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Abstract 
Test drilling by the Geothermal 

Research Program of the U.S. 
Geological Survey (USGS) in the 
N e w b e r r y c a l d e r a , a l a r g e 
Q u a t e r n a r y v o l c a n o loca ted 
immediately east of the Cascade 
Range in west-central Oregon, 
has demonstrated that high-
temperature (265°G) geothermal 
fluid exists in permeable rocks at 
a depth of 930 meters. Heat flow 
beneath the caldera floor may be 
about 1500 milliwatts per square 
meter, but much of the heat is 
dissipated by ground-water flow 
at s h a l l o w d e p t h s , t h e r e b y 
effectively masking the geother
mal anomaly. 

During a flow test in the drill 
hole. Initial well-head pressure 
was 57 bars, and the initial mass 
flow rate was approximately 1.5 
kilograms per second. Most of the 
fluid discharged consisted of 
steam and carbon dioxide. The 
liquid discharged appeared to be 
predominantly condensed steam. 

Geophysical studies in the 
Cascade Range have previously 
encouraged the belief that the 
geothermal potential in the area is 
high. The results at Newberry 
appear to confirm this belief and 
provide incentives for additional 
exploration over a large area of 

^W a s h i n g t o n , O r e g o n , a n d 
California 

Introducjion^ 

Newberry X/olcano in west 
central Oregon has been a source 
of i n t e r e s t to g e o t h e r m a l 
investigators during at least the 
past decade. The young rhyolitic 
deposits and active fumaroles in 

the caldera of this large volcano, 
as well as the hundreds of cinder 
cones, fissure vents, and pumice 
r i n g s on the f l anks of the 
m o u n t a i n h a v e i n t r i g u e d 
geologists for many years and 
have been the focus of numerous 
recent investigations. Studies by 
P e t e r s o n a n d G r o h (1969); 
MacLeod,' Walker, and McKee 
(1975); and MacLeod and others 
(1981), in particular, suggest the 
possible significance of the area 
as a source of geothermal energy. 
Est imates by Brook and others 
(1978), based largely on the 
p r e s e n c e of f u m a r o l e s and 
analogies to other Quaternary 
volcanoes, have indicated that 
temperatures in a geothermal 
reservoir at Newberry might be as 
high as 250°C. During the past 
summer (1981), test drilling by the 
U.S. Geological Survey (USGS) 
demonstrated the. presence of 
even hotter geothermal fluids at 
moderate depths beneath the 
caldera floor. 

Newberry Volcano, centered 
about 40 kilometers (km) south of 
Bend, Oregon (Figure 1), is among 
the largest Quaternary volcanoes 

in the c o n t e r m i n o u s United 
States. Its caldera has an area of 
nearly 45 square kilometers (km^) 
and the volcano and its lava flows 
cover an area greater than 1200 
km2. Paulina Peak, the highest 
remnant of the former mountain, 
s tands at an altitude of 2434 m on 
the rim of the present caldera. The 
altitude of the caldera floor is 1932 
m, which is about 610 m higher 
than the adjacent La Pine and Fort 
Rock valleys. Two lakes, Paulina 
and East, occupy much of the 
caldera floor and contribute to the 
scenic beauty of the area. The 
caldera is a reserved recreational 
a r e a w i t h i n t h e D e s c h u t e s 
National Forest and is part of the 
Newberry Caldera KGRA. 

The flow rocks and explosive 
ejecta that form the volcano range 
in composition from basalt ic to 
rhyolitic and were extruded over a 
long period in Pleistocene and 
Holocene time. In most respects, 
Newber ry is s i m i l a r to the 
M e d i c i n e L a k e v o l c a n o in 
n o r t h e r n C a l i f o r n i a . L i k e 
Medicine Lake, it lies a significant 
distance east of the main Cascade 
Range. 
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Although Newberry is usually 
grouped with volcanoes of the 
Cascade Range, it is not clear how 
its origin and history are related 
to the subduction zone and crustal 
p l a t e c o l l i s i o n s t h a t h a v e 
apparently been causal factors in 
the construction of the High 
Cascades. Newberry's position as 
the western outpost of a trend of 
progressively younger silicic 
volcanism that can be traced 
through central Oregon (MacLeod, 
Walker, and McKee, 1975) may 
complicate the picture but it is 
probably safe to assume, for the 
p r e s e n t , t h a t v o l c a n i s m at 
Newberry is related to the same 
tectonic forces that produced the 
Cascade volcanoes. 

The most recent volcanism at 
Newberry occurred about 1400 
years ago when rhyolitic pumice 
was erupted and a large mass of 
obsidian flowed from a vent in the 
ca ldera . Current ac t iv i ty is 
limited to a few thermal springs 
(probably drowned fumaroles) 
which occur on the margins of 
Paulina and East Lakes and in a 
small pond, "Lost Lake," adjacent 
to the l a rge obs id ian flow. 
Temperatures of these springs are 
generally low, but may range to at 
least 62°C depending on the lake 
levels and lake-water tempera
tures. Despite the fact that 1400 
years have elapsed since the last 
eruption, "considering the long 
time over which eruptions took 
place on Newberry, the volcano 
should be considered dormant but 
capable of future eruptions. . . . " 
(MacLeod and others, 1981, p. 91). 

Test Drilling 

I n 1977 t h e G e o t h e r m a l 
Research Program of the USGS 
drilled a small-diameter wireline 
core hole (Newberry 1) on the 
flank of the volcano about 4 km 
northeast of East Lake at an 
altitude of about 1900 m. In the 
core hole, pumice from the 
eruption of Mount Mazama (about 
6700 years old) was encountered at 
a depth of 1 m, and the drill then 
p e n e t r a t e d c i n d e r s , b r ecc i a , 
tuffaceous sediments, pumice, 
ash-flow tuffs, ash-fall deposits, 
and basaltic to andesitic flow 
rocks to a total depth of 386 m. The 
lava flows range in thickness 
from 0.3 m to 70 m and comprise 
only about 44 percent of the 
section. 

Caldera r im 

Figure 2. Map of Newberry caldera, showing Ihe slle of lest holes Newberry 2 and 3. 

O n l y s m a l l a m o u n t s of 
formation fluid were encountered 
by the drill hole, and mud 
c i r c u l a t i o n c o u l d n o t b e 
maintained during most of the 
drilling. Caving was a common 
occurrence; as a result, the drill 
pipe was ultimately stuck in the 
hole and most of it abandoned. The 
hole was completed by setting IVi-
inch pipe to 210 m, the final 
available depth, for the purpose of 
obtaining heat-flow measure
ments. The temperature profile 
(Figure 3) shows several zones in 
w h i c h g r o u n d - w a t e r f l o w 
probably affects the tempera
tures, notably at 154 m where the 
top of a black vesicular basalt 
f low w a s e n c o u n t e r e d . The 

maximum temperature of 9°C 
occurred in this zone. Because of 
the obvious convective disturb
ance, no heat-flow values have 
been calculated for this site. 

A second test hole (Newberry 2) 
was spudded by the USGS in 1978, 
this time on the floor of the 
caldera, 400 m east of the big 
obsidian flow, at an altitude of 
1935 m (Figure 2). The sit ing ofthe 
hole was based pr imari ly on 
e n v i r o n m e n t a l a n d a c c e s s 
c r i t e r i a , a l t h o u g h i t w a s 
considered important to drill in 
the east half of the caldera where 
the more recent silicic volcanism 
had occurred. Rocks in the first 
310 m, drilled by the mud-rotary 
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Figure 3. Teniperature profiles In test holes Newberry 1 and Newberry 2, The profiles 
were obtained In November, 1978, one year after completion of Newberry 1 
and one month after drilling lo 313 m In Newberry 2. 
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method in order to allow for future 
reduction in diameter, consisted 
largely of pumice, cinders, ash, 
volcanic sediments, and thin flow 
rocks, similar to those in the flank 
hole. A notable addition was a 56-
m-thick obsidian flow encoun
tered at 42 m. The interval from 
102 m to 335 m was subsequently 
cored in an offset hole, Newberry 
3, with core recovery ranging 
between 40 percent in the interval 
102 m to 186 m, and 87 percent from 
186 m to 335 m. 

Test-hole 2 was deepened by 
w i r e l i n e c o r i n g d u r i n g the 
summers of 1979 and 1981 as funds 
became available, and reached its 
final depth of 932 m on September 
18, 1981. A highly generalized 
lithologic log of the hole, based on 
field observations of the core 
(Figure 5), reveals that a possibly 
deep lake once existed beneath the 
drill site (core interval 322 to 381 
m), that the volcanic sediments 
and pyroclastic deposits which 
predominate in the upper 610 m 
give way to increasingly thick 
flow rocks in the lowest 320 m, and 
that there is an overall upward 
increase in the silica content of 
the rocks. 

Permeabilities in the massive 
flow rocks are probably low, but 
breccia zones, volcanic sedi
ments, and fractured, vesicular 
interflow zones may have much 
higher permeabilities. Loss of 
drilling fluids (up to 90 or 95 
percent) occurred during most of 
the drilling in the upper 610 m of 
the hole, but little or no formation 
water entered the hole in this 
section. Hydrostatic pressures in 
the drill hole would always have 
exceeded possible pressures in 
the formations drilled, however, 
and the lack of formation-fluid 
returns does not indicate the 
absence of ground water in the 
rocks. Below 610 m, there was no 
increased loss of drilling fluid, 
and the overall permeability of 
the massive flow rocks in the 
lowest one-third of the hole is 
probably extremely low. 

Thermal Gradients and Heat Flow 

A temperature profile obtained 
in the upper 313 m of Newberry 2 
in November 1978 (Figure 3) 
differs only in minor details from 
one obtained two and one-half 
years later in the same depth 
interval (Figure 4). During the 
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Figure 4. Compos i te tempera ture pro f i le o f Newber ry 2. 
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intervening time the hole had 
been deepened to 631 m. The warm 
bulges in the upper 640 m of the 
profile remained at virtually 
constant temperatures through
out the drilling period. 

Most of the rocks in the vicinity 
of the temperature anomalies 
appear to have high permeabil
ities and probably low thermal 
conductivities, and the tempera
ture profiles are probably not 
c o n d u c t i v e p h e n o m e n a . The 
probable cause of the anomalous 
temperatures is warm water that 
r ises in faults or fracture zones 
and moves laterally in permeable 
z o n e s w i t h i n the c r a t e r - f i l l 
material and flow rocks. The 
maximum temperature in the 
hottest of these convective zones, 
near the 425 m depth, was 100°C. 
Between the thermal bulges are 
zones, as at 120, 275, 550, and 625 
m, where cooler water may carry 
off some of the geothermal heat 
and redistribute it within the 
c a l d e r a . N e a r l y a l l t h e s e 
convective anomalies in the 
t e m p e r a t u r e prof i le can be 
correlated with core samples that 
appear to have higher than 
n o r m a l , a l t h o u g h s t i l l low, 
permeabilities. The converse is 
not true, however, and many 
zones of apparently permeable 
rock do not show significant 
temperature anomalies. 

Estimates of heat flow in crustal 
rocks are calculated from two 
m e a s u r a b l e q u a n t i t i e s , t h e 
conductive thermal gradient and 
the thermal conductivity of the 
rock. The temperature profile in 
the depth interval 675 to 930 m for 
Newberry 2 (Figure 4) provides a 
reasonably firm basis for an 
estimate of the thermal gradient. 
Although at least three slightly 
differing segments of the profile 
can be defined when the data are 
examined in detail, for the present 
purpose an average gradient 

through the entire interval is 
probably justified. The gradient 
calculated for this interval is 
706°C per kilometer. 

The second parameter, thermal 
conductivity, can be estimated, 
pending the results of laboratory 
tests on the core. A value of 5 meal 
cm-is-i°K-i may be a reasonable 
e s t i m a t e of t h e a v e r a g e 
c o n d u c t i v i t y of t h e z o n e , 
compris ing as it does about 65 
p e r c e n t m a s s i v e , u n a l t e r e d 
basalt ic andesite and andesitic 
flow rocks, the remainder being 
largely hydrothermally altered 
flow rocks. Using the calculated 
average thermal gradient and the 
estimated thermal conductivity, 
conductive heat flow through the 
lower par t of the caldera rocks 
penetrated at the drill site is 
calculated to be about 35 Heat 
Flow Units ([1 cal cm-^s-i) or about 
1500 mill iwatts per square meter 
(mW m-2). This p r e l i m i n a r y 
estimate will be revised when 
conductivity measurements on 
the core have been made and 
evaluated. The significance of the 
estimate is uncertain because the 
origin and configuration of the 
temperature profile below the 
bottom of the drill hole are not 
known and because it can only be 
assumed at this time that the; 
upper end of the conductive 
gradient is established by the 
convective effects of ground
water flow. 

Prel iminary Flow-Test Results 

On September 29 and 30, 1981, a 
20-hour flow test was made in 
Newberry 2. The producing zone 
was a 2-ni section of altered, 
v e s i c u l a r b a s a l t i c a n d e s i t e 
penetrated at a depth of 930 m. 
Heavy mud (up to 10.8 lbs/gal) 
had been punaped into this zone in 
order to control gas emissions and 
high well-head pressures that 
were encountered at this depth 10 
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days previously. The drill ptpe 
was stuck near the bottom of the 
7.70-cm (3.032-inch) hole. 

Flow was induced by swabbing 
dri l l ing mud from inside the 6.07-
cm (2.39-inch) NX wireline drill 
pipe to a depth of 427 m. The fluid 
pressure in the formation was not 
measured, but can be estimated 
from the weight of the fluid 
column in the drill hole as flow 
began. The estimated formation 
pressure is 62 bars (890 pounds 
p e r s q u a r e inch) , w h i c h is 
significantly higher than the 
pressure of saturated steam at the 
measured bottom-hole tempera
ture of 265°C (52 bars-730 psi). The 
excess pressure is believed to be 
due to the partial pressures of 
gases in the formation. At the well 
head, initial pressure ahead of a 1-
inch choke was 57 bars (800 psi). 

Flow was allowed to continue 
for 20 hours while samples of fluid 
and gas were collected at a 
separator. Preliminary estimates 
of flow rates indicate that the 
initial mass flow rate from the 
reservoir was approximately 1.5 
ki lograms per second (kg/s; 
12,000 Ibs/hr). At the end of 20 
hours , pressure at the well head 
had declined to 9 bars (120 psi) and 
t h e m a s s f l o w r a t e w a s 
approximately 0.7 k g / s (5400 lbs / 
hr). 

Prel iminary estimates of the 
constituents of the gas phase 
suggest that steam was predomi-, 
nant and that the noncondensable 
gas consisted largely of CO2 with 
minor amounts of H2S and 
m e t h a n e . C o n c e n t r a t i o n s of 
chloride in the liquid phase were 
extremely low, suggest ing that 
the liquid was almost entirely 
composed of condensed steam. 
Chemical and isotopic analyses of 
the liquid and gas, to be completed 
dur ing the next few months, will 
elucidate the composition of the 
formation fluids, enable more 
precise mass flow calculations to 
be made, and perhaps afford clues 
concerning characteristics of the 
geothermal reservoir. 

Conclusions 

I t i s p r e m a t u r e to offer 
extensive interpretations of the 
dr i l l ing results or to speculate on 
many of their implications. The 
following comments can probably 
be made with some assurance, 
however. 
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' In the setting of a recently 
a c t i v e c a l d e r a , t h e h i g h 
conduc t ive the rma l g rad ien t , 
averaging 706°C/km through a 
depth i n t e rva l of one-fourth 
k i l o m e t e r , a n d t h e h i g h 
temperature, 265°C at 930 meters, 
strongly imply the presence of a 
shallow crustal heat source. The 
d i s t r i bu t ion of pos t -Mazama 
( < 6 7 0 0 - y e a r - o l d ) r h y o l i t i c 
deposits over much of the eastern 
t w o - t h i r d s of t h e c a l d e r a 
(MacLeod and o t h e r s , 1981) 
suggests that the heat source 
could be a cooling, but possibly 
still molten, magma body. The 
probable smallest depth to such a 
body is less than 2 kilometers on 
the basis of an extrapolated 
t h e r m a l g r a d i e n t a n d t h e 
a s s u m p t i o n t h a t t h e r m a l 
conductivity in rocks beneath the 
caldera does not increase with 
depth. The actual depth could be 
s ign i f i can t ly g rea te r t h a n 2 
k i l o m e t e r s and is p r o b a b l y 
indeterminate on the basis of 
available evidence. 

Data from geophysical investi
gations at 'Newberry are in part 
conf l ic t ing and are at best 
i n c o n c l u s i v e . S t an l ey (1981) 
found no evidence for a large 
m a g m a c h a m b e r b e n e a t h 
Newberry in his magneto-telluric 
(MT)data. M. Iyer (oral commun., 
1981) similarly finds no evidence 
in t e l e s e i smic s tudies made 
several years ago for a body of 
m o l t e n rock . The l i m i t of 
resolution for the teleseismic data 
is perhaps 3 km, however. Iyer 's 
data do show a large velocity 
contrast in the area, with higher 
velocities localized beneath the 
caldera. Williams and Finn (1981), 
on the basis of a reinterpretation 
of gravity data from Newberry, 
find a gravity high that suggests 
the presence of a large intrusive 
body, perhaps 3 km thick, at a 
shallow depth and extending well 
beyond the margins ofthe caldera. 
The teleseismic data may tend to 
confirm the gravity interpreta
tion, and the MT data do not rule 
out the presence of a largely 
solidified intrusive body. Any 
further conclusions at this time 
regarding the nature and size of 
the heat source would be highly 
speculative. 

The production' of fluids from a 
zone less than 2 m thick at 

Newberry encourages the belief 
t h a t a d e e p e r h o l e m i g h t 
encounter additional permeable 
rocks that would afford larger 
sustained flows and perhaps even 
higher temperatures. The nature 
and origin of the geothermal fluid 
remain matters for speculation, 
however. Possible origins are: (1) 
the fluid encountered by the drill 
hole is hot reservoir water that 
flashed in the formation near the 
borehole; (2) the fluid is saturated 
steam at or near a boiling liquid 
surface; (3) the fluid is dry steam, 
r e s i d u a l from a p r e v i o u s l y 
saturated hot rock and/or derived 
from small quantities of recharge; 
(4) if the fluid encountered is hot 
water, it could be discharged 
u p w a r d from a deeper and 
p r e s u m a b l y hot te r r e s e r v o i r . 
A l t h o u g h s o m e of t h e s e 
possibilities seem more likely 
than others, a choice of the most 
likely must be deferred until all 
analyses have been completed. 

Several facts having implica
tions for geothermal prospects in 
the Cascade region may be noted. 

First, the underlying high-
temperature anomaly and the 
associated conductive thermal 

gradient at Newberry are masked 
by the flow of cooler water only a 
s h o r t d i s t a n c e a b o v e . Such 
masking is probably common in 
the Cascades. 

Second, prel iminary analysis of 
the core and the temperature data 
from Newberry 2 suggest that 
small flows of ground water in 
permeable sections of volcanic 
rocks are capable of intercepting 
large heat flows and redistribut
ing the heat over larger areas. The 
resulting convective transport of 
heat is likely to be predominantly 
lateral. An uncompleted hydro-
logic study by the author and 
co l l eagues s u g g e s t s t ha t at 
Newberry little of the precipita
tion percolates deep beneath the 
crater. The same lack of connected 
vertical permeability that results 
in sealing out the meteoric water 
a l s o p r e v e n t s t h e s u r f a c e 
discharge of most geothermal 
fluids. 

Third, at Newberry a mass of hot 
and perhaps partly molten rock 
either underlies the caldera at 
s h a l l o w d e p t h s o r h e a t s 
geothermal fluids at greater 
depths in the crust. These findings 
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support the hypothesis of Smith 
and Shaw (1975) that areas of 
young silicic volcanism are the 
best targets for exploration for 
i g n e o u s - r e l a t e d g e o t h e r m a l 
systems. It is in such areas that 
shallow crustal magma reser
voirs or cooling plutons are most 
likely to exist. Geologic and 
g e o p h y s i c a l i n v e s t i g a t i o n s 
s u g g e s t t h a t o t h e r h i d d e n 
geothermal systems may be 
present in the Cascade Range. 

The results of the Newberry 
drilling, even though incomplete 
and, at p r e s e n t , a m b i g u o u s , 
should encourage those engaged 
in geothermal exploration in the 
Cascades and perhaps stimulate 
additional efforts. Whether or not 
n e w e x p l o r a t i o n o c c u r s at 
Newberry Volcano, the most 
important outcome of the present 
study may be to point the way to 
undiscovered resources in the 
entire Cascade region. 
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Figure 1. — Index map showing location of the Southern Cascade Mountains 
study area and major geologic elements of the Cascade Mountain Range 
(after McBirney, 1968). Dots indicate location of Quaternary Cascade 
stratovolcanoes. 
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The Cascade Province 

A. R. McBirney and C. M. White 

Center of Volcanology, 
University of Oregon, Eugene, Oregon 97403, USA 

A B S T R A C T 

The Cascade Range of north-western North America is a classic example of an orogenic volcanic 
system ofthe continental margin type. It has evolved near the leading edge ofthe American plate 
in a region where the continental crust varies widely in age, composition, and thickness. Although 
it has no trench or Benioffzone and has had little historic volcanic activity, the Cascade Range has 
most ofthe features associated with volcanic regions near convergent plate boundaries. 

The large composite volcanoes ofthe High Cascades are composed mainly of basaltic andesite 
and andesite wilh subordinate amounts of more siliceous calc-alkaline rocks. Most are of the 
divergent type, having latc-stage eruptions of rhyolite or rhyodacite closely associated in time and 
space wilh basalt or andesitic basalt. In the central part ofthe range, where Quaternary activity 
has been strongest, they are built upon broad overlapping shield volcanoes of high alumina basalt. 
Although the large cones are topographically imposing, their volumes are small compared to 
those ofthe less conspicuous flat-lying basaltic lavas on which they stand. 

TTie volcanoes ofthe High Cascades have few lavas with reversed magnetic polarities and appear 
to have been formed entirely within the last million years. They were preceded by a series ofearlier 
volcanic episodes, each of which was characterized by a distinctive spatial distribution, com
positional characteristics, and volumetric proportions of rock types. With time, the rocks have 
declined in volume, average silica content, and concentrations of incompatible trace elements. 
These changes seem to be related to progressive depletion of lithophile components from the 
crustal section through which successive batches of magma have risen. No unequivocal link to 
subduction of oceanic lithosphcre has yet been identified. 

Infroduction 

The Cascade Range of western Nor th America 
was the first andesitic province to be studied in 
detail, and is still the only orogenic volcanic 
system for which there is extensive correlated 
geological and geochemical data. Even here, 
however, the data arc fragmentary and far from 
adequate. The earliest studies were devoted 
almost entirely to large composite cones. The 
classic work of Howel Williams, T. P. Thayer, 
C. A. Anderson, and others defined the salient 
geological and petrographic features of the 
principal volcanoes and provided what still 
remain some of the most comprehensive ac

counts of individual eruptive centres. More 
recent studies have tended to focus on geo
chemical features of both the Quaternary and 
Tertiary rocks and have given, a clearer picture 
of the magmatic and tectonic evolution of the 
system through Cainozoic time. 

Although the province is considered a prime 
example of an active continental margin, it lacks; 

,sometiOf,;,,the_: feat ures^^commonly-.considered 
typical,, of^onyergent;. plate boundaries. Most 
notably, it .has neithen.a. trench nor a BeniofF 

._zone. In fact, the central part of the province, 
where Cainozoic volcanism has been most 
intense, has the lowest seismicity in the western 
United States. It is also characterized by very 
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sparse-historic yolcanisiri. Only four volcanoes 
(Baker, Saint Helens, Hood, and Lassen) have 
had recorded activity since the region was first 
settled more than a century ago. 

Taken as a whole, however, the record of 
Cainozoic volcanism is remarkably complete. 
Tlianks to well preserved sections in the Western 
Cascades and central Oregon and Washington, 
it is possible to obtain an unparalleled record of 
the evolution of the province from the earliest 
Eocene activity through successive episodes to 
the most recent post-glacial eruptions in the High 
Cascades. The summary that follows draws 
heavily on a recent review of current knowledge 
(McBirney, 1978), and work in progress in both 
the Quaternary and Tertiary sequences. 

Evolution of the Cascade System 

The modern volcanic chain that extends from 
British Columbia to northern California is the 
most recent of several igneous belts or zones that 
have followed the Pacific margin of North 
America since late Paleozoic time (Fig. 1). There 
is no visible, record of Precambrian igneous 
activity and little evidence for volcanism prior to 
the last part of the Paleozoic era, but it is clear 
that there was an important volcanic episode 
that began during the Permian period and con
tinued well into early Triassic time. Sub
marine lavas of this age are exposed in northern 
California, north-eastern Oregon, and northern 
Washington, and Gilluly (1963) may well be 
correct in stating that this outpouring of basalt 
exceeded that of any other period before or 
after. The nature of the activity was largely 
oceanic, however, and it is uncertain whether it 
had much in common with modern orogenic 
volcanism. 

The earliest igneous activity that was clearly 
orogenic in nature dates from the second half 
of the Mesozoic era. It was long thought that 
the plutonic rocks that were emplaced in such 
large volumes during this episode had little 
associated volcanism, but detailed studies of 
contemporaneous sedimentary deposits, note-
ably by Dickinson and his students (Dickinson, 
1962, 1970) have shown quite clearly that the 

batholithic rocks that are so conspicuous today 
are in fact the roots of a deeply eroded volcanic 
belt that may not have been very different from 
the modern High Cascades. 

Segments of uplifted plutonic and weakly 
metarriorphosed sedimentary and volcanic units 
of Mesozoic age are exposed from British 
Columbia diagonally across the state of Wash
ington into north-eastern Oregon and in iso
lated windows that extend across central Oregon 
to connect with the major axis of the Sierra 
Nevada system in north-western California. This 
large sigmoidal belt and the embayment it forms 
near what is now the central part of the High 
Cascade Range forms one ofthe major structural 
features of the crust in the Pacific North-west 
Hamilton (1969) has proposed that during the 
period of strongest activity the western Cordil-
leran axis may have resembled the modern 
Andes, especially if one reverses post-Cretaceous 
deformation.that is postulated to have accentu
ated the kink and segmented it into discontin
uous blocks. Unfortunately, little is known about 
the geochemical or geological relations of the 
volcanic rocks, because most of them have been 
removed by erosion or are buried beneath a 
Cainozic cover. 

Recent paleomagnetic studies of Eocene rocks 
ofthe Oregon Coast Range (Simpson and Cox, 
1977) show evidence of up to 60° clockwise 
rotation and lend support to the postulated 
oroclinal deformation of the pre-Cascade base
ment. Various interpretations have been offered 
for the paleomagnetic data, including large 
scale motion of plates from various parts ofthe 
eastern Pacific margins; however, in at least one 
instance where detailed magnetic measurements 
have been made in an area that has been mapped 
in detail (R. Wells, work in progress), the rota
tion appeafs to be confined to small blocks 
between north-west-trending transcurrent faults 
with dexlral displacement. 

Eocene volcanic episodes 

The Cainozoic igneous history of western North 
America has recently been reviewed and sum
marized by Armstrong (1978), who shows that it 
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Fig. 1 Generalized map of the Cascade Range and adjacent parts of the north
western United States 
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followed a complex pattern of episodic activity 
that migrated across broad regions. Intense and 
widespread volcanism began with what Arm
strong refers to as the Challis episode. Starting 
in early Eocene time, it reached its peak' be
tween 54 and 44 Ma ago before declining and 
finally coming to an end near the beginning of 
the Oligocene era. 

Jhc .̂ Eoce n e_ rccg r d_0iLt h e_P a c i fi_c _Np rl h - w est 
can be, conveniently.divided into early; Middle, 
and .late-Eocene~stages. Although early Eocenes 
igneous rocks are primarilyxbasaltie and have 
compositions similar to those of Hawaiian rocks 
(Snavely et a i , 1968), they daSol-seerif to IravP 
been .erupted zin; a;.deep...oceanic_:.enYironrnent. 

iUaii^ •andlsh"al]b'w".iiitrusi6ns~73ccuF %it 
thjck_eugeosyncIinaJ s.eries,-that accumulated in 
a shallow subsiding basin, the eastern margin of 
which was near the present Cascade Range. If 
there was a trench at this time it must have been 
far to the west, and although Snavely and 
Wagner (1963) inferred that andesitic volcanoes 
were active east ofthe southern part ofthe geo-
cyncline, andesitic material has yet to be found 
in Lower Eocene horizons. Swa"m'p"deposits^ 
including coal and shallow estuarine beds, are 
common, but there are no coarse sediments to 
indicate a nearby region of high relief. The nature 
of weathering and vegetation in lacustrine sedi
ments of central Oregon show that the climate 
of that region was more humid than it has been 
since the elevation ofthe Cascade Range brought 
about more arid conditions in the rain shadow 
of its leeward side. 

^A'^'ark"ed"iiriconform.ity„bstween"'Eowerand 
Middle-EocenFTocKJrefle'cYra^tTofig^tectonic 
eve'nt.that'cftlsed exl^ffsive foldirfg^d possibly 
tKrustiiig^iirTo'TitP-westeTrP Oregon (Baldwin, 
1965) andvia.;chang£,of. sediniental.io_ii_iri...-the 
northefii'part;of:th.e_'pro.vince":(Raur 1966). The 
middle Eocene episode was marked by uphft 
and erosion of the Klamath Mountain region, 
together with volcanism, mainly of basaltic 
character, in localized centres along an axis 
extending from the partly emergent Coast 
Range of Oregon along the shallow basin ofthe 
Willamette-Puget Sound Depression. At least 
two volcanic complexes north and south of the 

present Columbia River erupted tholeiitic rocks 
that reached moderately high levels of dif
ferentiation (Snavely et a i , 1965, 1968). 

There is sparse evidence that diffef^nliafed^ 
calc-alkaLine"-7ockTbegan-to Uppear^aUout this 
time in a belt that was c. 160 km wide and ex
tended nearly 1600 km from British Columbia 
through Washington and into Idaho and western 
Montana and Wyoming. A separate field de
veloped in central Oregon, and other centres 
may have been located in the region now covered 
by Columbia River basalts. Certainly by late 
Eocene time there must have been a swarm of 
small volcanoes in these zones. The eruptive 
centres are marked today by calc-alkaline lavas, 
tuffs, and subvolcanic intrusions of the Challis 
and Clarno formations, and by stocks and small 
batholiths where uplift and erosion have ex
posed deeper levels, as in Washington and 
British Columbia. 

The limited chemical data available indicate 
that the Challis (F. R. Leavitt, work in progress) 
and Clarno rocks (Rogers and Novitsky-Evans, 
1977) are calc-alkaline in character and include 
large proportions of andesite, dacite, and rhyo
lite. In the late stages of activity, they seem to 
have formed a strongly bimodal association of 
rhyolite and volurrietrically subordinate basalt. 
The series tend-to be distinctly more potassic 
than those ofthe High Cascades. 

Much of the Oregon Coast Range was 
emergent by late Eocene time, and the Willa
mette-Puget Sound Depression had become 
localized near its present axis. Although there 
were still scattered central-vent volcanoes in the 
area ofthe rising Coast Range, their importance 
had greatly diminished. 

Oligocene to early miocene volcanism 

T-he--calc-alkaline;-volcanism-that-began.;.in:-late 
Eocene"tiifie"iff-Washington'and-cehtral"Ofegern 
increased'«1fi^irrtenslty"-^thTough~-the*-Oligoc'ene 
epoch""airaipread*westWr3'Tn1dYdiJ'ilT\vafd untib 
it^covered^-lJroaB^cS^'aWosTmost iof westerri.-
Oregoiir'°incl''WaThington. It is still uncertain 
when activity began along the Cascade axis. 
The oldest andesitic rocks from this region that 

js'sabitiiifea^^^iafefafe^^ 
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have been dated by radiomclfiic methods are 
less than 40 Ma old. (Table 1). Andesitic lavas of 
the Colestin, Fisher, and equivalent formations 
'tn southern Oregon were once thought to have 
come from late Eocene volcanoes, but dating 
has shov.'n that they are somewhat younger. 

TABLE I Stratigraphic column for Quaternary 
and Tertiary rocks ofthe Cascade region of Central 

Oregon 

Oregon 
Eastern 
Ort^gon 

Instead, there:iSjj,a.-jw;ry,,jnarked^2Si?SyJ''''"""°"^-
conformity.:separating;lhe..Eo.c.ene-formati6ris=' 
fromr;G.Iigoceneir.calc-alkaline''^r'bck"s, and the 
deformation that occurred at that time seems to 
have coincided with the onset of orogenic 
igneous activity in the Cascade region. 

Certainly by Oiigocene-jjmeaherejivyer&many* 
.eruptio,n_s_of.andesite and :more'^siliceous rocks? 
from centres in the area of the-Westeffi Cascades: 
Andesitic flows and siliceous tuffs interfinger 
with Oligocene sediments along the east side 
and southern end of the Willamette Valley and 
are abundant in the Oligocene sections of the 
Clarno and John Day formations east of the 
Cascades (Hay, 1963; Fisher and Rensberger, 
1972). Within the Western Cascade Range, rocks 
of this age range include the thick Mehama and 
Little Butte Formations and numerous intrusive 
bodies that probably represent the eroded 
remnants of volcanic centres. 

The distribution of these centres has not been 
well defined, but it appears that by the end of 
Oligocene time small volcanoes were scattered 
over a broad zone along much of the Pacific 
continental margin (Fig. 2). In Washington, the 
locus of activity has been identified in shallow 
subvolcanic intrusions and associated pyro
clastic units near the present Cascade Range, 
but the full width of the zone cannot be deter
mined there owing to the extensive cover of 
younger rocks east of the Cascades. In Oregon, 
Oligocene and early Miocene centres extend 
from the Coast Range well into central Oregon. 
In the Coast Range they are marked by sub
volcanic intrusions of gabbro and nepheline 
syenite, while in the Western Cascades and 
central Oregon, flows, tuffs, and volcanic sedi
ments are associated with vent complexes and 
shallow stocks, dykes, and sills. 

Thjjsspa^tjal-dist^bu^lionjj^ 
racks^isruniike that"'of'modern-volcanicjb.eltsJn^5 
that4te.:jn.ost;.alkalin.e_oom£ositiqtisjt£^^ 
t,o.ithe ocean. Most ofthe Oligocene rocks ofthe 
Coast Range are alkaline dolerites, gabbros, 
and nepheline syenites, whereas the main vol
canic series ofthe Western Cascades and central 
Oregon are strongly subalkaline, and although 
a few alkaline rocks have been reported from the 
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John Day formation in central Oregon, they are 
very subordinate in volume. 

As volcanism spread during the Oligocene 
epoch it tended to become less basaltic and more 
differentiated with time. The andesites and 
basalts that dominate the lower parts of the 
sections in the Western Cascades and make up 
most of the Clarno formation in the east give 
way upward to siliceous pyroclastic rocks which, 
by fhe end of the episode, reached enormous 
volumes. 

Despite the large volumes of eruptive material, 
there seem to have been few large volcanoes 
during this period but rather a scattering of 
small basaltic and andesitic cones, and a few 
low-rimmed calderas or broad volcano-tectonic 
depressions (Walker, 1970). Some of the most 
voluminous eruptions seem to have come from 
fissures or from unroofing of shallow intrusions 
that sloped their way toward the surface. The 
Coast Range at this time must have formied a 
peninsula or low island chain, and behind it the 
Willamette-Puget Sound Depression formed a 
shallow arm ofthe sea. There seems to have been 
no pronounced topographical barrier near the 
present Cascade axis. Instead, great^volumes of 
ijuffaceous'debris'were deposited in^a system of 
estuane.s.and._shallo.w_basins to .formlhe-Eiigene 
format imrandjqujxajen^nitsj^ 
VallFy;and;the':lacustnneJ)eds:.of-the. John :Day 
fdrmatioTi'in'centi^rahd eastern'.Oregon. Coarse 
detritus and deep erosional channels are notably 
rare, and the relief on the volcanic landscape 
could not have been great. 

The broad distribution of volcanism during 
this episode provides an excellent opportunity 
to compare the compositions of rocks erupted at 
differing distances inland along a section normal 
to the continental margin. The total volume of 
erupted material and the proportions of siliceous 
pyroclastic rocks increase markedly inland; in 
the same direction, rocks at the same level of 
differentiation become richer in K, Rb, Zr, Sr, 
Ba, and La/Sm and poorer in Ni and Cr. The 
lavas erupted along the western margin are 
unusual in that they contain few phenocrysts 
and seem to have been very hot and fluid vt'hen 
poured out on the surface. They are somewhat 

more Fe-rich and tholeiitic than the younger 
calc-alkaline suites (Table 2). 

Mid-miocene (Columbian) volcanism 

An:episode of fauJ.tingi-upJift,jndjerosjon^qccurj 
red.iduring theJater.part_.of.early-Mjocene-time 
throughout-much of central Oregonr There is a 
marked erosional non-conformity at the top of 
the John Day formation and in places erosion 
cut down well into the underlying Clarno rocks 
before the mid-Miocene basalts ofthe Columbia 
River Group were laid down- The intensity of 
this disturbance seems to have diminished west
ward, because it is not conspicuous in rocks 
immediately east of the High Cascades (Peck, 
1964) or in the Western Cascades (Peck et a l , 
1964). A general decline in the intensity of 
volcanism about this same time is reflected in a 
relative scarcity of igneous rocks wilh ages of 
between 20 and 16 Ma. Following this interval, 
however, volcanism increased greatly. In fact, 
the mid-Miocene, or Columbian.episode, as it= 
is;s_ometimes.called,->vas by:far..thejnpst impor"-
tant.igneous ev.entjo.o.ccur in the-Pacific-North-
westdufiiig-thejCainozoic'era? 

Rocks of this age in the Cascades have been 
assigned to the Sardine Formation of Thayer 
(1937) and constitute what is probably the 
thickest and most voluminous assemblage of 
andesites in the region. If one adds to the Sardine 
Formation the flood lavas, of the Columbia 
River and Sleens Mountain Groups and the 
calc-alkaline rocks ofthe Strawberry Mountains, 
all of which were erupted in central and eastern 
Oregon and Washington during the same time 
interval, the total volume of mid-Miocene rock 
becomes enormous. This large volume is even 
more remarkable when one considers The brief 
time-span in which il was erupted. 

Volcanic centres of mid-Miocene age have 
been relatively well delineated along two belts, 
one trending slightly east of north along the 
Western Cascade axis and possibly connecting 
wilh a similar bell that curves toward the south
east through northern California and south
western Nevada (Noble, 1972), and a second 
shorter belt that is marked by three middle to 
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TABLE 2 Weighted average compositions of Cainozoic volcanic rocks of the Oregon Cascades and northern 
California 

Quaternary 
rocks 

Northern 
California 

%) 
52-2 

1.2 
18.0 
9.6 
0-1 

- 5-5 
9-1 
3-2 
0-9 
0.2 

Quaternary 
rocks 

52.7 
1-4 

17-4 
9.1 
0.1 
5.3 
8-4-
3-8 
0.9 
0,3 

Pliocene 
rocks 

Cent 

52-7 
1.3 

17.3 
8.6 
0.1 
5.6 
8.7 
3-5 
0.9 
0.2 

Middle and 
Upper Miocene 

rocks 

ral Oregon 

57-3 
1-1 

16-6 
7-4 
0-1 
3.7 
6.7 
3-5 
1.3 
0.3 

Oligbcene-
Miocene 
Rocks 

62-4 
0-9 

15-7 
6-1 
0.1 
2-3 
5-3 
3-4 
1.7 
0.2 

.Average composilion (in wt %) 
SiOj 
TiOi 
AI2O3 
SFeO 
MnO 
MgO 
CaO 
Na^O 
K,0 

Total 100.0 99.4 98.9 

No. of analyses and percentage of rock types by volume {in parentheses) 

7(69) 33(85) 17(90) Basalt 
Andesite 22 (29) 
Dacile-rhyolite 35 (2) 

Tola! volume of rocks (in km )̂ 
3095 

112(13) 
31(2) 

4600 

76(9) 
6(1) 

2150 

98.0 

20 (39) 
99(41) 
17(20) 

24 850 

6(10) 
25 (45) 
10(45) 

>10000 

late Miocene volcanic centres trending north
east through the Strawberry Mountain complex 
and other igneous centres in east-central Oregon 
(Robyn, 1977) (Fig. 2), Of these two chains, that 
ofthe Western Cascades was the most extensive 
and produced the largest volume of calc-
alkaline rocks. Its axis is marked by stocks, 
mainly of quartz diorite, and by broad aureoles 
of hydrolhermal alteration and mineralization. 
The forms of the cones can be inferred from the 
lithologic zones that reflect the conditions under 
which lavas and pyroclastic rocks accumulated 
on the slopes and lower flanks of large composite 
volcanoes. These centres seem to have been the 
first lo have the form and alignment that is 
conventionally associated with andesitic belts. 
They probably resembled volcanoes of the 
modern High Cascades, except that the presence 
of shallow waler sediments between them indi
cates that the belt was a chain of volcanic 

islands or a broad shelf area, al least during its 
early stages of development. 

There is sufpfisirigl)? litt!eT5bfrelati6n'of mid-

Cascades- Despite their great thickness in the 
Western Cascades, andesitic rocks are scarce, 
or absent, along the eastern base of the modern 
range. A few thin flows of basalt within the 
Sardine Formation have been correlated with 
the Columbia River Group to the east (Peck 
et al , 1964; White and McBirney, 1978) and 
indicate that tongues of flood lavas flowed 
between the andesitic cones, but it is difficult to 
visualize the topographic configuration that 
could account for the limited interfingering of 
two adjacent units of such great thicknes.ses. 
Tlie problem is made more difficult by the 
shallow level of erosion and the extensive cover 
of younger rocks that limit exposures on the east 
side. 
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fil 

Ml)stTof-the!piodjj£tS;;o£injid;Miocc^^ 
4SmBani:the2.Westerns6ascadesr:were'%rrdes!tic. 
Siliceous~pyro^clastic2rocks,~arei-muchdess.-im-
porlant5lhanThey/iW^ej,CjijiTlie.{Kecedmg episode,, 

-ancLbasjjtsAy^re^tjIl quUe saibprdinate(Table 2). 
The relationship, if any, between this andesitic 
volcanism and the great outpouring of flood 
lavas of the Columbia River Group has never 
been explained. The same brief episode during 
which these large volumes of volcanic rocks were 
erupted was also marked by strong activity 
in Central America, the south-western Pacific, 
and other parts of the circum-Pacific system 
(McBirney et al, 1974, Kennett et al , 1977). 

Late miocene (andean) volcanism 

The^^G6It3mBiafr'^pis6de-de'clined-sharply.«G 
13^14-Ma.agQ-'and-waf fGliow'ed by" ihbdefately 
strorig'-deformation-throughout "•much""of •-•the 
-Pa'cific-North-west'- Strong faulting and tilling 
occurred east of the Cascade Range where an 
important angular unconformity separates Plio
cene rocks from the underlying older units. In 
the Cascade region, broad folds developed along 
axes that closely parallel the trend of the earlier 
mid-Miocene volcanoes. 

A brief late Miocene pulse of activity, dated 
c. 9-10 Ma ago, has recently been recognized in 
the Western Cascades (McBirney et al , 1974) 
and appears to have been synchronous with 
strong volcanism elsewhere in the circurn-
Pacific region, especially the Andes. The rocks 
have only been separated from the older Sardine 
Formation in a few areas where detailed studies 
have been carried oul. They appear lo have been 
erupted from small cones around she lower 
flanks of the large eroded remnants of mid-
Miocene volcanoes and from scattered vents 
east of the Cascades. Known centres in the 
Cascades are too few to permit an interpretation 
of the distribution of vents or their relationship 
to regional conditions. In central Oregon, how
ever, there appears to be a systematic migration 
of late Miocene rhyolitic eruptions toward the 
Cascades (G. W. Walker and N. S. MacLeod, 
personal communication). In addition, rhyolitic 

and dacitic ignimbrites and scattered basaltic 
lavas were erupted throughout much of central 
and eastern Oregon (Walker, 1970), Taken as a 
whole, the episode was characterized by andesit ic 
and basaltic lavas in the Cascades and domin
antly silicic ignimbrites and domes toward the 
east. 

Pliocene (fijian) volcanism 

Kennettftefcfl/r-(:1977)-have:_aRpliedi4]2g^_arae 
Eijian_:to;the'iiTrpWtant"-'v61clin'ic~episode-vthat 

-occurred ••betweem"&-3"and'6 Ma: ago,-The name 
was taken from the islands in the south-western 
Pacific where the episode was first established 
by systematic dating, but volcanism was wide- . 
spread at this time throughout much of the 
circum-Pacific region. Rocks of this episode are 
widespread in the Cascade Range, central 
Oregon, northern California, and the Basin and 
Range Province, but it is often difficult to 
distinguish them from Pleistocene and Holocene 
units, because they are only moderately affected 
by weathering and erosion (Fig. 1), 

Act i vit'y'--Tfr" -O rTgl)n^lj rin g^thi s-̂ pFri od'^pr'o'-"^^ 
duaidjiiainly^basalticrlavasr-and-rhyGlitiC'domes 
an,d,:ignimb.rj.les; (Fig. 2). Small monogenetic 
cones and thin but extensive flows of basalt broke 
out over a broad region extending from the west
ern side of the Cascades across central Oregon 
almost to the Idaho border- '••Rhydiiticsi'g"nim?ia 
briLe.s„were,:a]s.o^ecupted from.centr.es..eas_t^ofi^ 
6ascades7and,the..chain;oErhyolitic.<lomes4hat 
beganto"develO'p"ih~!afe'-Miocene.tim_e£ontinued 
its'~weltwa'fd^^'rfugi^tToh"^o'wa^ 
Ra?!~ge, Another region of basaltic and rhyolitic 
activity developed in southern Idaho and 
migrated eastward along the Snake River Plain 
toward Yellowstone, 

Ahdesites^seem.lto .haye'.beeii siibbrdihat'e-to 
.,basall and'rhyolite, and there were-no-coii-
spicuously large composite cones near the-axis" 
of the Cascades, By this time most of the large 
Miocene volcanoes had probably been levelled 
by erosion. Coarse andesitic debris is wide
spread in alluvial and lacustrine deposits along 
the eastern side of the Cascades where it was 
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deposited in pediments and a number of sub
siding basins. 

Quaternary (cascadian) volcanism 

The recent episode of volcanism-jlhat has been 
responsible for the familiar volcanoes of the 
modern High Cascades has been studied in 
greater detail than any other Cainozoic period, 
but even today much remains to be learned about 
the volcanoes and their relations to the system 
as a whole. This last period of activity, from 
which the Cascadian episode takes its name, 
followed closely and, in places, merged wilh the 
preceding Pliocene episode. Itsjnairi feature was 
a marked narrow'iffg of the focus of volcanism to' 
form~'a well defined'chain, of large, composite 
cones extending - from British Columbia to 
northern California (Figs. 1 and 2). 

The earliest Pleistocene activity resembled 
that ofthe preceeding Pliocene episode in that it 
was characterized by basaltic cones, flows, and 
low overlapping shields. With., time, 'activity 
became more localized in persistent centres 
from which progressively more differentiated 
magmas were discharged. Most of the large 
andesitic cones that form the crest of the High 
Cascades began to rise during Pleistocene time 
c. 1 Ma ago and reached theii" present elevations 
by rapid growth during a brief period of intense 
activity. The fact that few of the lavas have 
reversed magnetic polarities, even in the lowest 
levels of deeply glaciated cones, indicates thatcby--
ia&thej;greaJ_esi^ol£me£^jimist_haiiej^^ 
chargedrsincer^thefspresent^,periodr-Of;rno.rniak 
magnetic polarity:beganTabouti670 ka^ago.-. 

Biock^faulting^ '̂occ.urxed,:::2Qon£urrentIy..„with-
vx)!canismrin-:thejcen.t£al_Ca£C3de;^R 
resui£ed -̂in~^up,lifl-jand ĵy.;estw^^^ 
VVesiern-.Cascades. <At:The'same:;lijT!ev.The^b.ase-
ment4)da!K:the:ractiVe^olcanoe^ 
^^cadeSikegan.-_to'.:.subside-"to"'forrn'''a"shailow 
gra'benpihuch~of'^vhiCh'''^has-been::filled;^by-the 
prbdirctT^df'-Q'uat'eriiary'Siwlcanoes (Fig, 3), 
Depression 6f:,th'e'_G.as£ade graben has.been.inos.t3a 
pronouncedsincxthe3cenLLalarC.ascades,._whe,r,e 
v:Q!canism~h"asibeen"strongest7;,iJ;;dje£;Ouy.owaFd. 

'ttie^north3and^5^0ffi'-'wlTerc3individuaLr,,volis 
can'o'es^aTFlapg'ebut widely.spaced;:'and the'lofa'l 
^.oiume"6f-Qiiaternafy-v^t5lcanic~fo5Ks''is'smal^ 

The topographically imposing volcanoes of 
the High Cascades give the impression that 
andesite is the dominant rock type in the modern 
range. In places this is probably true, but if one 
considers the total voliime of rocks produced in 
the system as a whole, andesitic cones are seen 
lo account for a very subordinate amount of 
the erupted volumes. The~pfopdTfi'M'bf arKlesTte*' 

•.-is high^fltiiyin those parts of the chain where the 
'total .:;volume.r„of-: Quaternary-'.rocksjrisrsmallj& 
namely in Washingtonand.northern'California. 
In one part of the central ©regdnSCas'cades^ 
where absolute volumes have been estimated 
(McBjrney et al , 1974), it has been found that 

, b^saitic"1avas beneath and between large an
desitic cones account for-»Gi?85::per;;Cent'̂ Of*th^^ 
•:totalrLivolume~of;:iQuaternaryarocks.2:Glaciated 
shield lavas were found to total c. 1282 km^, 
while large composite cones in the same area 
account for c. 189 km^, and the very recent 
scoria cones and lava flows amount to c. 55 km^. 
Unfortunately, most geological and petrological 
studies have been concentrated on the high 
cones, and the great volume of underlying rocks 
and smaller volcanoes have been largely ignored. 

The Quaternary rocks of the High Cascades 
have most ofthe petrographic and petrochemical 
features considered typical of the calc-alkaline 
rocksof modern continental margins. Almost all 
rocks, wilh the exception of the most basic 
basalts and the most siHceous rhyolitic obsidians, 
are strongly porphyritic and rich in plagioclase. 
Basalts commonly contain up to c. 20 per cent 
of olivine phenocrysts. The olivine may have 
minute inclusions of reddish brown spinel and 
rarely shows a reaction relationship to the 
groundmass. Olivine is not uncommon as 
phenocrysts in basaltic andesites and andesites, 
but it contains few, if any, inclusions of spinel 
and is normally corroded and rimmed wilh 
pyroxene. Titaniferous magnetite, although 
abundant in the groundmass of almost all rocks, 
is seldom important as phenocrysts. Most 
Sil.4^§ii§l:-£0-R •t '̂ni'"tWO,iipyjoxjeneSi:^augj,te^.ands 
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TABLE 3 Average compositions of Quaternary volcanic rocks of the centra! Oregon Cascades 

125 

-SiOj 
Ti02 
AUOj 
IFcO 
MnO 
MgO 
CaO 
Na^O 
K , 0 
P2O3 

Basalt, 
43 Anz lyses 

(<53.5%SiO,) 

" (w(%) 

51-1 
1.4 

17.3 
9-4 
0-2 
6-1 
8.9 
3,6 
0.8 
0.3 

(S-D.) 

1.84 
0-33 
0.99 
2-40 
0.02 
2.03 
0.78 
0-56 
0-24 
0.12 

Basaltic andesite. 
57 Analyses 

(53-5-57% SiO,) 

(wl %) 

55-4 
1-0 

17-9 
7-6 
0-1 
4.6 
7.5 
3.9 
0-9 
0-2 

(S-D.) 

0-91 
0-17 
0.72 
0-79 
0-1 
0-92 
0.78 
0.29 
0.22 
0-07 

Andesite, 
56 Analyses 

(57-63 %SiO,) 

(w( 7o) 

60-0 
0-9 

17-4 
6.4 
0,1 
2-8 
6.1 
4.3 
1.2 
0.2 

(S-D.) 

1.72 
0.16 
0-64 
0-79 
0-03 
0.73 
0-75 
0.34 
0.33 
0.06 

Dacite, 
16 Analyses 

(63-68% SiOj) 

(wi%) 

64.9 
0-7 

16.2 
4-7 
0.1 
17. 
4.4 
4.5 
1.6 
0-2 

(S-D-) 

1-78 
0.22 
0.42 
0.83 
0.03 
0.56 
0-99 
0-56 
0-33 
0.08 

Rhyolite, 
1 5 Analyses 

(>68%SiO,) 

(wt %) 

71.6 
0-3 

13-9 
2-4 
0-1 
0-5 
1-7 
45 
3.0 
0-1 

(S-D.) 

2-47 
0-13 
0.65 
0.57 
0.02 
0.34 
0.36 
0.43 
0-35 
0-05 

Jiyperslhene.-i which vary little in composition 
throughout the series. Hornblende is much less 
common, ll occurs as oxidized relicts in a few 
andesites but is a common phase only in dacites 
and rhyolites, Plagioclase is by far the most 
conspicuous phase among the phenocrysts 
throughout the series, Il normally has very 
complex zoning that may differ from grain to 
grain, even in a single thin section. Its composi
tion is also varied but is normally in the range 
of sodic labradorite to calcic andesine. The 
groundmass plagioclase shows a somewhat 
wider range of composition between rocks of 
differing silica contents but is rarely more sodic 
than oligoclase. 

The chemical compositions of the principal 
Quaternary rock types in the central Oregon 
Cascades are given in Table 3. 

In recent years, several Quaternary High 
Cascade volcanoes have been examined in con
siderable detail, but much of this work is still 

incomplete, and there are few places where the 
entire volcanic and petrological development of 
a large cone can be traced..The most complete 
data are probably those for Mount Jefferson 
(Thayer, 1937; Walker et al , 1966; Greene, 
1968; Condie and Swenson, 1973; Sutton, 1974; 
While and McBirney, 1978). Four stages of 
activity have been recognized (Fig- 4(a)). The 
earliest Pleistocene eruptions formed a broad 
base of basaltic shield lavas on which the main 
cone was then built during two separate stages 
of andesitic activity. Finally, in very recent time, 
small flows of basalt were discharged from 
satellite vents on the lower flanks of the main 
cone. There was a general increase in the silica 
content through the three main stages of growth 
and a steady decline in the volumes of erupted 
rocks, but the flank eruptions of the last stage 
reverted to a more basic composition similar to 
that ofthe Pleistocene shield lavas. The magma 
of each ofthe four stages had its own distinctive 

Fig. 3 Schematic cross-section through the central Oregon Cascades showing known and inferred structural and 
stratigraphic relations. Ages of units are designated as follows: Te = Eocene, To = Oligocene, Tm = Miocene, 
Tmp = Mio-Pliocene, Tp = Pliocene, Qv = Quaternary. Tcr indicates Columbia River Basalt, and Tmi refers to 

subvolcanic stocks of Miocene age 
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Fig. 4 (a) The Quaternary evolution of Mount Jefferson 
included four main stages, each of which was characterized 
by distinctive rocks. Volun:ies of rocks in each stage are shown 
by the relative areas of rectangles in the lower diagrams. The 
mid-point on the vertical dimension ofthe rectangle is placed 
at the mean value of SiOj for the rocks of that stage, and the 
vertical length of the edge indicates one standard deviation 
for the silica value, (b) The Quaternary evolution ofthe Three 
Sisters complex resembles Ihat of Mount Jefferson but is 
characterized by more siliceous rocks, especially in the final 

stage when the magma became strongly divergent 
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geochemical character and does not seem to 
have had a direct genetic relation to the others. 

Similar patterns of development have been 
followed by most of the other large Quaternary 
cones, but in many places late-stage eruptions 
have produced not only basaltic rocks but 
rhyolitic or dacitic domes and pumice as well. 
This pattern in which compositions evolve 
through andesite and then diverge into more or 
less contemporaneous basalt and rhyolite in the 
latest stages of activity is most pronounced in 
the southern and northern parts ofthe chain. 

AXtJie.Three .Sisters (see. Fig.-,1), for example, 
the main andesitic cones are ringedwith domes 
of rhyolitic obsidian and, at lower elevations, by 
contemporaneous basaltic scoria cones-(Fig. 
4(b)). Studies by J.-Clark (work in progress) have . 
shown that the divergent late-stage magmas were 
derived from the same parent, possibly by gravi
tational stratification of a shallow body of 
magma. A similar pattern is seen at ,Mount 
Mazama (Crater Lake) where siliceous domes. 
and pumice have erupted from vents on the 
upper flanks of the main andesitic cone while 
basalt and andesitic basalt were discharged at 
lower elevations. Clear evidence of a graded 
magma is seen in the products of the climatic 
eruption that led to formation of the caldera. 
Ritchey (1980) has shown that the upper 
siliceous magma responsible for the large 
volumes of rhyolitic pumice discharged during 
the main stages ofthe Plinean outpourings over
lay a crystal-rich zone of more mafic composition 
that was tapped at the close ofthe eruption. Geo
chemical and petrological evidence indicates that 
the two compositions evolved by gravitational 
stratification of an initially homogeneous in
trusion. 

Summary of geological development ofthe 
Cascade system 

The foregoing descriptions have been very brief 
and are far from complete, but it is apparent 
even from this short summary that the Cascade 
system has evolved to its present form through a 
varied succession of igneous and tectonic events 

and that the.setUng ofvolcatiism-jodayjis by^ îiOa 
meansi.cha.r.acteristic-of.:thatiin2.earlier.-:perio.ds.^ 

Calc-alkaline volcanism first appeared around 
the close ofthe Eocene epoch east ofthe present 
Cascade axis and gradually spread across a 
broad region during Oligocene and early Mio
cene time. A well defined line of composite 
volcanoes did not develop until the mid-
Miocene Columbian event, and following that 
episode there was no new chain of large andesitic 
volcanoes until the modern High Cascades 
began to rise c. 1 Ma ago. 

Tectonic disturbances occurred at several 
times and in different regions. The strongest 
deformation seems to have occurred in the 
southern Coast Ranges around the end of 
middle Eocene time, but conspicuous faulting 
and uplift also took place east of the Cascades 
shortly before the mid-Miocene volcanic episode 
and again shortly before the late Miocene and 
Pliocene episodes. Basin and range faulting 
extended into central Oregon toward the end 
of Pliocene time and has continued down to the 
recent past. 

Trends of Magmatic Evolution 

Several aspects of the Cainozoic activity stand 
out when the sequence of igneous episodes is 
viewed as a whole. Although the volumes of 
volcanic and intrusive rocks produced during 
the early episodes are difficult to estimate, they 
were certainly much greater than thoseof more 
recent times. There has been a somewhat ir
regular dechne of volcanism with each successive 
episode since the mid-Tertiary pulses, which 
were by far the most intense and widespread to 
occur anywhere near the present Cascade axis. 
The time span during which most of the OH-
gocene and early Miocene rocks were erupted 
seems to have been of the order of 10 Ma, but 
the mid-Miocene episode was much shorter, 
possibly only 2 or 3 Ma. Hiatuses in which there 
was little or no volcanism seem to have separated 
each of the subsequent volcanic episodes down 
to the present. 

The proportion of basaltic rocks has in
creased steadily with time (Table 2). The Oligo-
cene-early Miocene episode produced the larg
est volume of siliceous rocks, mainly rhyolite 
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and dacite; andesite was the dominant rock type 
produced in the Cascades during the mid-
Miocene (Columbian) episode, and since that 
time basalt has outweighed all other rock types 
combined. In the modern High Cascade chain, 
andesite is important only in the southern and 
northern parts ofthe chain where the intensity of 
Cainozoic volcanism has been relatively mild. 
Elsewhere, there are large composite cones 
composed largely of andesite, but they constitute 
a relatively small part of the total erupted 
volume. 

Knowing the relative proportions of the dif
ferent rock types in each age group and the 
average compositions ofthe individual members 
of each series, il is a simple matter to calculate 
the average compositions of volcanic rocks 
produced during successive igneous episodes. 
This has been done for the central Oregon 
Cascades by White and McBirney (1978) who 
obtained the results shown in Table 2. For 
purposes of comparison, data are also shown 
for Quaternary rocks of northern California. 

The most notable feature of these averages is 
the decline of silica and potash with time. The 
Na content is remarkably uniform, mainly be
cause the concentration of that element in 
basalts has increased by an amount that balances 
the increased proportions of mafic rocks. Simi-
laVly, the average of Quaternary rocks in the 
central Oregon Cascades does not differ mark
edly from that of northern California, even 
though dacites and rhyolites are much more 
abundant in the southern part of the chain. The 
reason for this apparent inconsistency lies in the 
fact that the basalts of northern California tend 
to be more basic than those of central Oregon. 

As the proportions of rock types changed with 
time, the nature of the individual members of 
the suites also seem to have evolved in a syste
matic way (Fig. 5). If basalts of each of the 
major eruptive episodes are compared, they are 
seen to become progressively more sodic with 
time. The younger rocks have lower Fe/Mg 
ratios, and they are progressively depleted in 
certain trace elements, notably Zr, Rb, and REE. 
The rate of decline of these incompatible ele
ments in each successive suite can be correlated 

directly with the amount of volcanism that has 
occurred in a given part of the Cascade chain 
(White and McBirney, 1978). The relationship is 
shown most clearly in Rb; in those regions where 
there has been a large amount of Tertiary igneous 
activity, the modern rocks are more depleted in 
this element than are those erupted in regions 
where the magnitude of earlier volcanism was 
less. At the same time, the isotopic ratio of Sr 
in basaltic rocks of the central Oregon Cascades 
has declined from c. 0.7035 to c. 0.7030. 

Relations such as these indicate that the 
sfHLrce,iDr,Gas,cad,e.magmas_h^s^£cn sonjewhere 
il2i!}.?.:-IH3-0.He> possibly between the postulated 
subduction zone and the overlying continental 
lithosphere, but that asmultistage-proce'ssiisi 
required'no"^explain.alhthe"ternpofarand.''com2 
ipositioiial-:y.ariations':in.ither,sy.sT.em,as,-a"whole; 
The decline of Fe contents and the increase of 
Na with time can be explained by postulating 
that the depth at which the basalts last equili
brated •with the mantle has increased with time. 
Experimental studies of the compositions of 
melts in equilibrium with crystalline phases at 
various pressures (Kushiro, 1973; Mysen, 1974; 
Osborn and Watson, 1977) have shown that 
mantle liquids probably become richer in Na 
and poorer in Fe with increasing depth and 
pressure. This increase could come about as a 
result of progressive thickening of the litho
sphere, both by accumulation of eruptive rocks 
at the surface and by underplating of the brittle 
layer with a solid residue from which the liquid 
fraction of each batch of magma was separated 
as it rose toward the surface. 

The progressive depletion of lithophile ele
ments with time may take place at the source or 
in the lithosphere through which the magma 
must pass en route to the surface. Progressive 
melting of a single source in the mantle could 
account for the observed decline of volumes, 
Fe/Mg ratios, silica, K, and other lithophile 
components, but similar variations might also 
result if successive batches of magma pass 
through the same section overlying the source 
and deplete the rocks of components that are 
selectively fractionated into the liquid. The first 
liquid to pass through a given section would 
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scavenge more of these elements than successive 
ones following the same path. 

The only way lo discriminate between the indi
vidual effects of these two processes is to com
pare rocks from regions having different crustal 
structures and magmatic histories. Table 4 
and Fig, 6 provide comparative data for Caino
zoic lavas of several different regions and erup
tive episodes. The most notable relations are, 
first, a marked increase in the concentrations ' 
and ranges of abundances of lithophile elements 
in rocks of the same differentiation index 
erupted at increasing distances toward the 
continental interior and, second, the decline in 
the concentrations ofthe same elements in rocks 
erupted in the same area over the course of lime. 

Similar increases of the concentrations of 
lithophile elements observed toward the interior 
of other provinces have been attributed to 
either an increasing depth of an inferred sub
ducted slab or, alternatively, to the increasing 

thickness of crustal rocks from which rising 
magma can scavenge elements that are strongly 
partitioned into the liquid phase. The fact that 
the range of values increases along with the 
average abundance is in accord wilh the direct 
correlation found between these factors and 
crustal thicknesses (Condie and Polls, 1969; 
McBirney, 1976). Ifthe high concentrations were 
more uniform in rocks ofthe same differentiation 
index, they could be explained as the result of 
equilibrium fractionation during melting or 
crystallization, but the fact that they vary so 
widely implies that the enrichment process is 
due, in large part, lo the vagaries of contamina
tion and assimilation. 

This same conclusion could be reached from 
a comparison of rocks erupted in the same area 
over a period of two or more magmatic episodes. 
The fact that the abundances decline steadily 
with time shows that they cannot be attributed 
to a steady state process of subduction but are 

TABLE 4 Selected representative data on orogenic igneous rocks ofthe Cascade Province compiled from various 
sources, including Condie and Swenson (1973), White and McBirney (1978), Rogers and Novitsky-Evans (1977), 
Rogers and Ragland (1980, and personal communication), and unpublished data from work in progress. Data IA 
come from Oligocene to early Miocene rocks of the Calapooya Valley on the western edge ofthe Western Cascades, 
2A, 2B, and 2C come from OJigocene-early Miocene, middle to late Miocene, and Quaternary rocks respectively 
in the area of Mount Jefferson in the central Oregon Cascades. 3C comes from the area around Mount Rainier in 
Washington, and 4A is from the early Tertiary Clarno Formation of central Oregon. DI = Si/3 — Mg — Ca -t- K 

IA 2A 2B 2C 3C 4A 

Volume (km^) in 2000 
km' 

Percentages of rock 
types 

Basalt 
Andesite 
Dacite-rhyoliie 

Weighted average Si02 
Lithophile elements 

at DI = 5 
K,0(wt%) . 
Rb (p.p.m) 
La/Sm 
Zr (p-p-m-) 
Ba (p-p.m.) 

Included elements 
at DI = 1.0 

Ni (p-p.m.) 
Cr (p.p-m-) 
"'Sr/'^Sr 
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Fig- 5 (a) Variations of N a 2 0 / ( N a 2 0 -h CaO), XFeO/X(FeO -I- MgO), Rb, and 
KiO/Rb with time in basaltic rocks o f the central Oregon Cascade Range- Error bars 
show one standard deviation in chemical data and the range of radiometric dates for the 
same rocks, (b) Mean abundances of REE in radiometrically dated samples from, the 
central Oregon Cascades. Data are normalized to the mean silica content ofthe middle 

and late Miocene group (58 per cent). (From White and McBirney, 1978) 
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Fig. 6 Abundances of Rb, Zr, Ba, and Ni 
in rocks of differing geological settings and 
ages in central Oregon. Horizontal scale is 
proportional lo the east-west distance from 
theconiinental margin; numbers and letters 
on the scale identify the groups according to 
the key in Table 4, See text for discussion 

more probably the result of progressive deple
tion of mobile elements in the crustal rocks 
through which the magmas must rise. If the 
declines were caused by depletion of a fixed 
source in the mantle, the incompatible elements 
would be so strongly fractionated into the first 
liquid that an abrupt rather than gradual 
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Fig- 7 Isotopic ratios of Sr in rocks of differing 
ages and differentiation indices. 1 A, 2A, 2B, and 2C 
correspond to the groups of the same designation 
in Table 4. Determinations by R. L. Armstrong. 

See text for discussion 

decline would be observed in successive melts 
from the same source. 

A further insight into these processes can be 
gained from comparisons of the abundances of 
a strongly compatible element, such as Ni, in the 
same groups of rocks just considered. Because 
Ni has a high distribution coefficient in olivine, 
its concentration in liquids is very sensitive to 
fractionation of that mineral and reflects the 
conditions under which the magma last equili
brated before erupting. 

The patterns of variations of Ni in space and 
time are quite marked (Fig. 6(d)).-The spatial 
relations show that the abundance of this ele
ment in early Cainozoic basalts increases sharply 
toward, the interior of the continent. With time, 
it also increases by approximately the same 
amount where successive igneous episodes have 
taken place in the same area. Unhke the litho
phile elements, however, Ni does not have a 
continuous range in rocks at the same stage of 
differentiation (DI = 1.0). It lends lo have one of 
two separate average abundances, and we find 
little or no overlap between the two groups. 
Tholeiitic basalts contain c. 20 ± 10 p.p.m. Ni, 
whereas calc-alkaline basalts, regardless of their 
age, contain c. 65 ± 25 p.p.m. The limited data 
we have on very primitive basalts of both types 
of suites indicate that Ni contents converge on 
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a common value of over 100 p,p,m, al differ-
enlialion indices below c. —1,0, Hence, both 
the calc-alkaline and tholeiitic series could be 
derived from a similar parental composition, 
but the latter would evolve through fractiona
tion of olivine, whereas the calc-alkaline series 
does not seem to have crystallized a mineral that 
strongly depletes the liquid in Ni, 

Several factors could influence the degree of 
fraclionation of olivine and hence the Ni con
tents of these basalts. Load pressure, waler 
pressure, oxidation state, and silica and alkali 
contents of the liquid have all been shown to 
affect the stability field of olivine. The explana
tion that seems most consistent with the relations 
we observe is one based on a difference in waler 
content and the relative roles of olivine and 
amphibole in early stages of differentiation. The 
amount of Ni fractionated from primitive 
basaltic magmas would • be greatly reduced if 
amphibole replaced olivine as a liquidus phase. 
Numerous earlier workers have advocated 
amphibole as a key mineral in the evolution of 
calc-alkaline suites, and the increase in Ni con
tents which we find between the tholeiitic and 
calc-alkaline rocks of the Cascade system is 
consistent with this hypothesis. 

When considered in terms of the geological 
setting of the various igneous centres and the 
patterns of variations of lithophile elements 
outlined in the preceding pages, the abrupt 
transition from Ni-poor tholeiitic lo Ni-rich 
calc-alkaline basalts in space and time can be 
directly related to the nature and thickness of 
the crust and to the conditions under which, 
olivine gives way to amphibole as an important 
liquidus phase. The boundary between the 
stability regimes of these two minerals must 
become deeper as the amphibolitic continental 
lithosphere thickens with time and distance from 
the continental margin. 

There is ample evidence that the..na_tur,c^of_the 
crjiSiThr£ugh;W^chJhe_Quaienj 
Hjgh^a^ades3h"aT"e''^nseh^~had^'aff"imp6rt^ 
influ"enceron:thexvo'lumes"Sffd'"c'dTOpoiitions oT'*"' 
efupfedrrocks:- Volcanoes at the southern and 
northern ends of the chain stand on thick con

tinental crust (Dehlinger et al , 1965) and have 
relatively small total volumes but large propor
tions of andesite; they also tend to be more 
potassic. The average KjO content (normalized 
to 60 per cent SiOj) for representative volcanoes 
in the northern, central, and southern regions 
are 

Rainier (10 analyses) 
Hood and Jefferson 

(41 analyses) 
Lassen and Shasta 

(10 analyses) 

1.66 per cent KjO 
1.43 percent KjO 

1.59 per cent K2O 

Because the volumes also differ, the KjO con
tents tend lo vary directly with the proportion 
of andesite in each part ofthe chain. 

The isotopic ratios of Sr also lend support to 
this interpretation. The lavas of volcanoes built 
on thick continental crust are somewhat more 
radiogenic than those of the central Oregon 
Cascades,, where the continental crust is rela
tively thin, and, with time, the basic rocks of 
successive series have progressively lower ratios 
(Table 4, Fig. 7). More differentiated rocks lend 
lo have more radiogenic Sr, but the values vary 
widely and show no clear relationship between 
the degree of differentiation and assimilation of 
radiogenic Sr. 

Relations to Subduction 

Remarkably little evidence has been found lo 
relate the Cascade magmas to oceanic litho
sphere or sediments. Nearly all workers who 
have so far examined the petrological relations, 
trace elements, or isotopic compositions of the 
rocks have concluded that they reflect a primary 
manlle_origin.with little if any contribution from 
subducted crustal rocks (e.g. Smith and Car-
michael, 1968 ;Peterman era/., 1970; Church and 
Tilton, 1973; Condie and Swenson, 1973; 
Church, 1976; White and McBirney, 1978). 

No correlation has been found between the 
rales of production of igneous rocks in the 
Cascades and subduction along the adjacent 
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plate boundary. The wide variation in the 
tempo of Cainozoic volcanism, nol only in the 
Cascades but in the circum-Pacific as a whole, is 
in marked contrast to the nearly constant rates 
of sea-floor spreading deduced from the spacing 
of magnetic anomalies on Ihe sea-floor (Kennett 
el a l , 1977). The same appears to be true of the 
intensity of recent volcanic activity, which varies 
widely from place to place wilh no delectable 
relationship to calculated subduction rates or 
the amount of crustal material that could be 
consumed in trenches (McBirney, 1971). The 
lack of such relations seems to argue against 
generation of calc-alkaline magmas by flux-
melting when waler is released by dehydration of 
subducted hydrous phases and rises into the 
overlying mantle. Il has been pointed out (Fyfe 
and McBirney, 1975) that there must be a direct 
relation between the amount of water introduced 
into the mantle and that of phlogopite reaching 
depths of 100-150 km in the down-going slab. 
Because the stability of phlogopite is directly 
dependent on the amount of K in the rocks, 
there should be a good correlation between the 
amount of magma generated and the rate at 
which the system recycles K (as well as other 
components that have high solubilities at 
elevated temperatures and pressures). 

One can compare the amount of K entering 
the oceans from the continents wilh that being 
returned to the continents in calc-alkaline 
magmas and demonstra te a crude balance, al 
least in orders of magnitude over a period of 
20 Ma (McBirney, 1976), but any such calcula
tion is no better than the assumptions on which 
il rests, and in this case il is little more than an 
at tempt to fit inadequate data to an unproven 
hypothesis. 

Conclusions 

It is still too early lo offer a comprehensive 
synthesis of the complex igneous history of the 
Cascade region, and il would be even more 
premature to propose that the causes of orogenic 
volcanism can be discerned in the dim record of 
events as they are now seen. Al best, one can only 

note a few salient features that have emerged 
from recent studies. 

Igneous activity has been strongly episodic 
wilh distinct pulses separated by periods in 
which there was little volcanism. Some of the 
episodes seem to have occurred in unison in 
widely separated parts of the circum-Pacific 
region. The volumes and compositions of rocks 
produced during successive periods have varied 
widely, but there appears lo have been an overall 
decline in the magnitude of volcanism and a 
gradual change toward more basic compositions. 
Most petrological evidence points toward gen
eration of magmas in the mantle wedge over
lying the zone of subduction and contamination 
with lithophile components as the magma rises 
toward the surface. 

Perhaps the most important conclusion that 
can be drawn from the evidence now available 
is that there is little direct relation, other than a 
spatial one, between volcanism in the Pacific 
North-west and Ihesubduction ihat iscommonly 
thought to be associated with il. Even the spatial 
relation is somewhat ambiguous because, as 
the Tertiary record shows, andesitic volcanism 
has seldom been concentrated in long linear 
belts near the continental margin as il is today. 
Even during Quaternary time, andesitic vol
canoes are by no means confined to island arcs 
and continental margins ; many are found well 
within the continental interior. .̂  

The ultimate cause of andesitic volcanism in 
the Cascade province is still, unknown. 
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North Santiam mining area, Western Cascades — 
relations between alteration and volcanic 
stratigraphy: Discussion and field trip guide 
h v J . Michael Pollock and Michael L. Cumrnings. Department of Geologv. Porl land Stale University. P.O. Bo.x75l. Porlland. Oregon 
97207 

Part I. Discussion"' 
INTRODUCTION 

General 
While it has been postulated for some time that porphyry 

copper mineralization develops beneath subduction-related 
stratovolcanos, little is known ab,cuxi—tJic_subvolcaju,c 
environment above the mineraliz.ed zones and about the ground 
surface at the time of mineralization. The nature of fluid 
movement within the volcanic pile, timing of porphyry 
mineralization relative to volcanic activity, timing of the 
development of alteration relative to porphyry and vein 
mineralization, and possible surface geothermal expressions of 
the system need evaluation. Uplift of the Western Cascade 
Range relative to the High Cascade Range, which began 
approximately 5-4 million years before the present (m.y. B.P.) 
(Priest and others. 1983), has resulted in a deeply dissected 
terrain in which more than a kilometer of the stratigraphy 
overlying the porphyry copper-related mineralization In the 
North Santiam mining area is preserved and exposed. Thus the 
mining area provides the necessary setting in which to study the 
subvolcanic portions of a porphyry copper system. 

The North Santiam mining area is located near the 
headwaters ofthe Little North Santiam River(Figure I), Metal 
mineralization and alteration are zoned and centered on 
'i'lrnsip"5 witii_associated tourmaline-bearing_b.reccia_iiipes 
(Figure I), Disserninated copper mineralization typical of a 
porphyry copper deposit has been documented by Callaghan 
and Buddington (1938) and Olson (1978). 

This paper and field trip guide are based on part of a 
Portland State University master's thesis on the geology and 
geochemistry ofthe eastern portion ofthe mining area (Pollock, 
1985), The road log, which will appear in next month's issue, 
begins near Salem, Oregon, and proceeds to the edge of the 
mining area. The actual tour ofthe mining area is on foot and is 
4,7 mi each way. An optional side trip by car over French Creek 
Ridge to Detroit is also included. 

In addition to the maps in this guide, it is recommended that 
15-minute topographic maps of the Mill City and Battle Ax 
quadrangles (available from the Oregon Departmenl of 
Geology and Mineral Industries and many sporting goods 
stores) and the WIMamet^te^NatiortalJ^^oJcsl-xaaatavailableir.omi 
the Detroit Ranfi£H~§Tation. U.S. Forest Service [USFS]) be 
used on Ihis trip. 

M i n i n g h istory 

The North Santiam mining area is one of five mining 
districts located in the Western Cascades of Oregon. The 
geology of the districts and an overview of the mineralization 
contained therein were presented by Callaghan and Buddington 
(1938). Current and abandoned workings were described and 
production from base metal and gold veins was reported by the 

•Part I I . field tr ip guide, will appear in the next issue (January 1986). 
References at Ihe end of Part 1 arc for both pans. 

Oregon Departmenl of Geology and Mineral Industries (1951) 
and Brooks and Ramp (1968). The history of the mining area 
has recently been compiled by the Willamette National Forest 
(Cox. 1985) and the Shiny Rock Mining Company (George, 
1985). 

Exploration for gold in the North Sahtiam miningarea dales 
back to the I860's. The Ruth Vein, which was discovered in the 
early part of Ihis century near Ihe easlcrnend of Ihe mining 
district (Figure I), has been Ihe focus of mining efforts for zinc 
and lead periodically since its discovery. Callaghan and 
Buddington (1938) applied the name "North Santiam mining 
area" to all the mineral claims along the North Santiam River 
and its tributaries. However. Ihe area has previously been 
known by many different names (George, 1985). Claims along 
the Little North Santiam and its tributaries to Ihe east of Gold 
Creek are held by the Shiny Rock Mining Company, Jawbone 
Flats, which was constructed in 1932, originally consisted of 
more than 30 structures, approximately half of which still 
remain (Cox, 1985) and are actively used as Ihe mill site and 
operational headquarters for the claim block. The current ore 
mill, which was constructed in 1976, utilizes equipment from Ihe 
original Amalgamated Mill at Jawbone Flats and the Lolz-
L'arsen Mill, which stood near Gold Creek (Cox, 1985), 

Recent exploration in the North Santiam mining area has 
focused on the potential for porphyry copper mineralization in 
the central po'rtion of the mining area. Reconnaissance 
mapping, geological chip sampling, and drilling of two holes 
totaling 1,255 m were performed from 1976 to 1978 by Freeport 
Exploration Company under lease agreement wilh Shiny Rock 
Mining Company (Decker and Jones, 1977). Amoco Minerals 
Company, which optioned the Shiny Rock Mining Company 
claim block beginning in 1980. conducted additional field 
mapping, soil geochemistry, an induced polarization-resistivity 
survey, and additional drilling. Ten core holes totaling 1,518 m 
were drilled during 1981-1982 (Dodd and Schmidt, 1982). 
/^moco Minerals continues to hold a block of claims, primarily 
along Cedar Creek, west and south ofthe Shiny Rock Mining 
Company claims. Drilling has been conducted,xspccially-at a 
breccia pi.pe along Cedar Creek, 

GEOLOGIC SETTING 

Stra t ig raphy 

Stratigraphic relationships in the Western Cascades reflect 
Ihe complicated nature of subaerial volcanism and have been 
further complicated by the'stratigraphic names and interpre
tations proposed by various researchers. A correlation chart 
presented in Figure 2 shows the regional stratigraphy (Priest 
and others, 1983). ' 

The strata along the Little North Santiam River are 
primarily those of the Sardine series of Thayer (1936), as 
extended by Peck and others (1964), The type locality of the 
Sardine series was defined at Sardine Mountain located 
northwest of Detroit, Peck and others (1964) reported the 
Sardine Formation-belween the Little North Santiam and the 
Sandy Rivers as comprisina two units, the lower, 300 to 600 m 
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Figure I. Map ofthe North Santiam mining area, located approximately 40 mi east of Salem in the Western Cascades. Map shows 
roads, streams, trails, major intrusions and breccia pipes, mine adits, and line for cross section A-A' in Figure 4. 

Uwtr 
thick, of t?î imarilv fragmental andesites, and an upper unit, of 
approximately the same thickness, of hypersthene andesite 

White and McBirney (1979) separated the Elk Lake 
formation from the Sardine Formation on the basis of 
exposures in the Elk Lake area southeast of the mining area. 
They placed the Elk Lake formation as overlying and separated 
from the Sardine Formation by an angular unconformity, 

Dyhrman (1976) named the pyroclastic rocks on Whetstone 
Mountain (Figure I) the Whetstone Mountain volcaniclastic 
rocks. They are underlain in succession by the Thunder 
Mountain andesite. the Silver King andesite, and the Blister 
Creek tuff. The Blister Creek tuff was correlated by Dyhrman 
with the Little Butte Volcanic series of Thayer (1939); the other 
units were correlated with the Sardine series as mapped by Peck 
and others (1964). 

Numerous plugs and dikes with compositions ranging from 
andesite or diorite to quartz monzonite and granodiorite 
apparently served as feeders for the middle and late Miocene 
volcanics of the Western Cascades (Thayer, 1939: Peck and 
others, 1964; White, 1980a), The center of volcanism for the 
Sardine Formation was interpreted by Peck and others (1964) to 
have been between the Middle Santiam River and the 
Collawash River, 

Structure 
Rocks ofthe Western Cascades are gently folded into a series 

of northeast-trending anticlines and synclines. The North 
Santiam mining area lies between the extensions ofthe Mehama 
anticline and the Sardine syncline, as defined by Thayer (1936), 
Callaghan and Buddington (1938) reported that dips north of 
the Little North Santiam River have a dominant northerly 
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component, whereas those south of the river are dominantly 
southerly dipping, suggesting that Ihe valley ofthe Little North 
Santiam River is near the crest of an anticline. While (1980b) 
estimated Ihe age of northeast-trending fold structures to be 
between 15 and 11 m,y. on Ihe basis of K-Ar dates for rocks of 
the Sardine Formation and Ihe Elk Lake formation about 8 km 
southeast of ihe Ruth Mine, 

Normal faults and intrusions with trends of N, 20° Io40° W. 
preceded and accompanied regional uplift of the Western 
Cascades relative to the High Cascades, which occurred 5 to 4 
m.y. B.P. Northwest-trending lateral faulting spans a much 
longer lime from 15 to 2 m.y. B.P, (Priest and others, 1983). 

GEOLOGV OF THE NORTH SANTIAM MINING AREA 

Stratigraphy 
The stratigraphic units in the eastern portion of the mining 

area were assigned arbitrary letter designations by Pollock 
(1985) beginning with the lowest unit (Unit A) through the 
uppermost unit (Unit D). A generalized columnar section is 
shown in Figure 3, 

Unit A: Unit A. is comprised of moderately to exiensivelv 
altered fragmenial rocks of andesitlc-comoflsition. The lapilli 
tuffs are generally medium to dark green in color; however, with 
increasing alteration, their clastic textures arc obscured, and 
they are easily mistaken for porphyritic andesite flows. In zones 
of intense alteration, tuffs are "bleached" to a white color and 
primary textures are completely destroyed. 

The lowest member of this stratigraphic unit is a distinctive 
polymictic breccia Ihat is moderately to extensively altered and 
well indurated. It forms narrow, deep potholes or long, narrow 
chutes in the stream beds of the Little North Santiam River, 
Opal Creek, and Battle Ax Creek in sees. 28, 27. 33, and 29. 

Overlying the polymictic breccia and forming the bulk of 
Unit A is a sequence of andesitic lapilli luffs- Outcrop heights 

suggest thai the thicknesses of individual cooling units range 
from 10 to 50 tn. L.apilli-size lithic fragments are similar to the 
clasts in the polymictic breccia. Pumice is present in some units, 
and, from te.'Hures observed in thin section, glass is postulated 
as an original coinponcnt of much ofthe groundmass. Flattened 
lapilli and pumice fragments in some tuffs suggest welding 
through parts of the units, , 

tjitii §: Overlying and interlayed with Ihe lapilli luffs is a 
sequence of generally medium-gray, plaly to block-fractured 

• porphvritic andesite flows. Many fracture surfaces are a 
characteristic reddish brown, Phenocrysts of plagioclase and 
pvroxene are present in an aphanitic groundmass. Clinopy
roxene dominates over orthopyroxene. Early-formed amphi-
boles are suggested by the .shapes of masses of opaque minerals 
outlining relict phenocrysts, 

JJnit C; Unit C is a sequence of ^nt1'''iili'' ' " daritit; nr 
rhyodacitic tuffs and hornblende aade.sî ,ic-flovvs- The lower 
tuifs resemble the lithic tuffs of Unit A. On Whetstone 
Mountain, Ihcy contain distinctly.smaller lithic,clasts and a 
greater percentage of crystal fragments. Upper tuffs contain 
quartz and/or hornblende crystals and abundant pumice. A 
flow within Unit C cotitains hornblende phenocrysts and is 
exposed along the southern boundary of sec. 35. 

Within Unit C on Whetstone Mountain at an elevation of 
1,400 m is a distinctly laminated, fine-grained deposit that is 
between 20 and 25 m thick. Rocks in this deposit display 
parallel. I- to 2-mm-thick laminations of alternating light-and 
dark-colored materials. Individual laminae may be traced for 
more than 10 m along the outcrop face. Where the rocks contain 
hydrothermally introduced carbonate, they form cliffs. 
Carbonized plant fragments, including twigs up to 5 cm in 
length, needles, and possible seed pods, are locally abundant. 
Although strong linealion in these fragments is commonly 
noted, the orientation among layers is not constant. Where the 
tuff is not strongly indurated, the resulting creep produces 

(Thayer, 1939) Wells and Peck (1961) 
c and others 
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Figure 3. Generalized columnar section for the eastern 
portion of the North Saniiam mining area (Pollock, 1985). 

dramatically distorted tree growth in the old-growth timber, A 
distinct receding topographic bench and areas of significant 
creep at this stratigraphic position throughout the area south of 
Battle Ax Creek suggest that Unit C is present. 

Unit Di. Unit D consists of a sequence of dark-colored 
porphyrilic basalts and basaltic andesite flows, Phenocrysts are 
pjagiodase apd pvroxene. Some flows are glomerophyric. and 
several have abundant lath-shaped pyroxene phenocrysts up to 
2 mm in length. Orthopyroxene is the dominant pyroxene and is 
commonly partially to completely uralit ized, whereas 
subordinate augite is fresh. Plagioclase anorthite contents range 
from 55 to 62 percent. 

Capping Whetstone Mountain at an elevation of 1.480 m are 
two flows of Unit D. each 12-15 m thick. Flows of Unit D are 
found above an elevation of 1.040 m south of Battle Ax Creek. 
Lower flows in the sequence were deposited as intracanyon 
flows into the tuTfs of Unit C. 

Intrusions 
Originally all intrusions in the mining area were reported as 

dioritic (Callaghan and Buddington. 1938). However, Olson 
(1978) divided the intrusions into seven units ranging in 
composition from basaltic andesite to quartz latite/rhyodacite. 
He interpreted the youngest unit to be a eranodiorile typified by 
the large intrusion near the center of the mining area (sec, 32) 
and represented in the vicinity of the Ruth Mine by narrow, 
northwest-trending dikes, A K-Ar date for a hornblende 
separate from this large intrusion was reported as 13,4±0,9 m,y, 
(Power and others. 1981a), 

In the eastern portion of the mining area, three major types 
of intrusions are distinguished (Pollock. 1985): an equigranular 
diorite, a porphyritic diorite, and a quartz-feldspar porphyry. 
Narrow aphanitic to porphyritic andesite dikes are also found at 
several locations, including Level 5 of the Ruth Mine, where 
they are associated with strong alteration halos but no base 
metal mineralization. 

The equigranular diorite is best exposed along Battle Ax 
Creek, where it occurs as northwest-trending dikes. The 
equigranular texture of the feldspar and mafic phases produces 
a distinctive "salt and pepper" appearance. Vesicles are 
common, particularly near contacts. Contacts are sharp with 
narrow chilled margins. Locally, narrow, 0.5- lo 3,0-cm-wide, 
white aplite veins cut these intrusions, 

Porphyritic diorite intrusions also form northwest-trending 
dikes. The dikes commonly contain glomerocrysts of plagioclase 
and pyroxene. Dikes are best exposed adjacent to the portial of 
Level 5 of the Ruth Mine, in the adit, in a roadcut above the 
portal, and in Battle Ax Creek downstream from the portal. 
These intrusions are similar in mineralogy, texture, and 
chemistry to the large intrusion mapped by Olson (1978) in the 
central part of the mining area. 

The third intrusion type is leucocratic quartz-feldspar 
porphyry. It is light gray to white in colorand has 5 to 10 percent 
quartz phenocrysts that are 0.5 to 2 mm in diameter and 
euhedral to nearly round in shape. Plagioclase phenocrysts are 
also present, and potassium feldspar may have been present 
originally. Occasional hornblende crystals to 2 mm in length 
occur. 

The geometry ofthe quartz-feldspar porphyry intrusions is 
very irregular. The contacts are steeply dipping to nearly 
horizontal at different outcrops and within the same outcrop. 
Below the portal of the Ruth Mine in Battle Ax Creek, a sill 
appears to intrude and dome the polymictic breccia of Unit A, 
Within the Ruth Mine, this intrusion is well exposed, and its 
margin serves as a host for mineralization. On Whetstone 
Mountain, the intrusion becomes increasingly jointed with 
increased elevation. At an elevation of 950 m, the highest 
exposures form a 30- to 35-m-high pinnacle that displays well-
developed, steeply dipping columnar joints. 

Structure 
All units within the area are nearly horizontal to gently 

dipping to the southeast, as illustrated on the cross-section in 
Figure 4. Measured dips range from 5° to 20°. The dip of the 
contact between Units A and B is approximately I I°-I3°. Dips 
decrease higher in the section and to the south. Units B and C 
thin to the north because of a decrease in the number of flows 
and tuffs and also as a result of a thinning of individual deposits. 
The base of Unit A is not exposed, and the top of Unit D has 
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.Figure 4. Geologic cross section of the Ruth Mine area, 
eastern portion of the North Santiam mining area. Cross-
section line is shown in Figure I. Geologic units are those shown 
in Figure 3. Minimum burial depths required to prevent boiling 
of geothermal solutions of the temperatures indicated are 
shown. Results of fluid-inclusion data (Table I) suggest that the 
land surface at the time of mineralization was at or above the 
level of Units C and D (modified from Pollock, 1985). 
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been removed by erosion. 
Three high-angle fracture and fault sets occur in the study 

area. The most prominent .set is oriented N. 40° to 50° W. and 
controls the trends of several creeks and the emplacement of 
diorite dikes. The second is oriented N, 5° lo 20° W. The third is 
oriented from N. 80° E, to east-west. 

D i sp l acemen t s a re difficult to d e t e r m i n e because ( I ) 
exposure is poor; (2) lithologic units are similar in appearance; 
and (3) along Battle Ax Creek where exposures at'e the most 
extensive, faults have been the loci of dike emplacement . 
Slickensides are nearly horizontal. Where east-west faults and 
N.45° to 50° W. faults intersect within the Ruth Mine, the east-
west faults either offset or bend into a l ignment with the 
northwest faults with no apparent offset. The N, 5° to 20° W, 
fractures cross both sets without apparent displacement-

ALTERATION AND M r N E R A L I Z A T I O N 

Alteration types and distribution 
Within the North Sant iam mining area . Olson (1978) 

identified a zoned alteration system centered in the eastern half 
of sec, 19, T, 8 S., R, 5 E- The C£nLtral_pptassiutiLsiii£aXS_a3Ji£. 
contains an assemblage of biotite, quartz, sericite. kaolinite, and 
small quantities of potassium feldspar, Biotite. interpreted as 
rep lac ing h o r n b l e n d e and aug i t e . has been subjec ted to 
retrograde alteration to chlorite. Surrounding the potassic zone 
is nkdl jc alteration consisting of an assemblage of quartz, 
sericite. and kaolinite, Olson noted that the phyllic alteration is 
s trongly controlled by s t ructures , with the most extensive -
alteration along and adjacent to northwest-trending faults. 
Within this phyllic zone. tC).uijnaline is found in breccias and is 
associated with quar tz and sericite, Olson interpreted the 
gejujiPtrv nf.thes_e_breccias to be "pipe-like," A whole-rock age in 
one of these breccias was reported as 11.0±0,4 m,y, (Power and 
others. 1981b), Outside of the phyllic zone, Olson reported 
pervasive propylitic alteration assemblages of chlorite, epidote. 
carbonate, and quartz extending well beyond the boundaries of 
the mining area and grading imperceptibly into unaltered rocks. 

T h e prp-ipncp nf h rgre i^ pipes_and z o n e d alt£ration.tUge,t.hC.r W.it-h 

zoned mineralization from predominantlvchalcopvri te/bornile 
outward to chalcopyrite/p,imt£_tQ-ba.se_aie_ta.l.s^(Callaghan and 
Buddington. 1938; Olson, 1978) led Olson to propose a 
porphyry copper model for the area. 

In the eastern portion of the miningarea, alteration is most 
intense at lower elevations. Alteration decreases to the south 
and east (Pollock, 1985) and with increase in elevation, 

Propyli t ic a l tera t ion consists of the replacement of ( I ) 
primary mafic minerals by one or more of the minerals chlorite, 
calcite. and epidote; and (2) plagioclase by albite and epidote or 
calcite. It is widespread but becomes more intense in the vicinity 
of northwest-trending structures and intrusions. In the least 
altered rocks, only amphiboles and uralitized pyroxenes are 
altered to chlorite. Rocks exhibiting this degree of alteration 
may contain calcite or chlorite-calcite veinlets. 

At lower stratigraphic levels, epidote occurs as a replacement 
of mafic and plagioclase phenocrysts. Ljoc£ny;,__£pi.(i(3te_jiri<;l 
quartz are precipitated jn veinlets and as vesicle fillings,, Veinlets 
and vesicles have halos extending up to 3 cm into their walls in 
which epidote replaces groundmass minerals. This is especially 
well illustrated by the alteration of the equigranular diorite 
dikes near the confluence of McCarver and Battle Ax Creeks, 

Phyllic or quartz-sericite-pyrite alteration is characterized 
by the replacement of groundmass and phenocrysts by fine
grained micas and quartz, Phyllic alteration is recognized in the 
field by a loss of primary textures and bleached halos around 
veins, faults, and larger fractures. Bleaching destroys primary 
mafic phases and secondary phases such as chlori te . Iron 
removed from these phases is generally retained in the rock as 

disseminated pyrite. 
Phyllic alteration is best developed in the tuffs near faults 

and within breccias in the quartz-feldspat- porphyry intrusions, 
Argillic a l terat ion, character ized by moderate to total 

replacement of rocks by kaolinite. is best developed along N, 
30°-40° W, and N, 80° E, faults, Argillic alteration is generally 
limited to hanging-wall breccia zones along faults. Clay zones 
range in thickness from a few centimeters up to 3-4 m at places in 
the Ruth Mine, Fragments of partially altered host rocks are 
found within the clay. X-ray analysis of clay zones confirms the 
presence of kaolinite as well as sericite and chlorite believed to 
be relict from previous alterations. Swelling cla.y-s.,are_Rh!ien' 
from all analyzed samples of vein clay. 

Precipitated stilhite and laumorrtite have been identified as 
vein materials a t Jower elevation^,iThe distribution of these 
zeolite veins has not been determined. Veins with fibrous 
laumontite near the vein walls and euhedral stilbite in the core 
cut an equigranular diorite dike along Battle Ax Creek. 

Base metal veins 
Quartz veins, with or without calcite, serve as hosts for 

sulfide mineralization in the eastern portion of the area. The 
following generalized paragenet ic sequence occurred: Host 
rocks were propylitically altered and then brecciated- Growth of 
early quartz-Cjai,staLs-in.ftpen space resulted in euhedral quartz 
at tached-to_lJie-bjeccia fra.gjii£iils_and vein waj_ls. Sulfide 
minerals seldom grew in contact with the vein walls but were 
precipitated with early quartz, Brecciation that followed quartz 
deposition apparently opened additional fracture surfaces in 
some veins, CoarS-S-grained-calcite crystals completely^or 
parliall-v-tilled some of the.open space, 

A sample from a small vein located in Battle Ax Creek near 
the Morning Star Mine displays overgrowths of chalcedonic 
q u a r t z . In this vein , sulf ide d e p o s i t i o n p receded the 
precipitation of the chalcedony and is in contact, with it in 
several places. Many veins show a second stage of fine euhedral 
quartz crystals perpendicular to the faces of the first stage. 

Base metal mineralization in thr; vicinity ^f thr tourmaline-
beamig breccia pipes consists of both disseminated and vein 
chalcopyri te . Veins display modera te to s t rong northwest 
orientations and strong phyllic alteration halos (Olson, 1978). 

East of Jawbone Flats, the highest.base metal concentrations 
are found in veins ofthe Beuche Group, the Ruth Mine, and the 
Morning S ta r Mine. Veins in these mineralized areas are 
localized along the N, 40° to 50° W, structural trend. They are 
most abundan t and contain the highest quant i t ies of ore 
minerals near contacts between intrusions and the tuffs of Unit 
A, In each of these three mineralized areas, sphalerite is the main 
ore mineral; galena and chalcopyrite occur in lower abundance. 
Pyrite is present in the veins but is also found in other veins in 
which base metal sulfides have not been detected. Chalcopyrite 
forms solitary grains and occurs as minute blebs commonly 0,05 
mm in diameter within sphalerite grains. Within the Ruth Mine, 
sphalerite and galena are also deposited on fracture surfaces in 
an open-space "crackle" breccia developed in an intrusion A*̂  
quartz-feldspar porphyry^ 

Fluid-inclusion data 
F|iiiH-inrliision data on the composition and temperatures 

of crystal formation have been obtained for q-nactz from three 
veins displaying phyllic qlier^tion in the eastern part of the 
mining area. Salinities are \QVJ with a freezing-point depression 
range coi'responding to I to 6 wt percent NaCl equivalent No 
daughter salts or other solid phases have been identified within 
the fluid inclusions- The range of homogenization temperatures 
is shown in Table L Ofthese three veins, only the Beuche sample 
site contains significant sulfide mineralization othei ' than pyrite-

In addi t ion , fluid-inclusion data from quar tz crystals 
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Tabic I- Fluid-inclusion data from quartz-calcile veins in the general area ofthe east end of the North Santiam mining area. All 
. analyses were performed on quartz crystals. ' 
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collected from quartz-epidote veins yuttinti-an-equigj,anular_ 
d îor.it.e-dike_ along Battle Ax Creek sJiow homoeenizaiion 
t£re.pe.raturesj:angin£jr.QjTi-245Llo 310° C. Salinities ofthese 
trtclusions are below 2 wfpercent NaCl equivalent- Base metal 
sulfide mineralization is absent in these veins, and pyrite is 
sparse. 

DISCUSSION 
/" The subvolcanic environment of a porphyry copper systeliri 

^can be inferred from the North Santiam miningarea on the basisj 
..JJX stratigraphic relationships, absolute and relative age 

relations, intrusive history and its relation to volcanism and 
mineralization, and the chemistry of hydrothermal solutions 
responsible for alteration and mineralization diiring the history 
of the system. The following points are pertinent to construction 
of a model for the system,-

1. Xhe-sulBXtiiariic^porJJijins of a porphyry copper system are 
geothermal systems in which alteration patterns, mineralization, 
and ĥoilJQg zones are related to _de[)itlT_beneath the gtound 
jijttage al the lime the system is aclivc. Determination of the 
nature and' position of the ground surface at the time of 
alteration and mineralization allows determination of those 
processes that occur al shallow depths within a developing 
porphyry system. 

2. The hjnummiization temperatures of fluid inclusions 
frotTt the l!iiirt,h_S_ax!..tjam mining area indicate iFiaTThe depth of 
formatigg of veins in the eastern part ofthe district was at least 
800_m.at the time of mineralization. The fluid inclusions do not 
indicate boiling of the ore solutions. The 800-m depth is the 
minimuin depth required to prevent boiling of solutions ol the 
temperature and salinity of those found in the study area. This 
depth of formation would place the ground surface at the time of 
mineralization near the level of unit C (see Figure 4). 

3. In an unmapped area aong the west end of French Creek 
Ridge is a bedded pyroclastic deposit of probable rhyodacitic 

. cotiiposition (Cummings and Pollock, 1984). Individual beds 
are from 5 to 10 cm thick and are distinguished by alternating 
light and dark layers. Based on elevation and apparent 
stratigraphic position, this unit is.bel ieved to bea member ofthe 
lower Elk Lake formation of White (1980b)- Pollock (1985) 
argued that this unit is a surge deposit, the distal facies of which 
is the finely laminated deposit of Unit C on Whetstone 
Mountain 6,5 km to the north. Based on this correlation and the 

description of flows given by White (1980b), the flows of Unit D 
correlate with the upper Elk Lake formation. Dates reported by 
White (1980b) for rocks mapped as Elk Lake formation on 
French Creek Ridge range from 11,8 to 11.0 my. B.P. 

4- Pollock (1985) postulated the order of intrusions in the 
eastern portion ofthe miningarea to be( I) equigranular diorite, 
(2) porphyritic diorite, and (3) quartz-feldspar porphyry, 
Porphyritic diorite dikes penetrate strata correlative with Unit B 
(Olson, 1978); but no locations are known where intrusions are 
in intrusive contact with rocks of either Unit C or D. Based on 
geometry and similiarity in composition, the quartz-feldspar 
porphyry intrusion may have been a feederforonciof the tuffs of 
Unit C. These relations suggest that the exposed diorite 
intrusions probably were not the heat sources that drove the 
hydrothermal system in the area. The quartz-feldspar porphyry • 
may have been the heat source, but this relation is not certain. 

5. Mineralization is found in or along the margins of the 
major intrusion types including within "crackle" breccias 
developed in the quartz-feldspar porphyry. Thus mineralization, 
at least in part, postdates emplacement of tjhe youngest 
intrusions- The porphyritic diorite intrusions are believed to be 
genetically related to the intrusion inthe central portion ofthe 
mining area that was dated at 13-4 m-y- B.P. (Powerand others, 
1981a). Sericitic alteration associated with porphyry minerali
zation in the district has been dated at I 1,0 my. B.Ff,( Power and 
others, 1981b). The quartz-feldspar porphyry intriision has not 
been dated. 

6. Mineral assemblages typical of propyliticaltefation occur 
under two extremes of hydfothermal conditions. At low water-
to-rpck ratios, pervasive isochemical recrystallizalion to 
epidote-chlorite-calcite is analogous to greenschist facies 
metamorphism. This may occur as a result of buriafdepth and 
elevated, thermal gradients resulting from emplacement of 
intrusions. At high water-to-rock ratios, jTiT^)y;|iJi£_aJjiiiaiioj.i 
assemblages (Giggenbach, 1984) deyelop in downflow zoneslof 
geothermaLsvstems. In 'contrast._p^hvllic.and potassic alteration 
assemblages form in upflow zones (Giggenbach, 1984). 

7- The alteration history of the study area is oiie of regional 
propylitic alteration developed at low water-tojrock ratios-
Later, development of zones of fluid tjpflow occurt'ed along the 
margins of dikes and along faults. The base metal sulfide 
mineralization occurred in quartz veins within sericitic 
envelopes of fluid upflow zones as ascending solutions cooled. 

144 OREGON GEOLOGY. VOLUME 47. NUMBER 12. DECEMBER 1985 



Argillic alteration developed later under conditions of an acidic 
system. Propylitic alteration associated with quartz-epidote 
veins may represent fluid recharge channels contemporaneous 
with mineralization. FJujd.<j respoinsible for this alteration also 
utilized the vertical permeability of mtrusion margins. 

SUMMARY AND CONCLUSIONS 
Base metal mineralization and alteration in the eastern 

portion of the North Santiam mining area developed in 
response to hydrothermal fluids circulating through faults and 
along fractured boiindaries of intrusions. The ground surface at 
the time of mineralization was the developing volcanic structure 
from which tuffs of Unit C and flows of Unit D were erupted. 
This developing center was the source of heat that drove the 
hydrothermal circulation system and may be the center 
responsible for the porphyry-style mineralization in thedistrict. 
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NEXT MONTH: FIELD TRIP GUIDE 

Survey of Oregon offshore 
mapping released 

The Oregon Department of Geology and Mineral Industries 
(DOGAMI) has released a survey ofthe needs of State agencies 
for offshore maps and the current status of available mapping 
products and programs that fill those needs. 

A Survey of Oregon Offshore Mapping was compiled by 
Glenn W, Ireland. State Resident Cartographer, and has been 
published as DOGAMI Open-File Report 0-85-3. The 30-page 
report surveys, in its first part, all State agencies that coordinate 
their mapping through the State Map Advisory Committee and 
describes their programs and projects that require offshore 
maps. In its second part, the report identifies Federal agencies 
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and independent sources that have produced offshore maps or 
are conducting offshore mapping programs. In both parts ofthe 
report, contact persons and addresses are provided for each 
agency. 

The survey extends to the entire marine environment, 
including a variety of zones such as estuary, beach zone, shore, 
tidelands. near-shore zone, continental shelf, continental slope, 
and various ridges, rises, and fracture zones. It jis intended to 
allow a variety of users to focus on offshore mapping needs for 
specific projects. It will also allow mapping planners to 
coordinate projects between different programs.! 

The new report. Open-File Report 0-85-3. is now available at 
the Oregon Department of Geologyand Mineral Industries.910 
State Office Building. 1400 SW Fifth Avenue. Portland. OR 
97201- The purchase price is $4. Orders under $50 require 
prepayment. D 
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North Santiam mining area, Western Cascades — 
relations between alteration and volcanic 
stratigraphy: Discussion and field trip guide 
by J. Michael Pollock and Michael L. Cummings, Department of Geology. Porlland State University, P.O. Box75l. Porlland. OregOn 
97207 ' . ' - • " . ' • 

Part II. Field trip guide' 

ROAD AND TRAIL LOG 
The rotitc of the trip is shown in Figure I. Mileage is 

indicated in this log by italicized numbers. The first set of 
numbers is cumulative throughout the field trip: the numbers in 
parentheses indicate the mileage between points. The portion of 
the trip that goes through Ihe Shiny Rock Mining Company 
claims is to be traveled on foot and is.4.7 mi each way. Foryour 
safety, avoid open min'e adits. Most are not maintained and are 
unstable and very dangerous. • 

0.0 mi (0.0 mi) Proceed east on Oregon Highway 22 from its 
intersection with Interstate 1-5 (exit 253) on the southeast edge 
of Salem. The highway climbs out ofthe Willamette Valley into 
the Waldo Hills. These hills, the Salem Hills to the southwest, 
and the Eola Hills west of Salem are underlain by Hows ofthe 
Columbia River Basalt Group (CRBG). 

Thayer (1939) originally named these basalts the Stayton 
lavas, indicated that the rocks were similar to the CRBG. and 
tentatively correlated them with the CRBG. M. Beeson (oral 
cotnmunication. 1984) confirmed that the Stayton lavas are 
actually flows of the CRBG. 

Tolan and others (1984). in their studies of the Neogene 
history of the Columbia River, indicated that the oldest 
identified channel ofthe Columbia River passed near Stayton. 

• throitgh the Salem Hills, and possibly west to the Pacific Ocean. 
This channel developed during "Vantage time."a period of time 
lasting for several hundred thousand years or longer between 
the last eruptions of CRBG fiows ofthe Grande Ronde Basalt 
(15.5 tn.y. ago) and the first eruptions ofthe Frenchman Springs 
Metnber of the Wanapum Ba.salt. The first flow of the 
Frenchman Springs Metnber to reach this area, the Ginkgo 
flow, followed this ancestral channel. Hoffman (1981) reported 
the thickness ofthe Ginkgo How in the southeastern Salem Hills 
as 180 m. 

As the road climbs the hills, note the red-colored laterite 
soils developed on these basalts. In the Salem Hills, ferruginous 
bau.xite deposits have developed from the Frenchman Springs 
Metnber (Hofftnan. 198 I). These bait.xite deposits are iron-rich 
and- in the Salem Hills, contain 13.4 million dry long tons of ore 
at 36.02 percent Al:0.i; 4.17 percent SiO:; and 32.49 percent 
Fe;0., (Hook. 197.6). 

4.0 mi (4.0 /;i/>View to the east from the crest ofthe Waldo 
Hills toward the Cascade Range. The snow-covered peak in the 
distance is Mount .lefferson. one ofthe composite volcanos of 
the late High Cascade group of Priest and others(1984). Most of 
the hills in the intertnediate distance are composed of rocks of 
the Western Cascade grotip of Priest and others (1984). 

12.3 mi (8.3 mi) Sediments exposed in small outcrops are of 
the lllahe formation as defined by Thayer (1939). These 
sediments, which underlie the CRBG. are well-bedded, 
tuffaceous marine-sandstones that were deposited in a marine 

*Part I. discussion, and references for both parts appeared in last 
month's issue (December I9S.S). 
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Mile 41.5. One of a pair of "stacks" beiween\which Stack 
Creek .flows and from which il derives its name. I 

etnbayment that occupied the Willamette Valley until the early 
Miocene (Baldwin. 1981). Orr (1984) studied the informally 
named "Butte Creek beds" northeast of this locality and 
assigned them to the Oligocene. Coal and limestone deposits 
occur within these beds. The sediments were deformed to dips 
ranging from 10° to 12° prior to eruption ofthe CRBG. which 
dips more gently (less than 3°). | 

Examination of this outcrop reveals distinct reverse grading 
(finer particles near the base and increasing in size toward the 
tops of individual beds) resulting from the tendency of pumice 
to float- Also present are abundant carbonized and uncarbon-
ized plant materials. I 

14.5 mi (2.2 mi) F\ows of the CRBG are exposed to the right 
• and left ofthe highway as the road descends a small hill north of 
the town of Stayton. The road-tothe right enters Stayton. and in 
a quarry along the road, andesitic volcanic rocks that may be the 



Figure I. Map A. Route of field trip lo North Santiam mining area, Oregon. Map B. Locations of key geologic features and field 
trip slops. 
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Mehatna volcanics of Thayer (1936. 1939) are exposed. 
21.4 mi (6.9 mi) Mehama-Lyons junction- Continue on 

Highway 22 for 0.8 mi. 
22.2 mi(0.8 mi) Intersection with Little North Fork Road to 

the Little North Santiam Recreation Area along the Little 
North Santiam River. Turn left (northeastf The Little North 
Santiam River joins the North Santiam River immediately 
south of this intersection. Upper slopes of hills in this area are 
Hows of the CRBG-

25.2 mi (3.0 mi) Exposures of a basalt intracanyon fiow are 
located to the left on the north side ofthe road. The source ofthe 
basalt is not known. It is not basalt of the CRBG (M. Beeson. 
oral communication. 1984) but may be a flow from a High 

•Cascade basalt shield volcano. The intracanyon flow can be 
observed at several localities along the road up the valley, 
suggesting that the ancestral Little North Santiam River was 
located in approximately its present location at the time the How 
was erupted. 

27.2 mi (2.0 A7i/)The irregularity in the road surface is due to 
active landslides- Deeply weathered volcaniclastic sediments in 
the cliff are involved in a particularly troublesome landslide. In 
the woods north ofthe road is the basalt intracanyon fiow. Steep 
contacts between diverse volcanic units are commonly 
associated with slope failures. 

28.3 mi (1.1 mi) BEWARE — the road takes a very tricky 
turn onto the bridge over the Little North Santiam River. 

29.0 mi (0.7 mi) The basalt intracanyon flow is exposed in 
the quarry along the south side of the road. The jointing pattern 
is typical of the jointing developed in intracanyon flows. 

33.6 mi (4.6 mi) Bridge over the Little North Santiam River. 
Rocks of the Mehama volcanics (Thayer. 1936. 1939) crop out 
along the river valley. 

36.3 mi (2.7 mi) Entrance to Salmon Falls State Park. 
37.3 mi (1.0 mi) Intersection with Evans Mountain Road. 

Continue straight ahead on USFS Road2209. Evans Mountain 
is named for a mysterious prospector known as "Old Man 
Evans" who was found tortured and murdered on his claims. 
Local legend has it that Evans was finding sufficient gold to 
support an elegant life style. As in all such mining legends, the 
location of his "mother lode" has not been found. This legend 
and others of the area are recounted by Roberts (date unknown) 
in her book. Elkhorn and Mehama: True Stories ofOregonians 
of ihe North Saniiam, which is usually available in the general 
store in Mehama. 

38.4 mi (LI mi) Bridge over Henline Creek. North of USFS 
Road 2209 are abandoned workings on the Capital claim. The 
claim was patented as early as 1893- Most ofthe workings were 
caved by the I930's. Veins have an average strike of N. 50° W. 
and dip of 75° to 80° SW. The veins are composed of a breccia of. 
silicified andesite containing sericite and mesitite. an irog-
TnagnMium carbonajg. The breccia is cemented with stringers 
and veinlets of quartz with sulfides, chiefiy sphalerite. There is 
minor galena and chalcopvrite (Callaghan and Buddington. 
1938). 

The Ci-own Mine, located to the south on the north fiank of 
Elkhorn Mountain, was developed around 1927. Several veins 
were crossed in altered andesite. tuff, and volcanic breccia- A 
rhyolite is encountered near the contact of an intusive quartz 
diorite at the south end ofthe main crosscut. The Blind. Salem, 
Thirteen-Foot, and Winze Veins are along brecciated zones in 
which minor chalcopyrite. pyrite. and minor sphalerite are 
located within wall rocks mapped as tourmaline hornfels. These 
weakly mineralized veins strike from N- 55° W. to N. 60° W. 
(Callaghan and Buddington, 1938). 

i9. /m/r0.7m(j Intersection of USFS Roads 2207 and 2209. 
Stay on USFS Road 2209 straight ahead al this intersection. 
The road continues to follow the glaciated valley ofthe Little 
North Santiam River. 

39.5 mi (0.4 m/jThe area between this outcrop and the Ruth 
Mine was mapped by Olson (1978). who concentrated on the 
mineralization and alteration associated with breccia pipes in 
the area. Olson informally divided these rocks into upper and 
lower members of the Sardine Formation, and the lower 
member crops out along the road. The rocks in the major road 
cuts are andesite tuffs and contain accretionary lapilli. abundant 
lithic fragments, possible pumice fragments, and crystal clasts. 

Epidote-lined fractures are present in the outcrop, and the 
common occurence of epidote in the tuffs is indicated by their 
yellow-green color, 

39.7 mi (0.2 mi)The lithic-crystal tuff exposed in these road 
cuts contains accretionary lapilli. 

41.5 mi (1.8 mi) Road crosses Stack Creek, To the north is a 
scenic view of the twin stacks on Henline Mouritain-

42.8 mi (1.3 wt/j The road is very narrow and on the edge of a 
steep cliff into Horn Creek. 

42.9 mi (0.1 mi) Road crosses Horn Creek after passing 
through a large pile of unconsolidated debris of glacial origin. 
The Black Eagle Mine is located at this point. 

43.4 mi (0.5 mi) Gate at the west edge of the claim block 
controlled by the Shiny Rock Mining Company! /(/ this point 
park your car and proceed on foot. The Shiny Rock Mining 
Company is attempting to preserve the historic niining artifacts 
of the district, and your cooperation is appreciated. For your 
safety, avoid open mine adits, many of which are not maintained 
and are unstable. 

43.8 mi (0.4 mi) Bridge over Gold Creek. 
43.9 mi (0.1 mi) Stop 1. A short side road leads to the adit of 

the Santiam I Mine on the Little North Santiam River. This 
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Stop 1. The adit of Santiam I Mine is one of hundreds of 
mine adits and prospects in the North Santiam mining area. 
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mine has also been known as the Minnie E. and the Lotz-Larsen 
at various times in its history. Most of the development work 
was done in 1915-1917. with some ore shipped in 1924. The vein 
strikes N. 43° W. and dips 50° to 80° NE. and has been mined on 
both sides of the river. Ore minerals are distributed along the 

. vein, but there are fourdistinci narrow ore shoots. Chalcopyrite 
is the principal ore mineral: pyrite and sphalerite are 
subordinate! Ore grades ranged from 1.25 to 4.47 percent 
copper and 0.1 to 1.22 oz of gold per ton. Locally the vein was 
up to 35 cm wide and composed primarily of chalcopyrite 
(Callaghan and Buddington. 1938). 

The waterfall developed where the altered rocks ofthe vein 
were less resistant than the surrounding rocks. When the water 
level is low. the vein can be seen on the downstream end ofthe 
plunge pool. Waterfalls are common throughout the district and 
serve as one means of locating veins. 

Slop 1. The Minnie E. Vein on which the Saniiam I Mine 
adit is located crosses the Little North Saniiam River and has 
been mined on both sides. Waterfalls such as the one in this 
photo commonly form where streams are able to downcui easily 
into the altered rock of the veins. 

44.0 mi (0.1 mi) Whetstone Mountain trailhead. The trail, 
which is not included as part of this log. proceeds north along 
Gold Creek and then east along the ridge to the top of 
Whetstone Mountain. This well-maintained trail makes a scenic 
side trip, but it is over 5 mi to the top and moderately steep, with 
no water. The top of Whetstone Mountain can also be reached 
from the Clackamas River drainage. Maps are available from 
the Ripplebrook Ranger Station. 

44.3 mi (0.3 mi) Stop 2. Half bridge along the north bank of 
the Little North Santiam River. An intrusion o£,gorj3hxutk 
diante forms a prominent cliff, Phenocrysts up to 8 mm long of 
blocky- to prismatic-shaped plagioclase comprises 15 percent of 
the rock- The dike has vesicles that have been filled bv quartz. 
Plagioclase is altered to epidote. and hornblende is replaced by 
chlorite. The dike intrudes a lithic-crystal tuff, and xenoliths are 
common along its margins, 

44.4 mi (0.1 mi)The Golden Bear mine workings are ina vein 
of the Santiam group of claims- This adit is located in what 
Olson (1978) mapped as a tourmaline-bearing breccia pipe- The 
rocks are brecciated, silicified, and sericitized. An adit has been 
driven into the alteration for nearly 270 ft along a bearing of N. 
35° W. (Oregon Department of" Geology and Mineral 
Industries, 1951), 

44.7 mi (0.3 mi) This porphyritic diorite intrusion was 
mapped by Olson (1978) as an intrusion genetically related to 
the large intrusion located in the center of the mining area and 
dated at 13,4 m,y, B.P, (Power and others, 1981a). This 
intrusion follows a N, 30° W. trend along its eastern margin but 

is strongly sheared oti a N. .10° W. trend on its western margin. 
This same relationship occurs for the porphyritic diorite dike 
near the Level 5 portal of the Ruth Mine. 

45.4 mi (0.7 mi) The collap.sed buildings to the southof the 
road are part of the Merten sawmill built in 1943- Two steam-
driven capstans believed to have been salvaged from the 
battleship Oregon were used in this mill and remain on the site 
(Cox. 1985). One of the storage sheds is still standing near the 
east end of the mill site, 

45.6 mi (0.2 mi) Stop 3. Take the side road that cro.t.ites the. 
Little North Santiam River on an old bridge to the south ofthe 
main road. This road leads to the site of holes drilled by Amoco 
Minerals under lease agreement with Shiny Rock Mining 
Company. These holes are located in a cluster of tourmaline 
breccia pipes mapped by Olson (1978). The pipiis. which are 
intensely altered and circular to elliptical in plan, range from 10 
to over 100 m in length, Olson (1978) defined two types of 
breccia pipes: (I) shatter breccias of highly fractured rocks 
jjartially or completely altered to an assemblage of tourmaline, 
quartz, and sericite: and (2) "characterized by highly-altered 
angular to subrounded clasts cemented by quartz, sericite, 
tourmaline, oxides, sulfides, and rarely carbonate," In the first 
type of breccia pipe, there was little or no movement of 
fragments: in the second, the clasts have been displaced within 
the breccia. Zones of hydrothermal alteration extend 50 to 100 

' Slop 2. Half bridge, so called because the road is supported 
. on one side by limbers and the other by the side of the valley, was 
required where the highly resistant rock of a large intrusion was 
encountered by the early miners in the North Santiam mining 
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m beyond the margins of the pipes. The last event in formation 
of the pipes was the filling of open-space veins with quartz. 

Tourmaline occurs at this location as black rosettes, some of 
which surround chalcopyrite and are associated with secondary 
malachite. The best samples are found along the road and in 
small stream bed to the east. Return to the main road. 

45.7 mi (0.1 mi) Lure No. 3 adit is developed beneath the 
level of the road. The rocks are brecciated and silicified, 
Rosettes of tourmaline occur in the silicified materials, and 
pyrite and chalcopyrite occur in the alteration zone, 

'̂ (5,i5/niY(9,9w/jStop 4. Jawbone Flats. Oregon. This historic 
mining camp was built in the early I930's and still serves as the 
operational headquarters for the mining activities in thedistrict. 
Please stay oul ofthe buildings and away from equipment, and 
respect the historic artifacts that are present. On the east end of 
Jawbone Flats, a bridge crosses Battle Ax Creek about 0.25 mi 
north of where it joins Opal Creek lo form the Little North 
Santiam River. Just across the bridge, a side road leads a short 
distance to the pre mill currently used by Shiny Rock Mining 
Company for processing ore from ihe Ruth Mine. Return lo the 
main road. 

Stop 4. Jawbone Flats was constructed in 1932 as a mining 
camp and still serves as the operational headquartersfor mining 
activity in the eastern portion ofthe North Santiam miningarea. 
Of the 30 or so original buildings, about half are still in use. 

46.8 mi (0-2 mi) Stop 5. At this site are the ruins of the 
original ore mill constructed by the Amalgamated Mining 
Company in 1932- This mill collapsed under heavy snows in 
1949 (George. 1985)- The original steam generator and other 
equipment are still visible. On the right side ofthe road was the 
old ore stockpile, and samples of ore from several of the veins in 
this part of the district can be found in this pile, 

47.1 mi (0.3 mi) An unmarked trail leads to the left. This was 
an old tram road used to haul ore from the Ruth Mine to the 
mill- Slay on the main road. 

47.5 mi (0.4 mi) A side road joins the main road at a sharp 
angle. In the stream bed of Battle Ax Creek below this point are 
several veins and adits ofthe Bueche Group of claims. The ruins 
of an old building are located on the north side ofthe road. Stay 
on the main road. 

47.9 mi (0.4 mi) Stop 6. The road crosses a small tributary of 
Battle Ax Creek. Exposed in the road cut to the west ofthe creek 
is an outcrop of a quartz-feldspar porphyry intrusion. The rocks 
are nearly white in color, with an abundance of quartz and 
feldspar phenocrysts. To the east of the creek, an intrusion of 
equigranular diorite intrudes a tuff of Unit A. The creek is 
located on a fault, and alteration along this fault is visible in 
both intrusions. At the level ofthe tram road visible below, fioat 
from a collapsed adit suggests that this vein contains more 

Slop 4. This operating ore mitt located just south of Jawbone 
flats was constructed in part from equipment salvaged from 
earlier mills in the mining area. 

chalcopyrite than is common in veins this far east in the district. 
48.0 mi (0.1 mi) Road intersection. The road to the right 

leads to the adit of Level 4 of the Ruth Mine- Stay to the left. 
48.1 mi (0.1 mi) Road intersection- Stop 7. The road that 

turns sharply to the left leads down to Level 5 ofthe Ruth Mine 
while the main road continues a short distance to a small creek. 
Follow main road lo small creek. This creek, which is commonly 
called Ruth Creek, is downcut on the Ruth Vein. Adits have 
been driven on five levels of this vein. The open adit visible 
above the road is the fourth level and is collapsed where it 
encounters the vein. It-was a primary producer of ore in the 
I930's- Ore was removed by ore cart and dumped into a loading 
chute that is now collapsed at the road level- Ore samples from 
this adit can be collected in the stream. 

Return to the road intersection. Take the sleep lower road 
down to Level 5 ofthe Ruth Mine. A small roadcut along this 
road is located in a porphyritic diorite intrusion that is strongly 
sheared on its west margin. When you reach the level of the tram 
road, STOP. To the right is Level 5 ofthe Ruth Mine. This adit 
is being actively mined at present. BEWARE of mining 
activities, and slay oul. Below the adit in the creek bed. an 
intrusion of quartz-feldspar porphyry cuts a coarse block 
breccia of Unit A. Just downstream, a dike of porphyritic diorite 
is visible as a resistant unit. 

This concludes the trail log. Return to the main road and lo 
your car by the same route. You may then return to Salem by the 
same route or lake the optional route over French Creek Ridge. 

OPTIONAL TRIP BEGINS AT INTERSECTION OF 
USFS ROADS 2207 AND 2209 

At road log mile 39.1, lake USFS Road2207 lo the .south
east. Note: USFS Road 2207 is a logging road and nol regularly 
maintained. It may be impassable in bad weather. 

3.3 mi (3.3 mi) Bridge over the Little North Santiam River. 
On private land north ofthe road. Amoco Minerals Company 
has discovered a mineralized breccia pipe. The pipe is exposed in 
small outcrops on the north bank of Cedar Creek. Although 
discovery and drilling on the prospect were underway in 1981. 
no public announcement has been made, and no published 
information on the pipe is available. 

5.1 mi (1.8 mi) Road crosses Cedar Creek. 
5.5 mi (0.4 mi) Intersection of USFS Roads 225 and 2207, 

Remain on USFS Road 2207 lo the left. 
6.0 mi (0.5 mi) Intersection of USFS Roads 125 and 2207, 

Slay on USFS Road 2207 to the right. 
9.2 mi (3.2 mi) Epidote-lined fractures are seen to cut rocks 
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of the Sardine Formation in the roadcuts. The North Santiam 
mining area.is approximately 3 mi to the north. Signs of hydro-
thermal alteration are common in the area, and epidote-lined 
fractures and propylitic alteration are typically noted. 

10.2 mi (1.0 mi) A large dike crops out near where the road 
swings to follow the cirque wall to the east, 

10.4 mi (0.2 mi) Stop 8. Overlook of Opal Lake, the 
headwaters for Opal Creek, which joins Battle Ax Creek at 
Jawbone Flats to form the Little North Saniiam River. Opal 
Lake occupies a cirque, and Opal Creek plunges over a scries of 
three falls for a total drop in elevation of nearly 170 m. The 
upper falls is less than 0.25 mi northeast of the lake. The 
outcrops at this stop are bedded pyroclastic rocks that are 
probably rhyodacitic in composition. On the basis of White's 
(1980b) lithologic descriptions, similar stratigraphic position, 
and elevation, it appears that these rocks are part ofthe Elk 
Lake formation. The outcrops are well-layered, coarse 
heterolithic fragmental units of weathered, light-colored units 
interlayered with dark-colored, fragmental units of uniform 
clast types. The rocks are cut by a zeolite-coated fracture set that 
trends N. 40° W, and dips 70° S W, The fracture orientation is a 
common orientation encountered in the North Santiam mining 
area. The volcaniclastic rocks are intruded by subvolcanic 
intrusions that cut the bedding at various angles, 

11.6 mi (1.2 mi) White (1980b) mapped the crest of French 
Creek Ridge as the Elk Lake formation unconformably 
overlying rocks of the Sardine Formation- The thickness ofthe 
Elk Lake formation is 150 m at this locality. White defined two 
members of the formation: the lower consists of rhyodacitic 
fiows and pyroclastic rocks, the upper of one or more thick 
flows of hornblende andesite. The pyroclastic units of the lower 
member are white or pale-pink crystal-lithic tuff: flows are light 
gray and generally are flow banded. These lavas were probably 
erupted from a vent complex at the southwestern end of French 
Creek Ridge. This vent complex is the knob immediately 
southeast ofthe road at the crest of French Creek Ridge, White 
indicates that a small dome can be seen to intrude and to overlie 
the Sardine lavas at this point, A spine that is 10 m high occurs 
near the center of the dome. The upper member of the Elk Lake 
formation overlies the rhyodacitic rocks in the prominent knobs 
northeast of the pass at Martin Buttes and Byers Peak. These 
prominences are underlain by a single andesitic flow that is 60 m 
thick and that displays a prominent colonnade. The andesites 

contain abundant phenocrysts of plagioclase and less abundant 
but common phenocrysts of augite. Hypersthene and remnants 
of probable amphibole crystals are sparsely present as 
phenocrysts. The Elk Lake formation overlies both the Sardine 
and Breitenbush Formations with strong angular unconformity. 
Two K-Ar whole-rock ages for rocks of the Elk Lake formation 
are 9,8±0,46 m,y, and 11,8±0,4 m,y- (White. 1980b)-

13.3 mi (1.7 mi) Stop 9. At this switchback, medium- to 
coarse-grained quartz diorite dikes intrude fine-grained ash 
beds of the Sardine Formation. Hydrothermal alteration, 
around the dikes has produced zeolitic alteration of Ihe luffs. 
Near the contact, the replacement is extensive but decreases in 
intensity away from the contact where the development of 
zeolites becomes confined lo fracture fillings and breccia 
cement. Analysis by X-ray diffraction indicates that laumorilile 
is the main zeolite present. The contacts ofthe dikes are chilled 
against the wall, and xenoliths of tuff are incorporated into the 
dike. Abundant fine-grained xenoliths occur in the dike but. 
except for those near the contacts, are not derived from the 
immediate wall rocks. The contact strikes N. 10° W. and dips 
75° NE. Feldspar phenocrystsare strongly fractured, suggesting 
shattering such as might occur during hydrofracturing. These 
intrusions were emplaced at shallow depths. 

14.2 mi (0.9 mi) Overview of Sardine Mountain, the type 
locality of the Sardine series as defined by Thayer (1939). 
Sardine Mountain is an eroded vent complex. Thin fiows. 
bedded cinders, and radial dikes are considered to be a typical 
vent-facies assemblage exposed on the northern and western 
sides of the mountain (White. 1980b). On Hall Ridge 
immediately south of Sardine Mountain, flows are generally 
porphyritic. containing abundant plagioclase phenocrysts and 
lesser amounts of mafic phenocrysts. Most of the andesites have 
hypersthene and augite as phenocrysts. Lava flows compose 
from 50 to 70 percent of the formation in areas away from the 
vent complex. The rest of the forrriation is composed of lahars 
and lapilli tuff. 

.18.4. mi (4.2 mi) Intersection with USFS Road 2223. 
Continue straight ahead. The sharp turn to the right would take 
you up Sardine Mountain to Tumble Lake. 

18.6 mi(0.2 mi) Inlersecuon with Oregon Highway 22. Turn 
right lo return lo Salem or left to go ro the towns of Detroit, 
Breitenbush Hoi Springs, dr Bend. D 

BOOK REVIEW 

by Daniel M. Johnson. Associate Professor of Geography. 
Geography Departmenl. Portland Slate University. Portland, 
Oregon 97207 

The Legacy of Ancient Lake Modoc: A Historical Geography of 
the Klamath Lakes Basin, by Sam and Emily Dicken, published 
by the authors, available from the University of Oregon 
Bookstore, 895 E. 13fh, Eugene, OR 97403, or Shaw Stationery 
Company. 792 Main St., Klamath Falls, OR 97601. Price $10. 

For nearly 40 years, geographers Sam and Emily Dicken 
have been exploring and studying their adopted state of Oregon. 
Thev have shared the results of these efforts with the public 
through a series of books and journal articles, beginning with 
the first edition of Oregon Geography pitblished in 1950. In 
recent years we have been treated to Two Centuries of Oregon 
Geography: Vol I., The Making of Oregon (1979) and Vol. 2, A 
Regional Geography (1982). Their work on the historical 
geography of Oregon has now been continued in a newly 
published book entitled The Legacy of Ancient Lake Modoc: A 

Historical Geography of the Klamath Lakes Basin (copyright 
1985 by the authors)- This book represents a delightful blend of 
the two disciplines, but it differs from the Dickens' earlier work 
in that it focuses on one region ofthe state, the Klamath Lakes 
basin of south-central Oregon, It amounts to a chronological 
description of both natural and human features, beginning with 
the period of exploration in the early 19th century and 
continuing to 1985, Throughout, the authors have given careful 
attention to the perceptions ofthe region by those who explored 
and settled it. 

In the first chapter, the Dickens present an overview by the 
interesting technique of escorting the reader on an imaginary 
airplane fiight. Only from this lofty perspective can the unity of 
the Klamath Lakes region be appreciated. As they point out. the 
"unifying feature is the lake plain, the bed of Old Lake Modoc," 
a Pleistocene lake whose shoreline was drawn for the first time 
by Sam Dicken in an article in the November 1980 issue of 
Oregon Geology. Modern lakes of the region, including 
Oregon's largest (Upper Klamath Lake), are remnants of this 
larger Lake Modoc, (Continued on page 10. Book Review) 
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K-Ar AGES OF P L U T O N I S M A N D M I N E R A L I Z A T I O N , WESTERN C A S C A D E S , 
OREGON A N D S O U T H E R N W A S H I N G T O N 

S, G, POWER 1 
C- W, FIELD / 
R, L, ARMSTRONG 
J , E- HARAKAL 

Department of Geology, Oregon State University, Corvallis, OR 97331 

Department of Geological Sciences, University of British Columbia, Vancouver, British 
Columbia, Canada V6T IW5 

The central and northern parts of the Cascade Mountains 
in Washington host nunnerous deposits of porphyry-type 
copper mineralization, illustratetd in Figure 1 , that are 
spatially and temporal ly associated w i t h Tert iary 
batholithic intrusions (Grant, 1969 and 1 9 7 6 ; Field and 
others, 1 9 7 4 ; Armstrong and others, 1 9 7 6 ; Hollister, 
1979) , To the south and into the Southern Cascades of 
Washington and the Western Cascades of northern and 
central Oregon, there are systematic changes in both the 
plutonic host rocks and their associated mineral deposits. 
The intrusions diminish from batholithic dimensions to 
stocks, plugs, and smaller tabular bodies, and the textural 
and compositional characteristics of associated mineraliza
tion change from relatively large deposits of disseminated 
copper (with minor molybdenum) to small and structurally 
controlled vein-type deposits of polymetallic base (copper, 
lead, and zinc) and precious (gold and silver) metals 
(Callahan and Buddington, 1 9 3 8 ; Peck and others, 1 9 6 4 ; 
Power and Field, 1981) , Locations of these more southerly 
mining districts are also shown in figure 1 , and it should be 
noted that recent exploration programs have documented 
the presence of disseminated porphyry-type copper 
mineralization at depth in the Washougal district of 
Washington and in the North Santiam district of Oregon 
(Moen, 1 9 7 7 ; Power and Field, 1981) , 

In this report we present radiometric age determinations 
for plutonic rocks of the Washougal district (20 m,y,), 
North Santiam district (13 m,y,). Blue River district (13 
m,y,), and the Bohemia district (22 m,y,), and for 
hydrothermal alteration of the Washougal district (19 
m,y,). Peck and others (1964) previously estimated the 
ages of dioritic plutons in the Western Cascades of Oregon 
to range from Eocene to late Miocene, The age determina
tions we report indicate t w o well-defined episodes of 
plutonism and associated hydrothermal mineralization at 
about 1 3 and 20 m,y,, respectively. They are broadly coin
cident wi th several episodes of volcanism that culniinated 
at 12, 16, and possibly 22 m,y, in the central Cascade 
Range of Oregon, according to the data of McBirney and 
others (1 974) and Armstrong (1 975 ) , and they fit within 
the spectrum of ages ranging from 6 to at least 24 m,y, for 
plutonism and associated porphyry-type mineralization in 
the Cascade Range of Washington as reported by Field and 
others (1974) , and Armstrong and others (1976) , The 
older episode (about 2 0 m.y.) that is represented by ages 
for mineralization and (or) plutonism in the Washougal and 
Bohemia districts is essentially identical to that of the 
Glacier Peak porphyry-type deposit (Field and others, 
1 974) and to early phases of the Tatoosh pluton (Matt in-
son, 1973) in Washington. The younger episode (13 
m.y.), given by ages for intrusions of the North Santiam 
and Blue River distt;icts, is similar to those ages obtained for 
later phases of the Tatoosh pluton (Matt inson, 1973) . 
These results document the general contemporaneity of 
plutonic-hydrothermal events in the Western Cascades of 
Oregon to their counterparts in Washington. Moreover, 
they suggest by correlation and inference that porphyry-
type copper deposits may be present at depth in the base 
and precious metal mining districts of the central Oregon 
Cascades. 

Samples were collected by J . P. Olson, S. G. Power, M. 
P. Schaubs, and A, Schriener, Jr. The K-Ar age determina
tions were performed at the University of British Columbia. 
The general procedures for these analyses have been 
described by Armstrong and others (1976 ) , and the 
analytical constants used are as fol lows: 

Kxe = 5.81 X 10 - 'Vy ; K ) ^ = 4 . 9 6 x 1 0- ' ° /y ; and *°K = 
1.167 X 10-* atom percent. 

Argon was determined by isotope dilution and potasium by 
atomic absorption spectrophotometry. The errors reported 
are for one standard deviation. Supplemental chemical and 
petrographic information for these samples may be found 
in Power and Field (1981) and references cited therein. 
This research has been funded by the Oregon Department 
of Geology and Mineral Industries and the Hanna Mining 
Company, and the generosity of both organizations is 
gratefully acknowledged. 

S A M P L E DESCRIPTIONS 

1 . WA-058A K-Ar 
Phyllic alteration ( 1 6 8 0 ft elev. in Copper Creek 
near Black Jack Prospect in north-central part of un
surveyed portion of T3N,R5E, Washougal mining 
district, Skamania Co., WA) . Granodiorite com
pletely replaced by quartz, sericite, tourmaline, and 
pyrite. Analyt ical data: K = 4 . 6 2 , 4 . 5 8 % ; ' A r * " = 
3 .414 x 10-«cc/gm (65.1 " /oEAr") . 

(whole rock) 19 .0 ± 0.7 m.y. 

2. WA-11 K-Ar 
"F resh" granodiorite (200 f t elev. near Black Ledge 
prospect, north-central part of unsurveyed portion 
of T3N,R5E, Washougal mining district, Skamania 
Co., WA) . Analyt ica l data: K = 1.90, 1,95%; 
•Ar*" = 1 .476 X IQ- ' cc /gm ( 2 5 , 2 % E A r " ) . 

(whole rock) 19 .6 ± 0.7 m.y. 

3. NS-11 K-Ar 
"F resh" granodiorite ( 3 5 2 0 ft elev., SEy4 SE/ . 
S32,T8S,R5E, North Santiam mining district, 
Marion Co., OR). Analyt ical data: K = 0 . 3 7 0 , 
0 . 3 6 8 % ; ' A r * " = 0 . 1 9 2 8 x 1 Q - ' c c / g m 
(13.3%EAr ' ' ° ) . 

(hornblende) 1 3 . 4 ± 0.9 m.y. 

4 . BR-6 K-Ar 
Quartz diorite ( 4 2 0 0 ft elev. on ridge NE of Gold 
Hill, SEVi NW% S32,T15S,R4E, Blue River mining 
district. Lane Co., OR). Analyt ical data: K = 0 . 8 3 7 , 
0 . 8 2 9 % ; • A r " " = 0 . 4 3 5 8 x 1 0 - ° c c / g m 
(10.6%EAr*o). 

(vi/hole rock) 13 .4 ± 1.2 m.y. 

5. BO-7 K-Ar 
Quartz diorite porphyry ( 3 7 2 0 ft elev. in Champion 
Creek, NEVi SW'A S I 2,T23S,R1 E, Bohemia min
ing district. Lane Co., OR). Analyt ica l data: K = 
1.38, 1 .35%; * A r " = 1.157 x 1 Q-'cc/gm 
(55,9%EAr*<'). 

(whole rock) 2 1 . 7 ± 0 .8 m.y. 
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