veins. The No. 2 vein in the adit shows 

shearing of wallrocks parallel to vein margins, pinch and swell along 

its length, and vein-margin breccias. These features suggest this vein 

fills a fault, and that movement has occurred along the fault during the 

course of vein deposition. 

The fluids responsible for alteration and mineralization in the 

Wind River system were shown by fluid inclusion studies to be of low 

salinities and temperatures. The fluids were probably of near-neutral 

pH, and the Au transported by S complexes. Alteration mineralogies and 

geochemistry indicate fluids that were high in CO and reducing in 
2 

nature, and which became oxidizing at higher levels in the system. 

Some controversy exists as to the transport of Au in epithermal 

systems, with both S and Cl complexing proposed (Boyle, 1969; Buchanan, 

1981; Henley, 1973; Helgeson and Garrels, 1968; Seward, 1973; Weissberg, 
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1970). Deposits that are high in Ag and base metals but contain some Au 

and complex sulfosalts probably formed at greater depths and higher 

temperatures and salinities (White, 1981; Berger and Eimon, 1982; 

Buchanan, 1981). Base metals and Ag are transported mainly as Cl 

complexes that become unstable higher in the system with decreasing 

temperatures and salinity and increased pH from boiling, CO loss, and 
2 

wallrock reactions. Cl complexes of Au, As, Sb, Hg, and Tl either are 

not significant, or the complexing agent (Cl vs. HS ) changes upward, 

resulting in a barren zone between the high-level, Au-rich deposits and 

the deeper, Ag-base metal deposits (White, 1981; Berger and Eimon,. 1982; 

Buchanan, 1981). 

Deep geothermal waters in systems such as Broadlands, Steamboat 

Springs, and Yellowstone are neutral to slightly alkaline in pH and of 

low salinity (Berger and Eimon, 1982; Ewers and Keays, 1977; Weissberg, 

1970; Boyle, 1969). Solubility of Au in such fluids is much greater as 

thio complexes (Seward, 1973; Weissberg, 1970). In view of the low 

temperatures and salinities of the Wind River fluids, transport of Au 

most likely occurred as S complexes. Given the high amounts of As and 

Sb also found in the system, As and Sb complexes cannot be ruled out as 

a transporting mechanism, but little is known about the behavior of such 

complexes (Boyle, 1979.) 

Weissberg (1969) suggests that Sb sulfides may act as collecting' 

agents for Au and Ag, causing these metals to be co-precipitated when 

the solubility of the Sb sulfides in solution are exceeded. The high 

concentrations of Sb in the veins with the Au suggests that this may be 

one mechanism by which the Au in the Wind River veins was precipitated 
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from solution. The low amounts of As in the veins compared to the 

wallrocks may be related to its much greater solubility and ability to 

form stable colloidal dispersions (Weissberg, 1969), and it was not 

precipitated in the veins but was carried out into the wallrocks where 

it precipitated. 

Some constraints on the composition of the fluid arise from 

observed alteration mineralogies. Abundant calcite in veins at the adit 

level and in the carbonate-clay-quartz zone of alteration exposed along 

the roadcut indicates solutions high in CO • Epidote has not been 
2 

observed in any of the alteration assemblages at the Wind River 
0 

prospect. Epidote forms in geothermal systems at temperatures of 240 C 

or greater, but a high CO content in the fluid favors formation of 
2 

calcite rather than epidote (Browne and Ellis, 1970). At lower 

temperatures, smectite clays are the stable Ca-Al silicate phase 

(Giggenbach, 1984). Phase relationships of Ca-Al silicate minerals in 

equilibrium with calcite and chalcedony are shown in Figure 37. 

Temperatures obtained from fluid inclusion studies are just within or 

below the minimum temperature range for formation of geothermal 

epidotes, and smectite clays are abundant in the alteration assemblages 

at the Wind River prospect, suggesting that temperatures achieved in the 

system were either too low for epidotes to form, or that high 

concentrations of CO stabilized other phases. 
2 

A calcite-enriched zone near major upflow channels is consistent 

with the model developed by Giggenbach (1981, 1984) for geothermal 

systems of the Broadlands type. This model is summarized 

diagrammatically in Figure 38. The system is divided into a lower, 

\ 
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magmatic-volcanic system in which CO is produced, and an upper, 
2 

100 

geothermal system in which CO is consumed. Major upflow zones where 
2 

solutions ascend and cool such as the No. 5 structure, are characterized 

by silicification and K-metasomatism, resulting in alteration 

assemblages rich in K-clays, K-micas, or K-feldspar, plus quartz. At 

the Wind River prospect, illite is the most abundant K mineral in and 

near the No. 5 structure. K-feldspar is found in the carbonate-clay-

quartz zone of alteration as a replacement mineral, and K-feldspar plus 

quartz forms fracture coatings in the smectite-chlorite zone. Since 

this K-feldspar is of hydrothermal origin, it is assumed to be adularia. 

At increasing lateral distances from the major upflow zones, H-

metasomatism is caused by attack of CO on Ca-Al silicates, leading to 
2 

formation of Al-enriched alteration assemblages which may include clay 

minerals, micas, calcite, and quartz. Although micas are not found in 

the Wind River alteration assemblages, various clay minerals, calcite, 

and quartz are abundant. At increasing distances from the No. 5 

structure, illite is replaced by smectite, then by chlorite + smectite. 

The scarcity of zeolites except at distances from the system may also be 

due to high CO favoring formation of calcite and clay minerals. 
2 

Several samples in the more altered zones adjacent to the No. 2 

vein in the adit were observed to have lowered and flat patterns in the 

heavy REE. This behavior is not universally observed, and the 

significance of the pattern may be questionable, but Kerrich and Fryer 

(1979) have shown that in extremely CO -rich environments, heavy REE can 
2 

be mobilized. Other evidence, such as deposition of calcite in the 

vein, and calcite in the wallrocks, point to CO -rich solutions. These 
2 
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solutions may have contained enough CO to locally mobilize the heavy 
2 

REE. CO -rich solutions are also favorable for Au transport. 
2 

Samples for successive wallrock zones going toward the vein in the 

adit show REE patterns that generally are seen to parallel the least-

altered samples at successively lower REE abundances. Quartz-cemented 

breccias show the lowest REE abundances. This is believed to be due to 

the dilution effect produced by addition of REE-barren quartz (Ludden 

and others, 1984). 

Several lines of evidence indicate the reducing nature of the 

hydrothermal solutions at the Wind River prospect. The observed 

decrease in Fe content with increasing intensity of alteration of 
+2 

D dikes indicates the solutions were able to transport Fe. Since Fe 
1 +3 

is more soluble than Fe the fluids were evidently reducing in nature. 

The reducing nature of the solutions is also indicated by behavior of 

the rare earth element Eu in vein margins. Samples in sheared zones or 

breccia zones often show depletions Eu relative to less altered 

wallrocks. Eu has a variable oxidation states and is more mobile in the 

reduced state. Interaction of the rock with reducing solutions would 

reduce some of the Eu and allow this elements to be moved out of the 

system. REE patterns for the strongly altered D sample proximal to the 
2 

2A vein (Fig. 22) generally parallel those for the less altered samples, 

but also show depletions in Ce and Eu. Oxidation of the solution as it 

moves upward may have been responsible for the abundant sulfide veinlets 

filling fractures in the most intensely altered zones surrounding the 

No. 5 structure. 

REE data from tuffs in the system (Fig. 26 to 27) shows a change 
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in behavior of the system with elevation. Alteration of the T tuffs 
3 

produces a parallel decrease in REE values. The first set of T tuffs 
4 

(Fig. 26) begins to show 'fanning' of the light REE lines, which becomes 

pronounced in the second set of T tuffs (Fig. 27). 
4 

The light REE patterns indicate a fractionation of light REE in 

response to alteration. Light REE are most enriched in the sample with 

the greatest clay content and most depleted in a silicified sample. The 

patterns may reflect effects of different alteration conditions, with 

one acting to concentrate the light REE, and the other acting to deplete 

them. Change in slope of the heavy REE line from the least-altered 

pattern indicates that the heavy REE have also been moved, but that they 

do not show a variable response to conditions of alteration (Campbell 

and others, 1984). 

This pattern overlaps the pattern for heavy REE in the No. 5 

structure in similarity of shape and abundance of REE, suggesting that 

the conditions of alteration imposed by the No. 5 structure also 

affected the tuffs, and that subsequent modifications have involved 

light REE mobility only. In contrast to the tuffs, conditions of 

alteration have not affected REE in the dikes to any great extent. 

Distribution of Au in the No. 2 vein suggests there may have been 

more than one episode of mineralization. An early pulse of weak 

mineralization in the structure hosting the No. 2 vein was followed by 

formation of quartz-cemented breccias along this structure by solutions 

that were barren of Au. The traces of Au in the quartz-cemented 

breccias can easily be accounted for if mineralized wallrock fragments 

from the previous episode of mineralization were included in the 



breccias. Subsequently, the structure was active during the main 

episode of mineralization which produced the No. 2 vein. 
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Although the Cascades are metallogenically considered to be a 

copper province, with major deposits being of the porphyry copper type, 

the Wind River prospect does not fit well with this model. Work done on 

Cascade porphyry systems in Washington and Oregon (Field and Power, 

1985; Grant, 1969, 1982) indicate a progression from south to north of 

increasing age, temperature, salinity of fluids, depth of emplacement of 

the intrusions, and a change of mineralization style from epithermal 

(Au-Ag) to mesothermal (Pb-Zn-Cu-Ag) to hypothermal (Cu-Mo). Field and 

Power (1985) consider epithermal Au-Ag deposits in the Oregon Cascades 

to be near-surface manifestations of porphyry systems at depth. 

According to the model of Giggenbach (1981, 1984), porphyry 

systems would fit the magmatic-volcanic system classification, which 

grade with decreasing depth into geothermal systems which have similar 

alteration mineralogies to those observed at the Wind River prospect. 

If the thermal fluids were carrying Au and Ag, an epithermal precious 

metal deposit could be formed over such a porphyry system. Priest and 

others (1982) favor deep circulation as a source for geothermal fluids 

in currently active hot springs in the Cascades. With the data obtained 

in this study, there is at present no way to distinguish geothermal 

systems formed over porphyry systems at depth from those that might have 

been formed by other mechanisms. While it is possible that the heat 

source for hydrothermal activity at the Wind River prospect is a 

porphyry system at depth, this cannot be proven or disproven with the 

available data. 
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The Wind River prospect is spatially located between the Silver 

Star stock of the Washougal district and the Mt. Margaret, Goat 

Mountain, and Camp Creek stocks of the St. Helens district. These 

stocks are all intrusive into the Ohanapecosh Formation and represent 

typical examples of southern Washington porphyry systems at current 

levels of erosion. 

Age dates on stocks of the St. Helens district range from 16.2 to 

24.0 Ma (Engels and others, 1976; Armstrong and others, 1976). 

Published dates are not available for the Silver Star stock at this time 

but its age as estimated by Shepard (1979) would fall in this range. 

Porphyry mineralization of both districts probably occurred during the 

late stages of cooling of the intrusions. Moen (1977) estimated the 

mineralization of the St. Helens district to be of probable Miocene age. 

Although Shepard (1979) did not do heating/freezing work on fluid 

inclusions in veins associated with the Silver Star stock, however, he 

reports that these inclusions commonly contain daughter crystals of 

halite. This would indicate greater salinities than inclusions from the 

Wind River prospect, which showed only slight freezing-point depressions 

and did not contain daughter minerals. Fluid inclusion data is not 

available for veins from the St. Helens district. 

Deposits of the St. Helens and Washougal districts are reported to 

also contain Au, Ag, Pb, Zn, and Mo, but Cu is the major metal. Current 

levels of exposure of these systems fits with the mesothermal to 

possibly hypothermal environments of Field and Power (1985). Anomalous 

concentrations of As, Sb, and Hg have not been reported. As and Sb are 

found in rocks of the Wind River prospect, including those that do not 
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contain detectable Au. Hg is found in some parts of the system. These 

metals are all characteristic of epithermal deposits, and are also found 

in parts of the system above the precious metal horizon. 

The Wind River prospect represents a shallower, cooler type of 

system than the south to north progression of Field and Power (1985) 

would allow for the part of the Cascades in which it occurs. Deposits 

of the St. Helens and Washougal districts represent what is typical of 

porphyry-related systems in the southern Washington Cascades. The 

geologic and geochemical differences of the Wind River prospect argue 

that the deposit is related to a different episode of mineralization 

than that responsible for the Cascade porphyry systems. 

The hydrothermal system in the Wind River area appears to have had 

two main pulses of activity, the earliest being that associated with the 

No. 5 structure. Alteration associated with the No. 5 structure appears 

to have overlapped the intrusion of the D dikes, and to have occurred 
1 

somewhat earlier than emplacement of the quartz veins. Weakly, 

moderately, and strongly altered D dikes intrude the zoned alteration 
1 

about the No. 5 structure. The D 
1 

dikes are believed to have fed the A 
1 

flows. If degree of alteration of these dikes does reflect different 

timing of intrusion relative to hydrothermal activity on the No. 5 

structure, then the weakly altered dikes must have been emplaced 

relatively late. Alteration associated with the No. 5 structure would 

have occurred concurrently with deposition of part of the A flow 
1 

sequence. Flows fed by the strongly altered D dikes would have been in 
1 

place when the hydrothermal system began. The activity on the No. 5 

structure would have been waning by the time the weakly altered dikes 
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were intruded. 

A second pulse of hydrothermal activity in the area may have been 

responsible for deposition of the large quartz veins. Quartz veins at 

the prospect are observed to crosscut D , D , and D dikes. 
1 2 3 

The D 
3 

dikes are believed to have fed the A flows and therefore to be younger 
2 

than the D dikes. 
1 

Since the D dikes are cut by quartz veins, 
3 

emplacement of at least some of the quartz veins must postdate the D 
3 

dikes and by inference, the A flows. 
2 

Alteration associated with the No. 5 structure on the roadcut is 

quite extensive, while alteration associated with the quartz veins, 

other than geochemical anomalies, is not extensive at levels presently 

exposed. Since alteration associated with Tertiary epithermal vein 

deposits commonly widens upward (Buchanan, 1981), the No. 5 structure 

may actually represent the higher-level expression of a quartz vein at 

depth. Similarly, the large quartz veins exposed on the roadcut may 

once have had more extensive alteration envelopes developed at levels 

that have since been removed by erosion. The Type 2 alteration 

developed on Paradise Ridge may represent remnants of these alteration 

envelopes. 

It is postulated that the locus of hydrothermal activity moved 

upward with time as the overlying volcanic pile thickened. Other 

changes in depth of alteration could be related to changes in boiling 

level of the hydrothermal fluids caused by episodic sealing and 

rupturing in the system (Buchanan, 1981; Berger and Eimon, 1982), and to 

changes in the level of the water table. 

In view of the apparent timing of the alteration associated with 
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the No. 5 structure and the veins, the hydrothermal system appears to 

overlap and postdate deposition of the A 
1 

and A flows. 
2 

It is not 

possible to determine with currently available data how much time, if 

any, elapsed between the end of deposition of the A and the beginning 
1 

of deposition of A 
2 

flows, at what point during deposition of the A 
1 

flows the hydrothermal system began to develop, or how long the system 

postdated the A flows. 
2 

The age of the andesite flows in the study area, if known, would 

constrain the age of the hydrothermal system. Correlation of 

stratigraphic units described in this study with stratigraphy outside 

the study was not a purpose of the study and is beyond the scope of this 

project. However, the thick and laterally extensive sequences of lava 

flows found in the study area is anomalous for the Ohanapecosh Formation 

as described elsewhere in Washington by other workers. The Ohanapecosh 

Formation in other areas and in the larger area studied by Wise (1961, 

1970) consists mainly of volcaniclastic sediments and pyroclastic rocks 

with minor intercalated lava flows. Wise (1961, 1970) interpreted this 

concentration of lava flows as representing the core of an Ohanapecosh 

volcano. However, there is some belief by other workers in the southern 

Washington Cascades that the massive andesite flows in the study area 

are not part of the Ohanapecosh Formation, but are younger and of 

possible Miocene age (B. Phillips, 1985, pers. comm.). The flows may 

possibly be found to correlate with flows mapped in the lower Wind River 

valley by Berri and Korosec (1983). 

Since the Wind River hydrothermal system postdates and may overlap 

deposition of the flows, it would then be Miocene or later in age, and 
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is different from the Cascade porphyry systems because it is related to 

a different volcanic-plutonic episode than that responsible for the 

porphyries. 

Several models for epithermal precious metal deposits are 

presented by Berger and Eimon (1982). These models are summarized in 

Figure 39. Based on available lines of evidence, the Wind River 

prospect seems to best fit the stacked-cell convection model. 

Alteration and mineralization are structurally controlled. Veins are up 

to 2 m wide and have brecciated margins. The A 
1 

and A 
2 

flow groups have 

acted as a limited permeability barrier. Although flows have been 

largely eroded from above the P pyroclastics at the prospect, in view 
1 

of the occurrence of similar lava flows on Paradise Ridge to the west 

and the buttes to the east of the prospect, these flows were probably 

once continuous and covered the area of the prospect. P pyroclastic 
1 

rocks below the lava flows are altered, with the T tuffs at and near 
4 

the top of the hill in sections 4 and 9 being more altered than the 

underlying T tuffs. 
3 

The T tuff s may have originally been welded 
3 

tuffs, and less permeable than overlying nonwelded tuffs. 

Alteration is laterally extensive in the higher levels of the 

system. Laterally extensive alteration in permeable horizons within and 

below the flow sequences would be facilitated by local structural 

disruption of the barrier, permitting venting of the hydrothermal fluids 

through the barrier. Individual flows in the sequence may have acted as 

smaller barriers, restricting much of the alteration to the more 

permeable and easily altered tuff layers. A cartoon of this model is 

shown in Figure 40. Operation of the model in the Wind River area is 
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envisioned as follows: 

1). Thermal fluids rise along structures until they encounter the 

limited permeability barrier of the flow groups. Through-going 

faults or fractures vent fluids to the surface and allow mixing 

with fluids of cooler, overlying aquifers. 

2). Intermittant boiling may have taken place along the barrier due 

to structural breaks or incomplete sealing of the system. Short

li ved 'leakers' may be responsible for the 'rootless' zones on 

the margins of the system. 

3). Major mixing or boiling activity takes place where structurally

produced breaks in the flow sequences allow contact between hot 

thermal fluids and cooler, shallower groundwater. 

4). Violent boiling may have occurred in the upper, more fractured 

parts of the system. Flashing of waters to steam during periods 

of slow recharge to open fractures would increase the amount of 

acid-leach alteration occurring in this part of the system. This 

mechanism of acid leaching is most likely to occur in areas where 

the system was sealed and became overpressured. 

5). Boiling levels in the system may fluctuate due to intermittant 

sealing and overpressuring of the system. 

The development of the Wind River hydrothermal system through time 

is shown schematically in Figure 41. 
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SUMMARY 

The Wind River prospect shows a complex interplay between 

volcanic, hydrothermal, and structural activity. Relations among the A 
1 

and A 
2 

lava flows, the D , D , and D dikes, and regional structural 
1 2 3 

controls form the setting for the hydrothermal system developed at the 

prospect. 

North-northeast-trending structures appear to be the most 

important in terms of providing foci for hydrothermal activity. 

Activation of these structures occurred relatively late. 

There are three groups of dikes intruding the altered pyroclastic 

rocks at the prospect. D dikes are chemically distinct from D dikes. 
3 1 

Chemical groupings within the D dikes are related to degree of 
1 

alteration of the dikes. The D , D , and D dikes are chemically 
1 2 3 

similar to the A and A lava flows. D dikes are similar to A 
1 2 1 1 

flows, 

and D dikes are similar to A flows, suggesting the flows were fed by 
3 2 

the different groups of dikes. The D dikes would then be younger than 
3 

the D dikes. 
1 
Three types of hydrothermal alteration have been recognized in the 

study area, representing different lateral and vertical distances from 

the center of hydrothermal activity. Alteration extends up through the 
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flow groups capping the ridges, and therefore postdates the flows. 

Type 1 alteration represents leaks off the main system where 

hydrothermal activity was not of sufficient duration or intensity to 

produce large quartz veins or mineralogically advanced alteration. Type 

2 alteration represents expression of the hydrothermal system at higher 

elevations and off to one side of the main system. Alteration is 

laterally most extensive in permeable horizons. Acid leaching may have 

been a factor in causing this alteration. Types 1 and 2 alteration were 

probably structurally controlled, although poor exposures in the field 

make this difficult to prove. Both types of alteration have geochemical 

anomalies of Sb and/or As associated with them. 

Alteration at the prospect is structurally controlled. Zoned 

alteration is controlled by the No. 5 structure. The most intense 

alteration is located in and near the structure. Alteration decreases 

in intensity away from the structure. In general, distribution of 

alteration metals decreases away from the structure. The large quartz 

veins cutting the zoned alteration produce halos of alteration metals 

that are superimposed on the effects of the No. 5 structure. 

The quartz veins at the prospect are structurally controlled. 

Quartz veins frequently crosscut or are emplaced along the margins of 

dikes, suggesting that both dikes and veins were emplaced along the same 

zones of weakness. The quartz veins have brecciated or sheared margins. 

Quartz-cemented breccias may occur along either or both margins of the 

veins. The No. 2 vein in the adit shows pinch and swell along its 

length, and vein-margin shears and breccias, suggesting the vein lies in 

a fault and that movement has occurred on the structure during the 
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course of vein deposition. 

Fluids responsible for alteration and mineralization were of 

relatively low temperatures and salinities. The fluids were probably of 

near-neutral pH, and the Au transported by S complexes. Present-day 

geothermal systems depositing ore-grade precipitates have waters that 

are near-neutral to slightly alkaline in pH. Au is much more soluble in 

such fluids as S complexes. As and Sb complexes cannot be ruled out, 

given the high concentrations of these metals in the system. Highest 

concentrations of Sb occur with the highest concentrations of Au, 

suggesting Sb may have acted as a collecting agent, causing Au to 

precipitate. 

The fluids were high in CO and reducing in nature. 
2 

High CO 
2 

fluids are indicated by abundant calcite as both precipitated and 

replacement material. The reducing nature of the fluids is indicated by 

transport of Fe in the alteration of the dikes, and reduction and 

transport of Eu in vein margins. The solutions became oxidized in the 

higher parts of the system. Au distribution in the veins indicates 

multiple episodes of mineralization. 

The Wind River hydrothermal system is not related to the episode 

of metallogenesis responsible for porphyry copper systems presently 

exposed in the Cascades. Porphyry systems in the southern Washington 

Cascades are typified by deposits of the St. Helens and Washougal mining 

districts, which represent deeper, hotter environments than that of the 

Wind River prospect. 

Hydrothermal activity overlapped and postdated deposition of the 

A and A lava flows. Hydrothermal activity was structurally 
1 2 
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controlled, with N-NE trending structures the most important. The lava 

flow groups acted as a limited permeability barrier on the system. 

Alteration is laterally extensive in permeable horizons within and below 

the flow sequences. Major fluid mixing and/or boiling activity took 

place in proximity to structural disruptions of the barrier. The No. 5 

structure represents an earlier phase of hydrothermal activity than do 

the quartz veins. Extensive alteration envelopes associated with the 

veins may have existed in parts of the system that have since been 

removed by erosion. As the lava flow sequence thickened, the locus of 

hydrothermal activity shifted upward. 
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APPENDIX A 

INSTRUMENTAL NEUTRON ACTIVATION ANALYSIS 

SAMPLE PREPARATION 

Approximately 16 to 20 g of sample was first broken to chips, 

which were then sorted by hand under the binocular microscope to 

eliminate those containing abundant Fe-oxides and/or weathered surfaces. 

The sorted chips were crushed by hand in a tool steel mortar and pestle 

and sieved to -20 mesh. 

One gram splits of powder were weighed to 4 decimal places on a 

Mettler balance and sealed in small polyvials, which were then loaded 

two to a larger polyvial. Standards were included in both the top and 

bottom layers. 

Samples were irradiated in the lazy susan rack of the TRIGA Mark 

II reactor at Reed College in Portland, Oregon for 1.0 hr at 250 kw 
12 2 

power. The full power flux of approximately 2xl0 n/cm sec is 

generally used for geochemical samples. Samples were allowed to cool 

for a day or so before being transferred from the Reed reactor to 

Portland State University. 

First counts were begun about 5 days after irradiation. Standards 

were counted for 3000 sec, samples for 1000 sec. Second counts were 
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begun about 35 days after irradition, with standards counted for 9900 

sec and samples for 3000 sec. Counting was done on a Tracor-Northern 

high-voltage biased, lithium-drifted germanium (Ge-Li) crystal detector 

maintained at operating temperatures in a Dewar flask of liquid 

nitrogen. Signals from the Ge-Li detector were analyzed and stored in a 

real-time 4096 channel digital energy spectrum analyzer. The spectral 

data from the minicomputer was stored on floppy disks. 

Elemental abundances were calculated by comparison of the spectra 

of a sample to those of a standard of known concentration. Data from 

the Tracor-Northern system was recopied into the Portland State 

University Honeywell Level 66 computer and processed by the Fortran 

INAA2 program. This method is limited in that it can only be used for 

elements that are present in the standards. The final output from the 

Honeywell shows elemental abundances in percent oxide or ppm, as 

appropriate, and statistical error bounds based on one standard 

deviation, reflecting how narrow and sharply defined the counting peak 

was relative to the background. 

Analytical errors may arise from estimation of thermal neutron 

flux, differing geometries of the samples, and the fact that the 

detector is not 100% efficient. Further inaccuracies will result if 

care is not taken in sample selection and preparation. Also, in a 

comparative method, the accuracy and precision of the analyses cannot be 

better than that for the standards used. 
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CHONDRITE VALUES USED FOR NORMALIZATION OF RARE EARTH ELEMENTS 

REE PPM 

La 0.2347 

Ce 0.6096 

Sm 0.1461 

Eu 0.0550 

Tb 0.0361 

Yb 0.1587 

Lu 0.0239 

Data are from Ekambaram and others (1984). 
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SAMPLES IN WHICH AG, HG, AND W WERE DETECTED 

Ag Hg w 

WRM-13A WRM-13A 16-1 

WRM-24 WRR-TDl 16-3 

WRM-36 WRM-36 16-4 

WRR-13 WRR-55 16-5 

WRR-40 WRR-57 16-6 

WRR-55 9-3 9-4 

M-09 9-5 

M-046 R-036 

16-5 MF9+20 

M-08 M-08 

M-045 R-035 

PCNT2-4 PCNT2-4 

DR-VN-1 
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