
OREGON GEOLOGY 
published by the 
Oregon Department of Geology and Mineral Industries 

• 



OREGON GEOLOGY 

VOLUME 58, NUMBER 5 SEPTEMBER 1996 
.......- .. _IoJ"""Y . .. _ .. .,./IOI)',~ .... _.,_ ........ .,._ 
"OooIo&Y "Mi_'-'~_' ___ " ___ "''''''') 
Go~~mJ.nc IWard 
Jacqueline G. Haggeoty. Chair ............. ..•.......... .. .. .. ......... Entaprisc 
Donald W. Christensen ......... ..... ......... ........... ... __ .. _ .. ....... Depoe Bay 
John W. StcphCfU , .... _ ........ .... ........... .... ................................ Ponland 

Slal~ Geo((.'ist........ . .......... ........... ..... ............... ... Donald A Hull 
D.puly Stilt., C.eoloCist ......... ..... ......... ....... ....... John D. BeauliC\l 
Publications Manac~rIJoAUtor ......•...... _ ..• " , •. ......... Beverly F. Vogt 
Production F.ditor _ .......... .. ... .. .. , ..... ........ ...... Klaus K.E. Neuendorf 
Produclion Aasistanb .. ......... ... ......... ............... __ .. . , •.. , Gmcva &cl< 

Kate Halstead 

Main om.,.,: Suite 965, 800 NF. Oregon Slnet /I 28, Portland 
97232, p~ ('03) 73 14100, FAX (503) 731-4(166, 
Baker City fuld Omce: 1831 Firsl Sind, Baker City91814, phone 
('4 1) ~23·3133, FAX (~41) 523·5992, 
Mark L. Ferns., Regional Geologist 
Grants P ... Field Office: 5315 Monument Drive, Grants Pass 
91526, phone (541) 416-2496, FAX (HI ) 414-3)58, 
Thomas J, Wi ley, Regioml Geologist. 
Mined Land Redamlltlon ProCram: 1536 Queen Ave, SE, Albany 
91321, phone (H I) 967-2039, FAX (HI)?61.201 5. 
cnry W. Lynch. Supervisor. 
The Natu~ oHhe Northwest Inrormation Center: Suite 171, 800 
NE Oregon Street /I 5, PoI11and, OR 91232·2 162, phone (503) 812-
2750, FAX (503) 7314066, Donald J. Haines, Manager. 

S«OOd class postage paid at PoI11and, Oregon. Subscription rates: 
I year, $ 10: 3 yean. $22. Single issues, $3. Address subscription or· 
den, renewals, and changesofaddressloOregon GeQlogy, Suite 965, 
800 NE Oregon Street 11 28, Portland 91232. POSTMASTER: Send 
address changes 10 Oregon Geology, Suite 965, 800 NE Oregon 
Street 1/ 28, Portland m32-2162. 

OregOil Geology is dcsi~ to reach" wide spe.ctrum of ruden 
interc$led in the geology and mineral industry of Orcgon_ Manuscript 
contributions arc invited on both technical and general-interest &lib­
jtdl; relating 10 Oregon geology. Two copies of the manuscript should 
be submitted. If manuscript was prepared on common word­
processing equipment., a file copy on diskette should be submitted in 
place of One paper copy (from Macintosh sy$lems, higl>.dcnsity 
diskette only~ Graphics should be camera ready; photographs should 
be black-and·white glO$$ies. All figures should be clearly marked; fig­
ure captions should be together al the end of the text. 

Style is generally lhat of U.S. Geological Survey publicalions. 
(See USGS S~ggesljom fo Aulhors, 7th ed., 199 1, or recent issues of 
Orcgon Geology.) Bibliography $hould be limited to refermcn cited 
Authors .re re5ponsible for the accuracy of the bibliographic ~fcr_ 
cnccs. lnc:lude names ofrey;ewen in the acknowledgments. 

Au!hon! will ~ccivc 20 complimentary copies of the '$Sue con­
taining \heir contribution. Manuscripts, lellerS, noIices, and meetln8 
announcements should be SCll110 Beverly F. Vogt, Publications Man­
ager, a(the PoI1land office (address above), 

PenniMion is granled 10 reprin1 information contained herein. 
Cledit given to the Oregon Department of Geology and Mineral In­
duslr'ics for compiling thil: information will be appreciated Conclu­
sions and opinions presented in articles arc those of the authors and an: 
not m'ccssanly endorsed by the Oregon DepartmenI of Geology and 
Mineral Industries. 

Cover photo 
Thru Fingered Jock, Ihe remains of a Plei.locelU shield vol· 

canO. new i' from the wesl. DCTQjJ &nuam LAke. This is one of the 
relalively)'Oung ll'O/canoes Ihal buill up lire Cascade Range. TIN 
field trip gUide beginnjng on tire next page leads largely along the 
border between lIN "~J/e", and Ihe High C(ucodes. 
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Seismic Policy Council to meet in Montana 
The Western States Seismic Policy Council (WSSPC) 

will hold its annual conference September 18-21, 1996, at 
the KwaTaqNuk Resort in Polson, Montana. Conference 
sessions will deal with sueh topies as geology, earthquake 
information, preparedness, mitigation, emergency re­
sponse, and partnerships. A field excursion will offer visits 
to imeresting seismic sites in the Mission fault area ofMon­
tana and include both geologically inleresting sites and ar­
eas of successful mitigation effons. 

Rcgistration fees emitle participants to attend all pro­
grams and social events, including all breakfasts and 
lunches, the conference banquet, and the vendor fair. Early 
regist ration by August I is $210 registrant, $60 spouse, $25 
field excursion; later registration costs are $240, $90, and 
$25, respectively. WSSPC will invoice prior to the confer­
ence but not on site or after the conference. 

The KwaTaqNuk Resort is located at Montana's Flat­
head Lake, south of Glacier National Park, and is operated 
by the Confederated Salish and Kootenai Tribes. Rooms are 
$48 single, $78 double (+4% room tax), and $10 for each 
additional guest. For reservations, call 1-800-882-6363. 

WSSPC receives conference registrations at 121 Second 
Street, 4th F1oor, San Francisco, CA 94105, or by FAX at 
(4 15) 974-1747, or e-mail at wsspc@wsspc.org. The orga­
nization can also be reached by phone at (415) 974-6422 or 
at its web site http://www.wsspc.org. 0 

Engineering seminar focuses on ground 
stabilization and seismic mitigation 

The Oregon Section Geotechnical Group of the Ameri­
can Society of Civil Engineers (ASCE) and the Oregon De­
partment of Geology and Mineral Industries (DOGAMI) 
will sponsor a seminar that presents the latest information 
on ground stabilization techniques and methods for reduc­
ing seismic liquefaction hazards. The seminar will be held 
Wednesday and Thursday, November 6-7. 1996, in Room 
HOC of the Orcgon Building (State Office Building), 800 
NE Oregon Street, in Portland. 

Speakers from industry and universities will present a 
mix of recent research and its applications to engineering 
problems. Numerous case histories will be presented on 
such techniques as wick drains, tangent piles. micropilcs, 
slone columns, and stabilization pilings. The Wednesday 
series will concentrate on the control of scttlemenls and 
ground movements for new and existing structures. Thurs· 
day's speakers will discuss seismic mitigation methods. 

Information is available from Wesley Spang, AGRA 
Earth and Environmental, Inc. , 7477 SW Tech Center 
Dri\'e, Portland, OR 97223-8025, phone (503) 639-3400; 
or from Mei Mei Wang of DOGAMl, who can be contacted 
at the Portland office address listed in the box on the left 
side of this page. 0 
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Water, rocks, and woods-A field excursion to examine the 
geology, hydrology, and geothermal resources in the 
Clackamas, North Santiam, and McKenzie River drainages, 
Cascade Range, Oregon 
by David R. Sherroi, Steven E. /ngebritse,,2, John .'vI. Curlesi, Terry E.c. Keith 4

, NancyM. Dia/, Thomas G. DeRoo$, and 
Sanford L. Hurlocke/' 

I This guide was prepared for a field trip conducted in conjunction with the Geological Society of 
America Penrose Conference on fluid·volcano interactions, Kahnceta, Oregon, October 4-9, 1992. 

Please be sure to read the warning notice at the end of this article. 

INTRODUCTION 
Water- how ii navels through the upper crust, how it 

is healed in hydrothermal systems above or adjacent to 
magma, how it alters rocks to reduce their permeability, 
how it disperses geothermal energy in the ncar-surface 
environment- these aspects of hydrogeology arc the fo­
cus of a fie ld trip that preceded an October 1992 Penrose 
Conference on fluid-volcano interactions. In the Cas­
cade Range, some uncertainty s till surrounds the inter­
pretation of heat-flow data. Anomalously high heat mea­
sured in the Western Cascades may be an expression of 
localized deep mag matic heat sources. Or it may result 
from groundwater fl owing late rally, flu shing heat west­
ward from beneath Quaternary volcanoes in the High 
Cascades to reappear at diffuse sites in the Western Cas­
cades or locally focused at hot springs in valley floors 
there. These divergent interpre tations have important 
implications for the assessment of geothermal resource 
potential and explorat ion of geot hermal energy. 

This trip cove rs 140 road miles from Estacada in 
Clackamas County to Santiam Pass on the border be­
tween Linn and Jefferson Counties (Figure I ). The route 
traverses pans of the Western and High Cascades, and 
the text emphasizes how topog raphic contrasts between 
these physiographic subprovinces influence hydrogeo­
logic conditions in the Cascade Range. Two major hot­
spring systems, Austin and Breitenbush, are passed 
a long the route (Stops 2 and 4); and a third system, the 
McKenzie River group of springs, is discussed at the last 
stop (Stop 6). Driving time is about 3% hr plus the t ime 
taken for the 6 or 7 stops, which can vary from 30 min­
utes to 60 minutes each. 

I us. ~otogical Survey, P.O. Box 31, Hawaii NatiOllal Park.. HI 96718. 
1 US. Geological Survey, 343 Middlefield Rd., Mmlo Park.. CA 94023. 
) Dept. of~enca, Oregon State Univn'Sity, Corvallis, OR 97331. 
• U.S. Geological Survey. 4200 University Dr., Anchonogc, AK 99508. 
S US. Forest Service:, MI. Hood National Forest. 2933 NW Divi.ion St., 

0resIwn. OR 97030. 
~ U.S. Forest SeJVice, Willametu National Forest, HC-73, Box 320. 

Mill City, OR 97360. 

MILEAGE DESCRIPTION 
(inltTvalicumulal ive) 

0.0/0.0 Estacada, traffic signal at intersection of Broad­
way Street and State Highway 224. Follow 
Highway 224. Route leads southeasl towards 
Ripplebrook Ranger Station (Figure I). The 
first S.7 mi are along new road a lignment built 
since 1985. 

3.9/3.9 Optional stop, viC\vpoint. Top of grade (crest 
of hill) with room to pull out on right, as road 
begins descent into Clackamas River valley. 

From this vantage, on a clear day, the travele r can look 
southeast along the V-shaped Clackamas River canyon and 
southward along the western slope of the Cascade Range. 
Strata are gently west dipping in this a rea, and the view 
southeast from here has hints of that bedding orientation. 
Like many pans of the Cascade Range, however, topo­
graphic expression of bedding is difficult to discern. o\\ing 
to thick forest cover, high rates of mechanical e rosion, and 
myriad landslides that disrupt the development of ledges 
along some of the more continuous units. 

More obvious are the clear-cuts that pattern the fo rest 
cover as we look cast and south across the I.I-million-acre 
Mount Hood National Forest. In the last SO years, 0. 18 mil­
lion acres of this National Forest have been clear-cut, and 
an additional 0.1 million acres have had partial cuts. 
Wilderness and watershed preserves constitute about 0.26 
million acres (Tom Ortman, USDA Forest Service [USFSI, 
oral communication, 1992). Elsewhere in Oregon , clear­
cutting has been shown to modify the timing and magni­
rude of peak streamflow (Fredriksen, 1970). Clear-cutting 
also is associated with increased sediment discharge, a l­
though this may be more a function of road building than 
greatly increased erosion of logged areas (e.g., Fredricksen. 
1970; Swanson and Dyrness, I97S) . 

A subtle re lationship exists between landforms. forest 
fires. and subsequent forest growth. Imagine a fire con­
tained within the river valley, for example. Such fires tend 
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Our purpose at this slop is to consider the 
role that li thologic variation plays in some 
temperature profiles. The Columbia River 
Basalt Group here consists of nearly flat-lying 
lava flows and interflow breccia (Figure 2A). 
Most lava flows of the Columbia River Basalt 
Group wcre erupted between 17 and 13.5 Ma 
from dike swarms located 400 km east of the 
Cascade Range; they flov.'Cd west across the 
area of the present-day Columbia Plateau and 
lapped against older rocks of the Cascade 
Range (Figure 3), Some lava flooded through 
low gaps in the range in nonhem Oregon and 
southern Washington and progressed as far as 
the Pacific Ocean. The flows in the Clacka­
mas River area have been mapped and de­
scribed in detail by Anderson (1978). 

Contrasts in permeability bet"''eCn massive 
lava and breccia are responsible for the 
stepped geothermal gradient seen in a hole 
drilled in the Columbia River Basalt Group 
across the Clackamas Rjver from Estacada 
(Figure 2B). Slight differences in hydraulic 
head between breccia zones cause flow be· 
tween zones when they are connected by the 
drill hole. Steep temperature gradients 
(subhorizontal steps on Figure 28) are associ· 
ated with each permeable zone, whereas low 

Figure I. Trip route from Estacada to Santiam Pass. Inset shows phys· 
iographic provinces of Oregon. Encircled numerals are field· trip stops. 
Naming of hot springs follows conventions on published topographic 
maps; names in lower ca.~e are informal. 

gradients (near·uniform temperatures over a 
large depth range) characterize the interven· 
ing massive flows. 

The Columbia River Basalt Group, al· 
though not part of Cascade Range volcanism, 
forms an easi ly identified st ratigraphic 

to be spotty, because wind patterns and wood supply work 
to minimize rampant burning. Natulal reforestation after­
wards resulls in a diverse, intricate panern offorest species. 
In contrast, a fire on the broad upland slopes and flanish 
regions at higher elevations can bum quickly across large 
areas. Subsequent reforestation creates even-aged, homoge­
neous stands of timber. Wildlife is tied to habitat, and the 
fire·modified landscape will see changing use and (or) mi· 
gration patterns, especially of large mammals and birds. 

1.8/5.7 

0.7/6 .4 

3.3/9.7 

Route joins old foad alignment, which may be 
the only road shown on many maps. Road to 
right leads back (west) to dam. 

Mount Hood National Forest sign (entering Na· 
tional Forest lands). 

Stop I-Big Cliff. At road level are excellent 
exposures of Grande Ronde Basalt (prineville 
chemical rypc), a formation in the Columbia 
River Basalt Group. 

marker-and one well exposed in many local· 
ities because its lava is erosion resistant. Along the Clacka· 
mas River, the lava flows form cliffs and open sunny bluffs 
that support unique biological communities. Scorpions, 
poison oak, and perhaps rattlesnakes, while not common in 
thc western part of the Cascade Range at this latitude, are 
found sporadically among outcrops of the Columbia River 
Basalt Group, especially the south·facing exposures. So, 
too, is found the Oregon white oak, a species far mOle com· 
mon in the Willamette V.tlley and on eastern slopes of the 
Cascade Range, where the honer, drier summers favor its 
growth. Note how the deciduous trees grow in shaded clefts 
and fractures . 

0.7/10.4 Bridge, Memaloose Road to right. Continue on 
maio highl'l·ay. "Memaloose" is Chinook jar· 
gon for "dead" or "death." ("Jargon" used in its 
linguistic sense as a language group comprising 
v .. ords from severa l separate languages.) Folk 
legend holds that an Indian chief is buried 
along ridge at headwaters of Memaloose Creek 
(Beth Walton. USFS, oral communication, 1992). 
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Although not visible from our route A. 
along the canyon bottom, Pliocene basalt 
caps canyon walls on the northeast. These 
lava flows were emplaced along a broad 
paleovalley, before the ancestral Clacka-
mas River began to carve its deep narrow 
gorge. The basalt fl ows along the Clacka-
mas River are not directly dated, but they 
can be traced nearly to the High Rock area 
of the Cascade Range, where petrographi-
cally similar rocks fonn the lowest part of 
a conformable sequence of lava flows as 
young as 2.78%0.09 Ma (Sherrod and Con-
rey, 1988). For this reason, we assign the 
entire sequence an age between about 3 and 
2 Ma. The modem gorge has been cut since 
that time. 

0.4/10.8 

0 .8111.6 

Lazy Bend Campground B. 
(USFS). 

Oak plant communities thrive 
on south-faci ng slopes above 
road. 

3.4/ 15.0 Big Eddy picnic ground 
(USFS). 

" 

AI Big Eddy, the northwest-trending 
channel of the Clackamas River turns 
abruptly northeast, forcing the main cur­
rent to the outside of its bend. Outcrops of 
lava further constrict the channeL A short 
distance beyond the constriction, the chan­
nel width increases from 8 to 20 m and 
channel depth increases from 1 to 5 m or 
more. These increases combine to create 
two large ovoid eddy cells 6x 15 m and 
4.5x9 m. Many intermittent local vortices 
migrate in the larger eddy. 

1.2116.2 Carter Bridge picnic ground 
(USFS). 

Figure 1. Comparison of Big Cliff stratigraphie section (Stop I) and dis­
turbed temperature profile jrom heat-flow hole drilled into Columbia River 
Basalt Group: A- Informally named Prineville basalt of Nathan and Fruchter 
(1974) at rood level (unit Tpv) overlain by 1014'- and high-magnesium chemical 
types of normally polarized Grande Ronde Basalt (units Tgn; and Tgn/l, respec­
tively). Photograph and stratigraphie interpretation jrom Anderson (1978). 
~Temperature profile jar hole drilled near Estacada (northwest carner oj sec. 
19, T. 3 S., R. 4 E.) with lithologic I~ring probably similar to that exposed at Big 
Cliff(jrom Ingebritsen and others, 1988). 

0 .5116.7 Highway bridge over Clackamas River. 

0.2116.9 Fish Creek Road to right. Continue on main 
highway. Temperature measurements from 
shallow \\-'Clls in campgrounds nearby provide 
the only conductive heat-flow data for an area 
of about 300-400 km2 centered here (holes no. 
11 , 12, 14, and IS in appendix to Ingebritsen 
and others, 1991). 

2.5/19.4 Roaring River Campground (USFS). 

1.8J2 L2 Road cuts on left show sedimentary interbeds 
that are li thostratigraphic equivalents of the 

\antage Member of the Ellensburg Formation 
in eastern Washington (Anderson, 1978; Ham­
mond and others, 1980) and separate Grande 
Ronde Basalt and overlying Wanapum Basalt, 
both uni ts part of the Columbia River Basalt 
Group. Overall lack of volcaniclastic interbeds 
among Oregon Cascade Range exposures of the 
Grande Ronde and Wanapum Basalts indicates 
relative quiescence of arc volcanism from 17 to 
14.5 Ma. 

0.9122.1 Quaternary terrace and talus deposits exposed 
in road cuts on left. 

0.3122.4 Three Lynx: Road junction. Continue ahead on 
main highway. 
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1.1123.5 Bridge, Indian Henry Road to right. Trip has 
been in narrow gorge carved in gently west­
dipping lava flows of the Columbia River 
Basalt Group. Our southeast-directed travel has 
taken us downsection, and at this point "'e pass 
into Oligocene and lower Miocene vol­
canogenic rocks. The narrow gorge abruptly 
widens upstream (southeast) from here because 
of widespread landsliding. a consequence of 
slope failure in the altered tuffaceous vol­
canogenic rocks of the Western Cascades. 

At about this point we enter a westward "bulge" in the 
map pattern of some geophysical features. For example, the 
apparent Curie point isothenn, which in the High Cascades 
is located at depths of 6--9 kIn, extends at similarly shallow 
depths into the Weslern Cascades here, although most of 
the Western Cascades have isothenn depths greater than 
9 km (Figure 4). The concept "depth to apparent Curie 
point isothenn" is more correctly described as depth 10 the 
base of the magnetic layer, a geophysical 
property resulting from hydrothennal alter­
ation or high temperature. Heal-flow con­
tours for 60- and 80_mW/m2 (milliwans per 
square meter) also extend westward to en­
close this area before S\\'eeping back east 10-
ward the High Cascades (Figure 4). 

1.1/24.6 Chronically rough road with 
sunken grade as a consequence 
of landsliding. As much as 6 m 
(20 ft) of asphalt reportedly has 
built up over the years, as the 
roadbed is continually relayercd 
along this curve. 

0.6/25.2 Boggy wetland. On warm days 
in laiC spring and summer the 
smeU of skunk cabbage is unmis­
takable. (flY not to catch the eye of 
someone sitting near you!) 

2.7/27.9 Timber Lake Civilian Conserva­
tion Corps work center. 

A sawmill was built near this site toward 

=> 
Figure 4. Map showing relation between 

near-sur/ace heal flow, apparent Curie­
depth boundaries (Connard and others, 
1983; Foote. 1985). and rise in deep 
crustal conductor (Stanley and others, 
1989, 1990). Note westward "bulge" in 
heat-flow contour/or 80 m W/m' and its ap­
proximate coincidence with shallow Curle­
depth boundary in area 0/ Austin Hot 
Springs. From Ingebritsen and others 
(/99/, /992). 
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Figure 3. Disl1'ibution o/Columbia River Basalt Group 
and location 0/ volcanoes and dikes that led the lava 
flows in It. GeneralizedJrom Tolan and others (/989), 
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the end of World War II, the time when large-scale logging 
began to open up slopes a long thc Clackamas River 
drainage. With the development came attempts to drain 
bogs that dot the surface of this landslide. Forest planners 
presently arc minimizing logging to preserve the landslide­
prone area for the rich habitat it possesses. Bogs and mov­
ing waler on thc landslide surface create diverse openings 
favorable for wild life . Wetlands here provide imponanl 
winter forage for deer and elk. 

1.0128 .9 Ripplebrook Ranger Station. Wi lderness per­
mits, pay telephone. Highway 224 becomes 
Forest Road 46. Continue ahead. 

0.5/29.4 Junction, Forest Road 57 to left. Keep right on 
Road 46. The road not takcn, Road 57, leads 
east to Timothy Lake along the Oak Grove Fork 
Clackamas River. 

As discussed by Ingcbritscn and others (1991), the wa­
tershed of the Oak Grove Fork encompasses relatively per­
meable lava flows of chiefly Pliocene and Pleistocene age. 
In contrast, the watershed of the main stem of the Clacka­
mas River encompasses a wide area of relatively impenne­
able, altered Oligocene and Miocene tuffaceous strata. A 
hydrologic consequence of increased penneability is a 
much higher unit baseflow or recharge rate- 26 x 10-9 mls 
(- I mlyr), nearly three times that for the Clackamas River 
downstream between Three Lynx and Estacada (Figure 5). 
Unit baseflow is an estimate of the minimum groundwater 
recharge mte per unit area. Thus, the Oak Grove Fork has 
a proponionately higher groundwater (baseflow) contribu­
tionto stream flow (50 percent of annual precipitation) a nd 
a much flatter hyd rograph (less seasonal variation) than the 
main stem of the Clackamas River (baseflow 20 percent of 
annual precipitation). 
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Figure J . Hydrographs showing contrasts in seasonal 
slreom p ow as a consequence a/rock permeability in wa­
tersheds fjrom Ingebritsen and others, 199/). Oak Grove 
Fork Clackamas River encompasses relatively permeable 
Pliocene and Pleistocene lava flows. 

3.0/32.4 Riverside Campground. 

0.7/33. 1 Junction. Forest Road 63 (CoJlawash River 
Road) to right. Keep left on Road 46. 

Although not pan of our trip, the Collawash River Road 
is the way to 8agby Hot Springs, located about 10 km south 
of here on the Hot Springs Fork of the Collawash River. 
The Bagby Hot Springs site is uniquc among the Wcstern 
Cascades hot springs for its dilute, high-pH, Na-mixed an­
ion waters and its geographic setting isolated. from the Qua­
temal)' arc by major drainage divides. Its location. chemi­
cal composition. and a relatively low 3HctHe ratio suggest 
that 8 agby is the product of local, relatively deep ci rcula­
tion. The Na-mixed anion waters arc similar to thermal wa­
ters associated with granitic rocks of the Idaho batholith 
(Mariner and others, 1980). Tertiary granitic or dioritic rocks 
are loca11y exposed in the Bagby Hot Springs area (Walker and 
others, 1985) and may be more widespread at depth. 

The dilute Bagby Hot Springs water contributes negligi­
ble chloride flux to the Clackamas River. Anomalous chlo­
ride flux (50 grams per second [g1sJ) at the Three Lynx 
gage downstream from the confluence of the Collawash and 
Clackamas Rivers is almost cntirely from Austin Hot 
Springs (also about 50 g1s). 

WHAT'S IN A MEGAWATI'? 
At current U.S. rates of electrical power consump­

tion, one megawatt (MW) is sufficient power for 
about 1,000 people. The Clackamas River power net­
work creates 170 MW of electrical power (MWc) 
through its series of 5 dams and 16 generators. In the 
Pacific Northwest, hydroelcctric power supplies 
about 16,600 MW" or 74 percent of the average elec­
trical energy use (lC. King, Nonh,,"est Power Plan· 
ning Council, written, communication, 1992). In 
contrast, geothermaJ energy presently is used orny for 
space heating in a few scattered locations. Nation­
..... ide, geothermal energy ranks third behind hydro­
electric energy and energy from biomass burning in 
the renewable energy scheme, and these energy 
sources rank fa r behind electricity generated from 
power plants fueled by coal, gas, or nuclear fiss ion. 
About 2,800 MW" of electric power generating ca­
pacity has been instaJled since the early 1960s al 
about 20 geothennaJ sites in the western United 
States, and it is projected that 7,000 MW" of geother­
rna] power will be installed by the year 2010 (Bush, 
1992). The Geysers field in nonhem California is the 
largest gcothermal complex in the United States, pro­
ducing about 1,500 MW of electricity from 25 operat­
ing uni ts. The Geysers fi eld is eminently successful 
because the wells produce pure steam, whereas other 
producing geothermal fie lds commonly yield hot liq­
uid or mixtures of steam and relatively sali ne liquid. 
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0.5/33.6 Gabbro sill fonns cliffs at left. Its age is known. 
on1y as younger than the lower Miocene strata that 
bound it. At this point, we are on the east limb of 
a broad arch, and our travel eastward begins tak­
ing us up through the stratigraphic sequencc. 

0.5/34.1 This stretch of the Clackamas River is an out­
door biological laboratory. The logs seen spanning 
the river just below water level have been placed 
purposely to create rimes, pools. and gravel beds 
in an attempt to diversify the habitat for fish. 

0 .2/34.3 Austin slide. 

This prelUstoric landslide was reactivated after the toe 
was removed by a 1964 flood. The landslide has obstructed 
traffic on Road 46 and, at one time, partially dammed the 
river. Timber was removed from the slide in 1972. Another 
fl ood in 1974 caused furthe r erosion and renewed landslide 
movemcnt. In 1976, after an extensive geotechnical investi­
gation, a large rock fill was placed at the toe to improve 
slope stabili ty. The rock fill , which is keyed below the slide 
plane, is 175 m long, 11 m wide, and ranges in height from 
16 to 25 m. Total weight oCthe fill is about 37,000 tons, or 
about 7 percent of the lotal weight of the lower part of the 
slide. The rock fill functions not as a gravity-resisting but­
tress but as a shear key. 

Total cost of the rock fiJI was approximately $ 1 million. 
Periodic monitoring indicates that the rock fill has not 
moved since its installation in 1976, although some parts of 
the slide are moving at a rate of 5-7 cm/yr. 

\.4/35.7 Road 46 crosses private lands of Austin Hot 
Springs. 

0.6136.3 Stop 2-Austin Hot Springs. Stop at east end 
of area, in view of the main orifice, which is 10-
tatcd on south bank of ri\"tr. Other springs seep 
from river bottom. Hot-spring aficionados have 
built many small, stone-lined pools in the river. 

Austin Hot Springs is the largest hot-spring system in 
the Cascade Range. It discharges 120 liters per second (Us) 
of fluid (Table 1) at an orifice temperature of 86<>C; heat 
discharge amounts to 90 MW, (megawatts of thenna1 en­
ergy), calculated using a geothermometer temperature of 
186<>C. The heat, if being swept westward by lateral flow 
from the High Cascades, represents the heat generated by 
magmatism aJong 30 km of arc length. Alternatively, the 
heat could be supplied by a single, large magmatic system, 
cither locally or in the High Cascades. 

Like nearl) all hot springs in the Western Cascades, 
Austin is positioned in a canyon floor between 460- and 
760 -m (I ,500- and 2,500-ft) elevation; its elevation is 510 
m (l ,680 ft). The springs emerge -400 m below the top of 
the Breitenbush Tuff, a widespread sequence of Oligocene 
and lower Miocene tuff, lapilli tuff, and minor lava fl ows. 
These rocks are stratigraphically equivalent to the Little 
Butte Formation (peck and others, 1964) elsewhere in the 
Oregon Cascade Range and to units such as the Skamania 
Volcanic Series, Ohanapeeash Fonnation, and Stevens 
Ridge Formation in Washington. The overlying middle 
Miocene rocks afthe Columbia River Basalt Group are ex­
posed at an elevation of about 850-910 m (2,790-2,990 tt), 
370-400 m above us in the canyon walls. 

Early visual estimates grossly underestimated the dis­
charge of Austin Hot Springs. For example, U.S. Geological 

Table l. Chemical composition, geothennometer temperatures, and discharge data for hot springs in the field-trip area 
(from Ingebritsen and others, 1991). Dashes indicate absence of data. Acidity (pH) in standard units. Temperatures (f) are 
in degrees Celsius (,e). Concentrations are in milligroms per liter (mgIL) and were detennined as follows: cations by induc-
tively coupled plasma; bicarbonate by acid titration; chloride by colorimetry or mel'Curimetric titration; bromide by ion 
chromatography; sulfate by turbidimetry; silica by atomic adsorption and molybdate blue 

c. M, N. K IICO) a 8, so, SI01 T,' T " • Q,"o lHe!'Ht 

Name ,II (-) _ .. _- -.~- -- . ("C) (Us) (RIRJ· .. • 
Austin 7.4 " 0. 10 305 ,.4 36 '9<) I., no 8i 86 186 120±6 ' .7 

Balby 9.4 ,., <O.O~ " 0.7 69 " 
., 74 58 " I., 

Brelttnbusb 7.0 95 1.1 '" 31 137 1,200 4.' 140 163 84 174 13.i.2 '5 
:\1cKenzle River Group 

Bigelo .... 7.8 195 0.53 ,,, l' " 1,230 3.8 140 73 " m 
Belknap 7.' '1 0 0.34 '60 l' " 1,200 3.9 1>0 91 73 1" "., 
Foley ' .0 ' 10 0 .08 '" 8.7 20 1,3~O 4.0 >IO 63 79 100 11 :1:4 

Ter .... illiger •. , m 0.07 '" '.1 ' 1 79<) " '40 47 46 l3> , 
Kalmeeta 8.1 13 0.03 400 11 603 '40 0.8 31 " " 137 ,,., 
• Discharge temperature. 

" Chemica l geothcrmom.eIa" temperatures based on anhydrite saturation except rOl" KIlhneeta and Bagby. which arc based on silica (quaJU) and cation geothtt· 
mometcrs. Solubility of anhydrite (caS04) provide$. geothem>omcter indicatingnwcimum temperature (Ellis and Mahon, 1971). Anbydrite saturation values for 
the Na-CI and N.·C.-CI ..... lcrs that discbarge in the WcstemCascades CO!1"et.tc IWLI with sulf.te-.... ater isotopetcmpcraturcs(Mariner and others, 1993). Tempera· 
tures listed for Kahneeu and Bagby are averages of the quaJU and calion gcolhmnornc:ters. These and other geothcnnomctcrs '" discu5sed by Fournier (1981 ) . 

••• Discharge (Q,) based on chloride-flux mea5urcrncnls e:wept for Bagby Hoi Springs. ~ dischaJge .... as measured directly . 

•••• Isotopic ralio ofJHc to 411e reported as the measured ralio (R) normalized by.tmospheric ratio (R.). 
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KEY OBSERVATIONS AND POSSmLE INTERPRETATIONS OF THE AUSTIN ROT SPRINGS SYSTEM 

ObRrvation Jnterprriadoa. 

High heat discbarg¢ (90 MW,) Caprun ofrcgional heat flow over luge lateral·flow area (100 mW/m1 over 900 I;ml) and (or) lateral 
flow from. known magmatic beat source (fQT example. the Mount Jdfenon area)~ al\emativcly, a local 
magmatic Iw:at 50Urce with no surface eKpreSSion 

IsotopicaUy depleted with respeC'l to local mete­
oric water 

Holocene recharge at a rel.tively high elevation (about 1,500 m) or altematively, loci l reclwge during 
ooldertimes (glacial epochs) of~ Pleistocene (roon: than 10,(00)'eaQ ago). Pleistooene recharge un­
likely ifculTcn1 discharge rate (120 U s) ill typical for the system 

High 3HerHe ratio (~.7 times atm05phmc ratio) Input of magmatic ~e, either from localized magmatic souroes or from bmcath the High Casca.ks 

Eievakd CI oontent (390 mgIL) May indicate Clleached li-Qfn marine rocks below the volcanic arc. Chlorine content of these and similar 
"'attn col'Te'latel with I~ oontmt (R.H. Mariner, written c:omrnunication, 1992). lodine-129 in Na·Ca-C1 
waters to the 50Uth indicates an Eocene-.ge 5OUn;:e 

No CaCll component May indicate relatively little waltr.rt>Ck interaction (owing to relatively sbon residmce time?). In Austin 
HOI Springs waters, Cl is ionically balanceil by NL In other NaC! bot--spring waters of the Western Cas­
cades, a CaC!} component is presenl, pernaps derived from the albitization of plagioclase 

Relativdy low Si01 (like most Na-CI and Na· 
Ca-Cl hot springs in the Cascade Range). 
Geotbmnomder tentperab.lres T".M, (l!8"C) 
and T quart>. (t26OC) much 1000"eI" than 

Probably indicates appreciable watcr-rock reaction in a long outflow structure. T K.~ and T q...w: indicate 
temperatures in the QUtflow struC'IUre. T SO<.H10 and Tlllllydrit< indicate maximum systnn temperatures at 
considerable distan« from the hot springs (R.H. Mariner, written communication, 1992) 

T SOt-HlO (186"C) and T onbydrile (188"C) 

Survey (USGS) Circular 790 (Brook and others, 1979) cites a 
value of 16 Us. More recent measurements, using the solute 
inventory method, indicate discharge of 120±6 LIs (six sets of 
measurements from 1984 to 1989; see Figure 6). The solute 
inventory method measures downstream increases in Na 
and C110ads of streams and has proven rel iable for the Cas­
cade Range because most of its thermal walers are rich in 
Na and CI, whereas !he streams are generally very dilute 
(Mariner and others, 1990). Visual estimates of hot-spring 
flow rates fail to measure diffuse discharge or multiple ori­
fices that leak directly into streams. 

10 r-----~------,_------r_----, 

Background sodium/chloride ratiO 

8 
Streams without thermal or 

~ffi mineral water input 
~~ 

U ""'" • sodium 

~~ .. 
"!2 • • Ausdn Hoi 
'j • Springs g3 Added chloride Sodium/chloride 
g~ ratio 

2 • CLACKAMAS AIVEA 
• Abova Austin HOI Springs 
o Balow Austin HoI Springs 

0 
0 2 4 6 8 

CHLORIDE CONCENTRATION, IN MILLIGRAMS PER LITER 

Figure 6. Example showing how hot-spring discharge is 
calculated by a solute-flux method. Discharge of Clacka­
mas River was 9,400 Us; hot-spring discharge was J 20 U s 
determined by ."'0 increase, 120 Us determined by Cl in­
crease (from Ingebritsen and others. 1991). 

The signs posted in !his area to warn of scalding temper­
atures are a result of people's trespassing to the orifice, 
badly burning themselves, and !hen seeking legal redress by 
suing the landowner. A limited population of thennophilic 
algae and perhaps some bacterial organisms live in the ori­
fice of Austin Hot Springs. 

Resume travel eastward on Road 46. 

2.5/38.8 Dating locale, 13-Ma andesite. The Columbia 
River Basalt Group has pinched out and is ab­
sent south of here, so we ascend through the 
stratigraphic sequence without seeing it. (It 
would crop out about here.) 

4.7/43.5 Hydrothermally altered hornblende dacite 
(middle or upper Miocene) in road cut on left . 

0.6/44.1 Bridge on right, Road 4650. 

0.2/44.3 Junction, Road 4660 to left. Continue ahead 
(right) on the main highway. Road enters Big 
Bottom area of the Clackamas River. This is the 
western limit of late Pleistocene glacial ad­
vances, and the river floodplain broadens up­
stream as a consequence. 

Rhododendron becomes a common shrub upslope begin­
ning at about this elevation. Rhododendron seems to like 
coarser textured soils and soils with low nitrogen levels, 
both of which characterize the middle-elevation slopes in 
!he snow zone of the Cascades. A well-developed under­
story of rhododendron is a nightmare to anyone conducting 
traverses through the woods. Surprisingly, rhododendron 
diminishes abruptly in the Cascades near !he Columbia River 
and is nearly absent northward in Washington to about the 
Nisqually River on the west side of Mount Rainier. 
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3. 1147.4 Junction, Road 42 (Skyline Road) to left. Con­
linue ahead on main highway. The road pro­
ceeds on Pleistocene outwash gravel that forms 
several terrace levels; the active Clackamas 
River floodplain is nested among thcse terrace 
deposits. 

most high-temperature hydrothermal systems worldwide 
are related to Quatenwy silicic rocks like these. Silicic vol­
canic rocks are probably erupted from upper~rustaI storage 
chambers, whereas mafic volcanic rocks commonly arise 
from deeper rooted, more diffuse magmatic systems (Figure 
8). The Cascade Range has one of the lowest extrusion rates 
fo r volcanic arcs worldwide, 3-6 km3/km1m.y. (Sherrod and 
Smith, 1990), and the magmatic systems that supply most 

5.8153.2 Bridge over Clackamas River. 

1. 1154.3 Junction, Road 4690 (to Olallie 
Lake) on left. Continue ahead. 

Olallie Lake is one of many lakes in the 
glacially scoured lavas of the High Cascades 
north of Mount Jefferson. It shares its name 
with Olallie Bulte, a late Pleistocene basaltic 
andesite shield volcano. The lake is a popu­
lar summer fishing area with rustic setting. 
In winter, Olallie Lake Resort boaSts excel­
lent cross-country skiing. Guests and their 
equipment are transported to the snowbound 
lake by Sno-Cat. 

0.8/55 .1 SlOp J-Oackamas-Breiten­
bush dhide. 

If the weather is clear. attention turns 
quickly to the dramatic views of Mount Jef­
ferson and several silicic domes that domi­
nate the skyline southeast at the headwaters 
of the Nonh Forie Breitenbush River. Our 
present knowledge of the Mount Jefferson 
area COllies from mapping and geochemical 
study by Richard M. Conrey during the 
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1980s (Conrey, 199 1). Mount Jefferson is a 
composite volcano built mainly in the last ""15 ' 

100,000 years. Main-cone silicic andesite 
lava (62-63 percent Si02) sits atop an older 
mafic a ndesite volcano (57-58 percent 
SiO~, and as many as six volcanoes can be 
distinguished within the entire edifice. Age 
of oldest lava ascribed to the eruption of 
Mount Jefferson proper is about 280 ka (sec 
also age of 290±170 ka reported by Priest 
and others, 1987). The bulk of the cone, 
however. is composed of uruts emplaced 
about 70 ka. 

Although an earlier inlerpretation held 
that Mount Jefferson was an isolated an­
desitic cone built cnti rely upon a basaltic 
field (Sutton, 1974; McBirney and White, 
1982), Conrey's exhaustive mapping and 
more than 600 chemical analyses indicate 
that Mount Jefferson is part of a much 
larger, long-lived field of chiefly Quaternary 
andesite and dacite (Figure 7). Daeite and 
rhyodacite domes fonn the prominent bul­
bous hills visible in the middle distance; 
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Figure 7. Distribution of Quaternary mafic rocks (basalt and basaltic an­
desite) and andesitic to rhyolitic rocks in the High Cascades (generalized 
from Shel7T)d and Smith, J 989). Note similar size of the andesitic to rhyolitic 
fields in the Mount Jefferson and Three Sisters areas. Figure 8 compares 
probable magmatic systems associated with mafic and andesitic to rhyolitic 
volcanism. 
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Basaltic I11desite shield volcano Andesitic-dadtic volcano cluster Western Cascades, some of it going deep 
enough to be heated by magmatic sources in 
the High Cascades and to reappear at hot 
springs in the Western Cascades. Total hot­
spring discharge in the Western Cascades is 
less than 0.2 percent of inferred groundwater 
recharge in the High Cascades (Ingebritsen 
and others. 1991). Breitenbush Hot Springs 
is readily explained by lateral flow of watcr 
heated in the Mount Jefferson area. In con­
trast, Austin Hot Springs, located 25 km 
north-nonhwest ofhere (41 kIn from Mount 
Jefferson), is separated from Mount Jeffer­
son by this major topographic divide. Its hy­
draulic connection to the Mount Jefferson 
area is more tenuous. 

... --- ----

-­...., --
Figure 8. Contrasting volcano-structural setting of mafic shield volcono 

and ondesitic-dacitic volcano cluster (from Hildreth. /98/). 
Perhaps the single feature common to hot 

springs of the Western Cascades is their lo­
cation at the bottom of major stream valleys 

and between elevations of 460 and 760 m (1,500 and 2,500 
ft) (Figure 9). Stratigraphic and structural controls are 
more difficult to define. Most hot springs in the Western 
Cascades are located near the top of a widespread sequence 
of allered ruff and tuffaceous strata ofOligooene to Miocene 
age, which suggests some stratigraphic control resulting 
from permeability contrasts. The McKenzie River group of 
springs, however, is in relatively permeable middle 
Miocene lava flows . Structural control by major faults 
seemingly applies 10 several hot springs, notably the 
McKenzie River group, but the majority of springs are at 
some distance from major faults. 

Cascade mafic shield volcanoes are probably insufficient to 
focus heat and create an economic geothennal resource po­
tential. In contrast, the longer lived Quaternary andesitic­
dacilic volcano cluster and its associated crustal melting 
and magma storage ate capable of sustaining a hydrothermal 
system of economic proportion (Smith and Shaw, 1975). 

From thi s stOp, we can view the pronounced physio­
graphic differences between Western and High Cascades. 
Eastward, the High Cascades fonn a broad ridge with gen­
tle slopes. Volcanic construction has kept pace with erosion 
in most areas; strata are late Pliocene and younger in age. 
Nearly every circular hill is a vent of some kind (cinder 
cone, dome, shield volcano, composite volcano), and many 
vents are you nger than 0.73 Ma (formed in Brunhes 
Normal-Polari ty Chron). Westward, the Western Cascades 
form a moderately incised terrane with steep slopes 
(commonly 70-percent slopes, as any Western Cascades 
fi eld geologist will quickly point out). Lower Pliocene 
basalt flows cap several of the rudely concordant ridge tops 
near the margin with the High Cascades, and underlying 
strata arc volcanogenic in origin and Oligocene or Miocene 
in age. Canyon cutting has oct:urred in the last 3 million 
years, and most of the canyons had their present form (and 
two-thirds or more of their depth) by 2 Ma. 

This physiographic divide is a good place to ponder the 
location of heat sources and origin of hot springs in the 
Western Cascades (Breitenbush Hot Springs is 7 km west in 
valley floor of the Breitenbush River). The High Cascades 
physiographic subprovince, which terminates the oro­
graphic slope, fonns a broad catchment area for precipita­
tion. Rates of groundwater recharge are high; as much as 
50 percent of precipitation infiltrates to recharge groundwa­
ter systems (Figure.5 and discussion at milepoint 29.4 apply 
equally here). Groundwater recharge in the Western Cas­
cades, where rocks are older and less penneable, generally 
amounts to between I and 10 percent of precipitation . 
Groundwater moves along hydraulic gradients into the 

Resume southerly tra\-'eI on Road 46 into the valley of the 
Breilenbush River. Long downgrade ahead. 
Power lines overhead were installed by Bon­
neville Power Administration in the 19.50s to 
bring power into western Oregon from the 
Columbia River power network. 

4.9/60.0 Road 4685 to left. Stay on Road 46 . 

Road para1lels a stretch of the Breitenbush River (on left 
or south in woods) that was reamed out by floods of 1964. 
At that time. it was thought that large logs in the stream 

acted as battering rams to speed streambank destruction; 
therefore logs were removed. Forest practice has changed 
since 1979, and now logs arc maintained in the streams for 
habitat (see milepoint 34. 1 for example). Downstream log 
rrtigration is monitored in this stretch of the Breitenbush 
River to better understand the interactive processes of 
downed vegetation and stream flow (G.E. Grant, USFS, 
written communication, 1989). 

Road 46 is a proposed scenic byway, part of a USFS pro­
gram to engender economic diversity and tourism by pro­
moting passenger--car travel along the more accessible and 
paved pans of the logging road network. Another part of 
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Figure 9. Hoi springs in lJ~slem Cascades of Oregon lie 
between /,500-/1 and 2.500-ft elevation, with exception of 
Umpqua HOI Springs (2,650 ft), Dark shading shows areas in 
major stream drainages bounded by 1,500· and 2,500-fl con­
tours. Major faults shown by bold line; tick on downthrown 
side (from Sherrod and Smith, 1989). 

the program will display new perspoctives in forest prnctices 
through the usc of numbered stops and printed road guides. 

0.5/60.5 Obscure junction, be alert. Thrn Jeft from 
pavement onto dirt Road 4600-050. This food 
passes ntar Breitenbush Hot Springs before re­
connecting with main road. 

0.2160.7 Breitenbush Guard Slation (USFS). The station 
was built in 1935 and is now listed on the Na­
tional Register of Historic Places. A fire-
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Figure 10. TemJHrature profiles fOT Breitenbush Hot Springs 
area; datafrom Ingebrilsen and others (1988). 

prevention technician lives on-site during fire 
season from June until autumn rains have be· 
gun in eamest. 

0.2/60.9 Anesian well north of road (H4 on Figure 10) 
can produce 20-40 LIs, which is double or 
triple the output of nearby Brcitcnbush Hot 
Springs (1 0-11 Us). Water from the well, about 
85°C, is cbemicaUy similar to Breitenbush ther­
mal walers. 

0.2/61.1 Breitenbush Hot Springs and Breitenbush 
Community, a spirituaJ conference center, 
across river. We will pause long enough to 
glimpse the setting but will not stop here out of 
courtesy to landowners, instead discussing the 
hot springs while at Stop 4. 

0.8161.9 Dirt road rejoins pavement (Road 46) near Brei­
tenbush Campground. COOlinuc straigbt 
ahead on pavement. 
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0.7/62.6 Cleator Bend. Outcrops of altered pumiceous 
tuff, whose pale-grayish-green colors result 
from celadonite. a K-Fe illite-structured clay 
mineral formed by alteration of glass. 

This unit, known as the Cleator Bend Tuff of Hammond 
and others (1982) or part of the quaru-bearing tuff in the 
Breitenbush Tuff of Priest and others (1987), has a plagio­
clase K-Ar age of 20.3:>:0.2 Ma (Sutter, 1978; sample DMS-
43 recalculated, using new decay constants). This age may 
be too young, inasmuch as overlying rocks in this area have 
ages as old as 24.9::1:0.3 Ma (see Priest and others, 1987, for 
summary). 

0.9/63.5 Stop 4--Quarry in quartz-bearing asb-now 
tuff. 

This tuff is one of many sma1l- to moderate-volume ash­
flow tuffs (a few tens of cubic kilometers) found in the Cas­
cade Range. It is rhyolitic in composition (72.6 percent 
Si02, recalculated water-free) (White, 1980, sample 
8X- 102) and contains abundant plagioclase crystals and 
lithic and pumice fragments. Quartz crystals are locally 
abundant in the tuff, and altered ferro magnesian crystals, 
probably originally orthopyroxene and clinopyroxene, are 
present in minor amounts throughout. Ash-flow tuffs in the 
Oregon Cascade Range generally lack quartz as a phe­
nocryst phase; sanidine is always absent, and biotite is 
found only in rare instances. 

Hydrothermal alteration is pervasive in this tuff, with the 
once-glassy pumiceous Japilli and matrix replaced by zeo­
lite (mainly mordenite and heulandite) and clay minerals 
(celadonite and smectite). This mineralogy indicates alter­
ation temperatures between 90°C and 150°C (Figure II ). 
The nearly isochemical alteration of glass in the tuff has 
reduced pore volume and interstitial permeability. Thin 
"einlets of celadonite. zeolite, opal, and (or) calcite occur 
locally. A K-Ar celadonite age of 17- 18 Ma .... 'as recently 
obtained from the Cleator Bend sample locality (milepoint 
62.6), and an age of about 20.5 Ma was obtained from fine­
grained illite in silicified tuff on Boulder Ridge, 8.5 km 
southwest from here (M. Shafiqullah and T. Keith, unpub­
lished data, 1992). Thus, the zeolite-clay alteration greatly 
prcdates the present hydrothermal system. 

This quartz-bearing tuff is exposed ncar the orifices at 
Breitenbush Hot Springs and is believed to be the same unit 
that hosts a thermal aquifer at the depth from 752 to 782 m 
in the SUNEDCO 58-28 drill hole south of the hot springs 
(priest and others, 1987). The 115°C of measured tempera­
ture in the SUNEDCO thermal aquifer and the projected 
bottom-hole temperature of approximately 140°C are too 
low to modify the previously developed zeolite-clay alter­
ation. Fluid-inclusion homogenization temperatures mea­
sured from late-formed calcite and anhydrite in the 
SUNEDCO drill cuttings are generally within 15°C ofmca­
sured temperatures except in [he thermal aquifer, where ho­
mogenization temperatures in calcite are all hotter than 
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Figure II . Selected hydrothermal minerals found in 
Breitenbush-Austin Hot Springs area plotted against tem­
peratures of occurrence in well-defined active geothermal 
systems. Dashed lines indicate uncertain temperature 
range. Shown at bottom are inferred maximum tempera­
ture ranges for three drill holes from this part of Cascade 
Range; present maximum temperature (measured) shown 
by solid line. and past poSSible maximum temperature 
(inferred from alteration mineralogy) shown by dashed 
line. Gray shading shows paleotemperature indicated by 
alteration minerals in quora-bearing tuff of Stop 4. Fig­
ure modified from Keith (1988): see that reference for 
sources of mineralogical information. 

measured temperatures and reach as much as 150°C (K.E. 
Bargar, USGS, oral communication, 1992). 

Why this particular ash-flow tuff would scrve as a ther­
mal aquifer remains unclear, inasmuch as similar, strati­
graphically adjacent tuff layers are not aquifers. Primary 
permeability of partially to moderately welded tuff is low 
(Winograd. 1971), and the alteration seen here further re­
duces primary permeability. Secondary permeability owing to 
fracturing may enhance water-carrying c:apacil)' of the unil 

In general terms, rock fracturability and secondary per­
meability are enhanced by higher temperature minerals 
(>200°C), which are anhydrous (quartz, epidote) or nearly 
so (chlorite, actinolite, or biotite) relative to lower tempera­
ture minerals (zeolites, clays). Pervasive alteration to 
higher temperature minerals results in rock that is hard, 
brittle, and more readily fractured than rock from lower 
temperature minerals, which tends to tear and compress 
rather than fracture cleanly. Rocks that have undergone 
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high·temperature alteration tend to sustain open fractures . 
Those fractures, however, can be filled subsequently by sec· 
ondary minerals precipitating from fl uids. 

Fracturing is spatia lly variable in thi s quartz-bearing 
ash·flow tuff because of variable al teration. At the quarry of 
Stop 4, alteration of glass is complete, and pore spaces are 
filled. Much of the tuff contains open vertical fractures suit­
able for sustaining an aquifer. A short distance away on 
either side of the quarry exposure, however, the same tuff is 
more pumiceous, contains open pore spaces, and is much 
softer than the quarry rock. 

The Breitcnbush Hot Springs lie within an electrically 
conductive zone, identified from telluric data. that com­
prises either two linear, electrically conductive structures 
(Figure 12) or curvilinear intertwined structures that splay 
and converge along a broadly northeast trend (H. Pierce and 
colleagues, USGS. written communication, 1989). The con· 
ductive zone also encompasses two unusual low-discharge 
Na-HCOl mineral springs. The conductive zone may repre­
sent fractures thai charmel thermal waler 10 the surface or 
a relatively impermeable barrier thai blocks latera] move­
ment ofthennal waler (Ingebritscn and others, 1992). The 
IOO°C isotherm, whose broad upwarp in the Breilenbush 
area may be further evidence for a strati ­
graphically conlrolled thermal aquifer, deep­
ens abruptly northwest of the conductive 
zone (Figure 12). 

A 6- to 7-km·deep integrated-fi nite­
difference grid (Figure 13) was used to s imu­
late groundwater flow and heat transport in 
the Breitenbush section (Figure 14) 
(Ingebritsen and others, 1992). Simulations 
using only conductive heating, with either 
naffOW or wide basaI heat-flow anomalies, 
fai led to rep roduce the low, near-surface 
conducti\'e anomaly in the Quaternary arc or 
the elevated heat flow bet'A-ttn Brcitenbush 
Hot Springs and the Quaternary arc: some 
permeabili ty is required. We simulated a I· 
km-wide section of arc length. With appro· 
priate penneability, most of the groundwater 
recharged in the Quaternary arc (303 kgls) 
discharges locally in topographic lows (30 I 

0 .2163.7 

0.9/64.6 

2.5/67.1 

View upslope ahead (across Breitenbush River) 
of area burned in the 1967 Eagle Rock fire. That 
fire began after a several·year drought period. 

Eagle Rock, on left at 11 :00 o 'clock, is a !holei· 
itic basalt plug (White, 1980; Priest and others, 
1987). 

Junction, Road 4696 to right, Humbug Creek 
Campground on left. Continue abead toward 
Detroit. 

View ahead of rocky bluff at skyline is area of Canyon 
Creek fire, another major fire of the 1 %Os. The blocky lava 
nows that form the rimrock were erupted from the Baule 
A.'( shield volcano, one of the few Quaternary volcanoes in 
the Western Cascades physiographic subprovince. Battle 
Ax volcano was active some time between 0.73 and 2.4 Ma 
(Matuyama Reversed-Pola ri ty Chron) (White, 1980). 
Youngest lava is reversely polarized. Potassium·argon ages 
range from 1.2 to 1.8 Ma but are poorly constrained owing 
to low contents of radiogenic argon. Most lava issued from 
a vent complex near Battle Ax Mountain (White, 1980). 

• 

• 

EXPLANATION kgls) but carries little heat. Simulated dis­
charge in the Breitenbush Hot Springs area 
(- I kgls) is a small fraction oftota) recharge 
in the Quaternary arc, but this relat ively 
small mass nux transports substantial 
amounts of heat from the Quaternary arc to 
the Western Cascades. Using the permeabi l. 
ity values shown in Figure 13, the ra tio of 
hot-spring discharge to recharge in thc Qua· 
terna ry 3rc (0.003 ) is similar to the ratio 
(0.002) estimated from measured groundwa­
ter recharge and hot-spring discharge rates 
(Ingebri tsen and others, 1992). 

_ 
QUATlOItNARYRHYOUTICAND 
DAonCROCXS 

- 200 _ TEMPERA ruR£ CONTOUR.....sboori~R 
estimarecI ....... oI lbe lOO-"C _ . 
C-ow....,....allOO ... Duam i . ..... 1nd 

114 

CJ OTHER QUATERNARY VOLCANIC 

""", 
CJ 

I'UClC&'IE TO OUOOCENE VOLCANIC 
AND VOLCANICLASTIC ROCKS 

o .. SITE Of HEAT.FLOW MEASUltEM£NT­
Two 1ilQ wi1!I ioclu .umber. 

N()fI.'ll!ERMAL MlNliML SPRlNO 

Figure 12. Map of Breitenbush Hot Springs area showing line of section . 
used in numerical simulations, electrically conductive structures identified 
by H. Pierce and colleagues (written communication, 1989), and estimated 
elevation of the 100°C isotherm. Geologic data from Priest and others (1 987) 
andfrom D.R. Sherrod and R.M Conrey (unpublished data, 1988) . Thisfig· 
ure appeared originally in lngebrilsen and others (1991, 1992). 
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Figure 1 j. Cross section used for numerical simulation of the Breitenbush Hot Springs system (from lngebritsen and 
others, 1992). Heot-flow site 40 (drill hole CIGH- l) and site 61 (hole SUNEDCO 58-28), which lie offlhe section (Figure 
12), are projected in two different ways to indicate their appropriate contexts: G = geologic projection locating Ihe holes 
relative to stratigraphic contacts; T = topographic projection putting the collar elevation at land surface. 

4.5171.6 Junction, U.S. Highway 22, town of Detroit. 
Thrn righ t (west) fo r side t rip (Stop 5) to view 
propylitic alteration and shallow plutonic 
rocks. 

1.5173.1 Ranger Station, Detroit Ranger district, on 
right. On left is Detroit Lake, a reselVoir com­
pleted in 1953 by thc U.S. Army Corps ofEngi­
neers. 

The Detroit Lake project was designed chiefly for COD­
trolling runoff and providing flood control. Total electrical 
generating capacity is 118 MW, with most of that (100 
NfW) coming from the two generator units in Detroit Dam. 
Big Cliff Dam, a reregulating dam placed below Detroit 
Dam to control daily dowruiver variations in stream flow, 
has a single generator capable of producing 18 MW. 

5.8178 .9 Detroit Dam. Thrn left onto road tbal crosses 
dam. The prominent double notch in the road 
cut (well above road level and visible from a 
distance) was introduced during dam coosuuc­
tion to provide a base for the aerial tracks that 
carried the concrete bucket. The straight-faced 
dam (no joking) fill s slots cut into bedrock 
abutments. 

0.3179.2 Road turns left (southeast OD south side of 
dam). This is Forest Road 2212; continue 
ahead . 

0. 1179.3 Small rumaround area marked by pavement 

paint. Park ne.ar here and walk south -30 m 
farther along road to road cut above the Cumley 
Creek ann of Detroit Lake. 

Stop ~Introsive phases of the Detroit stock. 

Road cut exposes four intrusive phases of the Detroit 
stock, a composite intrusion covering about 9 km2 (Figure 
15). Lithologic features and alteration seen at this stop are 
characteristic of the small intrusive masses associated with 
hydrothennal mineralization in the Western Cascades of 
Oregon. Fine·grained quartz diorite is the earliest, most 
widespread phase. Cutting it are coarser grained, lighter 
colored rocks such as hornblende«aring quartz diorite 
and hornblende granodiorite. The hornblende granodiorite 
contains visible quartz. Porphyritic andesite, thought re­
lated to the stock, forms a dike at the northwest end of the 
road cut. Sparse tonalitic aplite veins cut all rocks. Chemi­
cal analyses from the stock are listed in Table 2; modal 
analyses are shown in Figure 16. 

The Detroit stock has a whole-rock K-Ar age of 
9.94±O.18 Ma (Sutter, 1978; recalculated using new decay 
constants), but the rocks are altered, and the age may be too 
young. Intrusions in the Western Cascades range in age 
from 22 to 8 Ma (BiJeerman, 1970; Sutter, 1978; Power and 
others, 1981; Keith and others, 1985). 

Potassic alteration is indicated by hydrothermal biotite, 
which forms pseudomorphs after hornblende and pyroxene, 
especially in the hornblende granodiorite. Other mineraJs 
in the potassic assemblage of the Detroit stock are mag­
netite, potassium feldspar, pyrite, and chalcopyrite (Curless 
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Figure /4. Numerical simulations for area of Breitenbush Hot Springs. showing that the ther· 
mal observations can be produced reasonably well with two very different deep thermal stMlC­
lures (from 1ngebrilsen and a/hers, 1992) : A, advective model with localized heat source in Qua­
ternary arc, which corresponds to lateral.Jlow model Ongebritsen and others, 1989, 1992). B, 
adveclive model with a wider, more intense deep heat-flow anomaly, which corresponds to the 
midcMlstal heat source model (Blacbt.'ell and others, 1982, J 990). Map-unit symbols same as for 
Figure 13. 

OREGON GEOLOGY, VOLUME 58, NUMBER S, SEPTEMBER 1996 



\' 

, 

, 

II 

1.&S%0.52~ 
1.33rll.4:l MI 

, , \ 

\ \ 

EXPlANATION 

, , , 

Kl\.ClMETERS 

ping and isotopic dating have challenged the 
theorized northeast-trending syncline 
(Walker and Duncan, 1989; Curless, 1991), 
but the accurate depiction of regional alter­
ation surrounding the Detroit stock remains 
undetermined. 

A 5-km-wide zone of dikes and faults ex­
tends northwest from the Detroit stock 
through Rocky Top (Figure 15). Intrusive 
rocks within the adjaccnt Sardine Creek and 
Rocky Top areas have mineralogical, textu­
ral, and chemical features similar to the De­
troit stock. The main stocklike bodies of 
hornblende granodiorite were emplaced at a 
minimum depth of I km, whereas older 
quartz diorite may have been emplaced as 

••• ~.1oca1ion atId 6''0 ....... 
(1TcmTa)'1or.1971 ) .. • 

0.2610.03 Ml 
K·'" age (!rom Sutt., 1978; age 

rec.ok;ulaled ..ng C<.WT«1111' aocepI8d 
decl.y «>nI\al1ts) 

shallow as 500 m, depending on the thick­
ness of coeval middle or late Miocene vol­
canic rocks at the time of emplacement. 
(Elevation at the base of the volcanic se-" .. on. 

\ ,., 

Figure /5. Detroit stock and pattern of oxygen-isotope depletion. Geo­
logic datafro.m Pungrassami (1970), Walker and Duncan (1989), and Curless 
(1991); isotope data from Taylor (197/). 

quence is -1,350 m, whereas granodiorite 
stocks are as high as 480 m, and quartz dior­
ite is as high as 1,000 m.) Dikes of coarse­
grained intrusive rocks were emplaced at 
even shallower depths. 

and others, 1989, 1990). Potassium silicate selvages associ­
ated with quartz-magnetite veinlets may be as wide as 2 cm 
but locally coalesce to fonn zones of pervasive wall-rock 
alteration. Magnetite is the dominant opaque mineral; it is 
present as disseminated crystals in the groundmass, as in­
tergrowths with secondary biotite, and in quartz veinlelS. 
Pyrite and to a lesser extent chalcopyrite are also present in 
veinlets and as widespread disseminations. Potassic alter­
ation grades outward into weak propyli tic alteration, with 
weak sericitic alteration of plagioclase phenocrysts and 
hornblende phenocrysts surrounded by reaction rims of 
chlorite and magnetite. The rocks here are propyJitized, 
characterized by a secondary mineral assemblage of epidote 
+ chlorite + quartz + sericite ± calcite ± albite ± hematite ± 
pyrite. Veinlets of magnetite-quartz and epidote-quartz cut 
all rocks. Late-stage sericitic and argillic alteration are 
structurally controlled and overprint earlier alteration with 
sericitization of secondary K-feldspar and chloritization of 
secondary biotite. 

Oxygen isotope values are lowered in the vicinity of the 
Detroit stock, owing 10 exchange with metcoric water dur­
ing hydrothennal circulation (Taylor, 197 1). Samples from 
a traverse along Highway 22 at the north edge of the stock 
shows 8180 values as low as - 1.7 per mil (Figure 15); 
whereas unaltered intennediate plutonic and volcanic rocks 
commonly have values ranging from +6 to +8 per mil. 
These data correlate poorly with early depictions of 
northeast-trending regional propylitic alteration and a 
broad syncline (peck and others, 1964), which had been 
based on rapid reconnaissance work. Subsequent map-

Mineralized samples from Detroit Dam 
to Rocky Top are zoned with respect to copper, lead, and 
zinc. The samples display a trend from Cu-rich porphyry­
and breccia-type mineralization at Detroit Dam to Pb-Zn 
vein-type mineralization at Rocky Top. The trend is proba­
bly related to lateral and vertical distance from the Detroit 
stock (Curless, 1991). Most mining districts in the Western 
Cascades were developed in vein deposits and are located 

Cuartz 

X Analysis Irom Pungrassarni (1970) 
Analysis by J.M. CUrless 

Alkali feldspar 
(~.~.~. 
W>OtIhc>dl ... -.I""o.Jl 

~ 

". 

TONALItE 

PlagiOClase 
( .......... ) 

Figure 16. Classification of plutoniC rocks from Detroit 
stock (after Streckeisen, 1976). Modal analyses from Pun­
grassami (1970) and Curless (unpublished data, 1991). 
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from 600 to 1,000 m higher on ridges than 
the associated intrusive masses exposed in 
adjacent canyon floors . 

Table 2. Major- and trace-element analyses a/plutonic rockstrom the De­
troit stock (Curless 1991). n.d. : not determined; LOI "" loss on ignition. 

Return to cars and retrace route across 
dam. View to northwest from 
dam is toward the Rocky Top 
area of the Western Cascades; 
sec Curless (1991, section A-A') 
for cross section corresponding 
to this view. Thrn right (cast) 
onto State Highway 22 after 
crossing dam. Route continues 
east toward Detroit, Oregon. 

5.4/84.7 View of Mount Jefferson to right 
(east) across Detroit Lake. 

2.1186.8 Detroit. Continue east on main 
highway. Last auto services un­
til Sisters, Oregon (55 mil. 

4.1/90.9 Idanha town limit. 

Idanha probably originated as the up­
stream tenninus of the COIvaJlis and Eastern 
Railroad, a railroad started in the late 1800s 
to connect the Oregon coast with rail lines near 
the Idaho border at Ontario, Oreg. Tracks were 
laid from Toledo (near NC\vport, cenual Ore­
gon coast) through Albany in the Willamette 
VaHey and into the North Santiam River val­
ley as far as here (l\t1ills, 1950). 

Rock nlU11e 

Sample no. 

"0, 
Al.O, 

F~Ol 

F,O 

MCO 

C.O 

N,,:O 

K,O 

TiO. 

P,O. 

MnO 

.01 

To'" 
SIO, water·rlft 

Rb 

S. 
C. 

B. 
Th 

" C. 

Co 

NO 

1.1 /92.0 Green Veneer lumber mill. A 2IO-m-dcep well 
at the Green Veneer plant produces water en­
riched in sodium (120 mg/L), bicarbonate (158 
mg/L), and chloride (89 mg/L) relative to local 
shallow groundwater (typically Na <5 mg/L, 
HC03 <60 mgIL, CI < I mgIL). 

Upstream from Idanha. the North Santiam River is eligi­
ble for consideration as a National Wi ld and Scenic River 
by virtue of its recreational values. Under provisions of that 
act, eligible rivers are examined to identify the remarkable 
values possessed- recreation, scenic, or wild. Rules for 
management become increasingly stringent along the scale 
from recreation to scenic to wild. The intensity of develop­
ment, bridge crossings, and other characteristics limit the 
rating for this stretch of river. 

5.5197.5 Junction, Whitewater Creek Road to left. 

0.4/97.9 Road cut on left exposes block-and-ash 
(pyroclastic flow) deposit erupted from Mount 
Jefferson 15 km to the east. 

Although once interpreted as Holocene in age 
(Hammond and others, 1982) or Pleislocene and Holocene 
(priest and others, 1987), the deposits characteristically are 
deeply wealhered, older than those of the Fraser glaciation, 

Hornblende Hornblende 
Quarb; diorite qllartl diorite Cranodlorite TonaUu 

MV.I) MV-J2 MV.70 MV-31 

M.jor.elemtnt analyst. (weicht percent) 

,no ~9 . 14 67.21 74 .80 

18.32 1~ .97 1 ~.36 13.37 

4.18 '90 1.69 0.40 

3.\6 2.91 ' .00 0.37 

3.16 3.63 U~ 0.64 

6.43 ~ .97 3.33 1.26 
).48 ' .90 3.77 ~ .8 ~ 

0.65 0.84 3.30 0.66 

0.86 0.80 O. ~ I 0.43 

0.30 0.29 0.22 0.13 

0.16 0.09 0. 10 0.Q2 

4.05 4.10 1.60 3.74 

100.45 I OO_~4 100.64 101.71 

H.8 61.3 67.9 76.4 

~enwJt an.Jyua {JtartI per m1Illon) 

" 40 .. " 431 '" '" '" 1.' ,., U 0.4 

'" '" '" '" I.. 4.3 '.1 11.0 

19.9 16.8 " 6.' 

" '" " 10' 
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" 80 n.d, i6 

and entirely late Pleistocene in age. This panicular deposit 
is overlain by a biotite-bearing tephra thought to be the 
Mount St. Helens set C, which is about 50,000 yr old (WE. 
Scott and RM. Conrey, unpublished data, 1989). The pyro­
clastic flow could be thousands af years older because a soil 
representing thousands 10 tens of thousands of years of de­
velopment fonned prior to deposition of the biotite-bearing 
tephra (WE. Soott, written communication, 1992). 

3.3/101.2 Riverside Campground. 

2.1/103.3 Marion Creek. Marion Forks restaurant on 
right. Last food services until Sisters (40 mil. 

9.4/112.7 Cross North Santiam River. River is eligible for 
consideration as a wild and scenic river by 
virtue of its administratively defined scenic val­
ues upstream from here. 

4.6/117.3 Highway crosses Holocene basaltic andesite 
lava flows erupted from Little Nash Crater. 

1.4/118.7 Santiam Junction, end of State Highway 22 at 
its junction with State Highway 128 (from Eu­
gene, along McKenzie River) and U.S. High­
way 20 (from Corvallis, along South Santiam 
River). Continue ahead (east) 0 0 H igbway 20 
toward Santiam Pass. 
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1,3/120.0 The road rounds a curve built against a 
Holocene cinder cone, one of three in the Lost 
Lake chain of cones. These cinder cones 
dammed Lost Creek, creating shallow Lost 
Lake (ahead I mi on left). As the highway 
crosses the Lost Lake valley, views at 10:00 
o'clock are of craggy Three Fingered Jack, the 
cenlral pyroclastic cone of a Pleistocene 
basaltic andesite shield volcano. 

The brownish to grayish color of the forest on the slopes 
above Lost Lake results from extensive tree damage by the 
spruce budworm. The budworm is a l-cm-Iong caterpillar 
that has attacked about 7 million acres of trees in the Pacific 
Nonhwest during the past decade (Bella, 1992a). The pest 
prefers a climate drier than characterized by Cascade 
Range slopes but has expanded its range during the last 
seven years of drought. Trees stressed by drought are less 
able to survive predation by the budworm; budworm­
devastated trees become easy prey for western bark beetle 
and other insects. 

2.8/122.8 Hogg Rock, a flat-topped andesite dome. The 
dome has a K-Ar whole-rock age of 0.09 Ma 
(Hill and Priest, 1992). Hogg Rock is named for 
Colonel T.E. Hogg, promoter of the long­
defunct Corvallis and Eastern Railroad. A short 
section of grade was prepared near Hogg Rock 
before the project's demise (Mills, 19S0). 

1.3/124.1 Summit of Santiam Pass. Thrn right at JUDC­

tion with road to Hoodoo ski area (Road 
2690, Big Lake Road). Hayrick Bune, another 
fiat-topped andesite dome similar to Hogg 
Rock, is directly ahead (south). 

Santiam Pass drill hole (SP 77-24) is located 1.6 km east 
of the Hoodoo junction and a few meters south of U.S. 
Highway 20 on a narrow dirt road. The hole, drilled to a 
depth of 929 m, was completed in two phases. The upper 
140 m were drilled by rotary method during November 
1990, and the remaining 789 m werc completed by 
diamond-core drilling during August and September 1991 
(Hill and Benoit, 1992). Basaltic andesite lava flows consti­
tute 9S percent of the core, whereas cinders and volcani­
clastic strata constitute the remaining S percenl; core recov­
ery was 99.7 percent. A K-Ar age of 1.81±O.OS Ma was 
obtained from a sample at 928-m depth, which indicates 
that most or all of the core is Pleistocene in age (Hill, 1992). 
Bottom-hole temperarure was H OC when last measured on 
September 3, 1991. Temperature gradients are about 
S0-60°O'km at 700- to 900-m depth and 103- 116°CIkm 
below 910 m (Blackwell, 1992). Average thermal conduc­
tivity is 1.66 W/mIK, a value that characterizes sequences 
of lava flows in other pans of the Cascade Range. Heat-flow 
values from lower parts of the hole range from 86 to 204 
mW/ml (Blackwell, 1992). 

0.9/ 12S.0 Veer left on Big Lake Road (Rd 2690). 

The road straight ahead leads a short distance into the 
Hoodoo sid area. Hoodoo Bulte, with ski lift tower at its 
summit, is a geomorphically youthful, late Quaternary cin­
der cone. The basaltic andesite lava flows that issued from 
it have been glaciated, an indication that their age is late 
Pleistocene, nOI Holocene. 

0.2112S.2 Big Lake Road rounds the east flank of Hayrick 
Butte. 

0.6/ 12S .8 View of Mount Washington, a basaltic andesite 
shield volcano. 

Although undated by isotopic methods, Mount Washing­
ton has an erosional form characteristic of shield volcanoes 
ranging in age from about 0.3 to O.S Ma and located at the 
Cascade Range crest. Farther east. older volcanoes are bet­
ter preserved because of their position in the Cascade Range 
rain shadow. 

1.3/127.1 Minor road intersection. Keep right on main 
road toward Big Lake. 

0.11127.2 'IUm right, leaving tbe paved road for cinder 
Road 2690-810 to Sand Mountain. Note the 
gently rolling constructional topography, an ex­
treme contrast to the steep, ctissccted slopes of 
the Western Cascades. This coiltrast will be­
come even more obvious from the summit of 
Sand Mountain. 

2.4/129.6 Obscure junction, one of several as this road 
anastomoses westward, Continue wert, follow­
ing tbe small, orange, diamond-sbaped tags 
nailed to trees, which are the snowmobile 
route indicators for this same road. 

This large area across Santiam Pass was burned by the 
Airstrip fire of 1967; see Jones and Johnston (1968) for 
graphic description of the fire . Reforestation is almost en­
tirely with lodgepole pine. 

0.S/130. 1 Thrn left to remain on Road 2690-810. Do not 
continue straight ahead on the poorl)' main­
tained spur Road 2690-866. 

1.7/131.8 Parking area at end orSand Mountain Road; 
locked gate bars vehicle passage beyond this 
point. The summit viewpoint can be easily 
reached by foot 

Stop 6-$and Mountain. 
A short trail leads to the summit of Sand Mountain. The 

Sand Mountain Natural Research area was once open range 
for off-road vehicles but has since been preserved, thanks 10 
the almost single-handed efforts of Don Allen and the Sand 
Mountain Society. Allen spent part of his youth on Sand 
Mountain as the son of a fire lookout. The trail (an aban­
doned road) ascends above the crater of Sand Mountain, 
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which is still scarred by off-road vehicle 
tracks. The lookout tower at the summit sur­
vived the Airstrip fire of 1967 but bwned ac­
cidentally in 1968. It has since been replaced 
by an architecturally authentic grange-hall 
style lookout (gabled roof is diagnostic). 
Windows and some of the framing for the 
replacement structure came from a tower 
that once sat on Whiskey Peak in the 
Siskiyou National Forest; restoration has 
been completed in the last five years. An h.is­
toric outhouse (diagnostic criteria uncertain) 
was being relocated to Sand Mountain from 
Black Butte in the summer of 1992. Presum­
ably some equally historic part of the out­
house remains at Black Butte. 

Sand Mountain is the highest geograph.ic 
feature of the Sand Mountain chain of 23 
cinder cones and associated lava flows. 
Eruptions occurred in two principal 
episodes, approximately 3,800 and 3,000 
years ago, and the composition of lava 
ranges from subalkaline basalt to basaltic 
andesite (Taylor, 198 1, 1990). Figure 7 
shows the extent of Holocene lava flows in 
vicinity of Santiam Pass. The mountain's 
summit affords excellent views of prominent 
peaks in the central Oregon High Cas­
cades- from the Three Sisters on the south 
10 Mount Jefferson on the north-and on a 
clear day it is possible to pick oul Diamond 
Peak, 110 km south-southwest. Santiam 
Pass, the low divide between Mount Wash­
ington and Three Fingered Jack, has been a 
major Cascade crossing throughout recorded 
history. Directly east 24 km is Black Butte, a 
1.4-Ma basaltic andesite shield volcano (Hill 
and Priest, 1992), spared the ravages of 
glaciation by its position in the Cascade 
Range rain shadow. 

Three geothermal dri ll holes at least 
500 m deep have been sited in the area (Fig­
ure 17). Eugene Water and Electric Board 
(EWEB) drilled two geothennal prospect 
holes on the western slope of the High Cas­
cades during 1979 (youngquist, 1980). The 
first , EWEB-I , was drilled to a depth of 
560 m and is located 4.5 km west of Sand 
Mountain near Clear Lake (Keith and Bo­
den, 198 Ia). The second, EWEB- 2, was 
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Figure /7. Map showing geothermal-gradient holes located along east­
west transect crossing Santiam Pass. Note how temperature-depth gradients 
are grouped according to geographic position: bold lines show low.gradient 
holes from Western Cascades; dolled lines show high-gradient holes at West­
ern Cascades-High Cascades boundary; and thin Jines show isothermal holes 
in High Cascades. The 929-m-deep hole SP 77- 24 at Sant/am Pass (no. 10 
on map and graph) penetrated so-called "rain-curtain " that results from 
large amounts of groundwater infiltrating in the High Cascades. That hole 
was isothermal above about 400-m depth. 

drilled to a depth of 587 m and is located 18 kIn north­
northwest of Sand Mountain ncar Twin Meadows (Keith 
and Boden, 1981b). During 1990--91. a third. 929-m-deep 
scientific observation hole SP 77- 24 (see milcpoint 124.1), 
was drilled 7 km northeast of Sand Mountain at Santiam 
Pass to assess the geothennal resource potential along the 

axis of the High Cascades (Hill and others, 1991; Hill and 
Benoit 1992). 

The geomorphic contrast between Western and High 
Cascades is strikingly visible from Sand Mountain: the 
broad volcanic ridge of the High Cascades contrasts with 
deeply incised canyons of the Western Cascades. Also visi-
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ble here is a marked structural contrast between Western 
and High Cascades not present everywhere along the arc, 
From south of Mount Jefferson to nearly the Three Sisters, 
the High Cascades are in a distinct graben that fonned after 
about 4.5 Ma (Taylor, 1981; Smith and Taylor, 1983). The 
eastern graben-bounding faults form the Grecn Ridge fault 
zone (Figure 7). The ","'estern graben-bounding faults fonn 
the Horse Creek fault zone, which coincides with the topo­
graphic boundary between High Cascades and Western 
Cascades from about McKenzie Bridge northward nearly to 
Mount Jefferson (Figure 7). Hot springs south-southwest of 
Sand Mountain are found in the McKenzie River valley 
(Belknap an4 Foley Springs, and the Bigelow hot spring). 
Farther west, Terwilliger Hot Spring is separated from po­
tential magmatic heat sources in the High Cascades by ta. 
pographic barriers resulting from eastside-down offset on 
the Horse Creek fault zone and by the canyon of the South 
Fork McKenzie River. 

Displacement on the Green Ridge and Horse Creek fault 
zones took place in late Miocene and early Pliocene time. Mo­
tion along the Green Ridge fault zone isolated the Deschutes 
basin from now--buried volcanic centers in the High Cascades 
beginning about 5.4 Ma (Smith and others, 1987). Rocks as 
young as about 5 Ma arc exposed at the top of the 650-m 
escaJpment of Green Ridge (Armstrong and others, 1975), 
whereas the downthrown block is mantled by Pliocene and 

o 10 

KILOMETERS 

Quaternary sedimentary deposits. Displacement is at least 
I km, on the basis of an age of l.81 Ma from the base of 
drill hole SP 77- 24 at Santiam Pass (Hill and Priest, 1992). 

The Horse Creek fault zone has displaced 5- to 6-Ma 
strata as much as 670 m down along one fault trace north 
of the McKenzie River (Bro"\'t1l and others, 1980); cumulative 
mapped offset is as much as 850 m south of the McKenzie 
River (Priest and others, 1988). An additional 400 m of offset 
may be indicated by a steep unconfonnity perhaps resulting 
from lava buttressing a fault escarpment in the vicinity of 
Scott Creek (priest and others, 1988). Thus, demonstrable 
graben subsidence is on the order of about 1.4 km. Head­
ward erosion by the McKenzie River breached the escarp­
ment by late Pliocene time. and the basalt of Roney Creek 
flowed from a source in the High Cascades westward across 
the fawt trace and along the McKenzie River valley at about 
L7 Ma (priest and others. 1988). The fault has been inac­
tive since the emplacement of the basalt of Roney Creek. 

COCORP (Consortium for Continental Reflection Pro­
filing) seismic reflection experiments were conducted 
across the Cascade Range between lat 44°10' and 44° 15'. 
The seismic line has high noise-to-signal ratios and fails to 
establish the magnilUde of offset on the Horse Creek rawl 
zone (Keach and others, 1989). The line ends eastward near 
the town of Sisters, where offset on the Green Ridge fault 
zone may have decreased to less than 100 m. 
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Figure 18. Map and line of sectian for numerical simulation of McKenzie River area (from lngebritsen and others, 1992). 
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A. Fluidflow in shallow volcanic rocks (unit QTv). 
with a broad intense deep heat-flow anomaly. 
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Figure 19. Numerical simulations for 0I'f!0 of McKenzie River group of springs. showing matches 10 lhe sparse near-$1UJoce 
heat-flow observations (from Ingebritsen and others. 1992): A-Conduclion-dominated model irrvo/Ving fluidjIow only in sIuJllOlfl 
volcanic rocks. B-Adveclion-dominated model with localized heat sources. Map-unit symbols same as Figure 13. 

Numerical simulations of a cross section through Ter­
\villiger Hot Spring (Figures 18 and 19) show that any flow 
across topographic and slructural barriers between the hot 
springs and the High Cascades must be at depths of several 
kilometers (Ingebritsen and others, 1992). At shallower 
depths. lateral flow is interrupted by faults and (or) topo­
graphically low areas. For example, the simulation models 
predicted substantial discharge of heated groundwater in 
the topographically low area along Separation Creek in the 
Three Sisters Wilderness (Figure 19). Subsequent measure­
ments identified an anomalous CI flux near the predicted 
location; the flux, about 10 gis, is larger than the fluxes 
from some of the known hot springs in the McKenzie River 
group. Thus, the predictive value of the numerical simula­
tions was established in at least this limited respect. 

Retrace route back to Big Lake Road (pa\'emeut) and 
tben north to U.S. Higbway 20. 

7.7/ 139.5 Junction, Highway 20. This ends the field trip. 
For a field-trip guide that continues east or 
west, the traveler is referred to Taylor (1981). 

GEOTHERMAL POWER IN PERSPECTIVE 

Investigations of geothermal energy resources led to 
much of the research reported in this guide. High petroleum 
prices in the 1970s prompted a surge of such studies, but 
interest in alternative power sourccs sagged during the 
energy-easy 1980s. The Pacific Nonhwest has lived 
through a decade of power surplus, but the next decade may 
find the region in an energy deficit. Indeed, in July 1992, 
the Bonneville Power Administration (BPA) announced 
plans to build its first new power plant since the completion 
in 1983 of Washington Public PO\\'er Supply System's nu­
clear plant in Richland, Washington (Koberstein, 1992). 
The new plant. to be built near Tacoma, Washington, will 
burn natural gas in combustion turbines to produce an aver­
age 240 MWc' enough power for a city of 150,000 (slightly 
larger than Eugene. Oreg.). An additional 1,380 MWc of 
power is needed by the year 2003 to avoid building any ex­
pensive nuclear or coal-fired power plants for at least the 
next 20 years (Bella. 1992b). BPA reportedly can obtain 
780 MW~ (the equivalent of one nuclear plant or Portland's 
energy use for 16 months) from increased energy conserva-
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tion and improved efficiency of transmission lines and tur­
bine generators at dams. Another SO MW. would come 
from major electricity users who find ways to shave their 
loads in exchange for billing credits. The agency also has 
agreed to purchase 300 MW. of pov.'ef from producers of 
renewable energy. such as geothcnnal wells and windmills 
(Bella, 1 992b). Portland Genera] Electric (PGE), a north­
west power company, is involved in more than a dozen pro­
grams that focus on both residential and commercial en­
ergy saving. In 1991. the programs accounted for S MW. of 
energy saved, enough energy to run about 3,500 homes. For 
example, low-flow showerheads distributed by PGE are ex­
pected to save more than I MW. by the end of 1992. 
enough energy saved to serve 800 residences (Christensen. 
1992). 

Given the magnitude of projected energy needs. renew­
able energy sources will only slighUy satisfy our insatiable 
desire for power. The promise of geothennal energy from 
the Cascade Range remains cloaked by hydrogeologic prob­
lems that make exploration ..... ld development a challenge. 
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Important notice on this issue's field trip 
We have learned from the Oregon Department of Trans­

portation (OOOT) that the streich of Highway 224 between 
thi s trip guide's cumulative milepoints 23.5 and 28.9 is 
d osed indefinitely. Access to the point of continuation, 
milepoint 29.4, from the nonh (Portland) would be via 
Highway 26, Forest Road 42 (Clear Lake to Timothy Lake), 
and Forest Road 57. From the south, access to Forest Road 
46 is from Highway 22 at Detroit (including part of the fie ld 
trip in reverse direction). 

OOOT offers telephone information on highway condi­
tions for a charge of30 cents at (503) 976-7277 and (541) 
889-3999, National Forest Ranger Stations may provide 
similar (but less official) information. 0 
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ABSTRACTS OF PAPERS 

The following abstract is of a paper given al an international 

conference in May J 995 at the UnivtnityojWoshington. The C(m­

jerence. titled 'Tsunami deposiu~geQlogic warnings of Ill/lire in­
undalion, "was sponsored by the Qua/emory Research Center. the 

National Oceanic and Atmospheric Administration, and the U.S. 
Geological Survey. Among the 80 registered participants were 
scientists from Canada, Gennany, Japan. Norway, the Philip­
pines, the United Kingdom, and the United States. 

fiu/lfu,,; ditaster planning irr ClaJsop County, Oregon. by 
Paul Visher, Tsunami Coordinator. 

The Clatsop County oceanfront extends south from the mouth 
of the Columbia River for about 40 rni to Tillamook County. It 
includes four incorporated cities and two oceanfront communities. 

On nrst impression, one might consider a common disaster 
plan for all, but, on more detailed analysis, the actual plan varies 

from location to location, depending on bridges and local topogra­

phy. [The following discussion proceedsj from north to south: 

The City of Warrenton is protected from tsunamis by a major 

foredtme system having a 50-ft elevation and by the south jetty of 
the Columbia River. Ibis jetty was initially buil t in the I 880s and 

extended in the I 930s. According to the Corps of Engineers, the 
jetty was built with major rocks of 3-{i ft in diameter with seismic 

considerations. What will happen to this structure during a magni­

tude 8+ quake? No one knows for sure, but the best guess would 
postulate a pile of rocks at a lower elevation but still high enough 

to significantly restrict the flow of water into the mouth of the 

Columbia from the projected 16-ft-high tsunami. This projected 

elevation comes from the Alaska Tsunami Warning Center 

(AlWC), whose studies indicate a residual 3-to 4-ft wave at War­

renton. Of equal concern in Warrenton is the failure of the 14-ft­

high dikes that protect the city from tidal flooding. None of these 
dikes was engineered to any seismic standards. Warrenton's major 

threat appears to come from flooding due to dike failure, not a 

tsunami velocity threat. 

Surf Pines is the next area south. Homes are constructed on 
two parallel dunes-a coa.~tal frontal dune about 30 ft high and a 

land\\'llrd dune of 50-ft elevation. The AlWC computer model in­
dicated a 16+ ft wave. Prudence indicates an evacuation to the 

50-ft elevation. 
At Gearhart, the primary dune, about 600 ft landward of the 

oceanfront, varies in elevation from 60 to 70 ft. There are large 

areas of residential construction along lower areas to the east. 

Much of this constnlction is at 14 ft, which is the FEMA lOO-year 
storm flood elevation. There is evidence of tsunami deposits at 

higher elevations. The general evacuation route is to move people 

to the 60 ft dunetop elevation. 
The next to\\oTI south, Seaside, provides the most complex 

disaster-planning challenge. The town is located on two sand 
dunes running parallel to the ocean. The frontal dune is about 20 

to 25 ft high and is protected from ocean erosion by a 20 fi-high 

seawall that was constructed in the 1920s. The second dune varies 
from 18 to 25 fl in elevation. These dunes are separated by a river 

crossed by several bridges, none of them designed with seismic 

consideration. They are assumed to fail. Major motels are located 

on the forv,ard dune system that can act as a breakwater against 

the tsunamis, which are projected by the AlWC to be 17 ft high 
during a magnitude 8.8 quake. Behind the second dune system is 

a 5,000+ acre storage sump for water below the 18-ft elevation. 

The tsunami "inundation" area is dermed by the in- and out-flow 
of waler thaI passes the I,OOO-ft gap in the dunes between 

G~arhart and Seaside. The difference in the input and output 
flows will derme the amotmt of water that must be stored by the 

sump and raise its water level. There is a reasonable chance that 
the second dune would provide an island of safety except for the 

most severe tsunami. 
Seaside is planning to reinforce some of the bridges between 

these lower dunes, as well as some of the bridges from the east 

dWle to the foothills. When these bridges are reinforced, the evac­

uation route should dearly go to the 40+ ft elevations on the hills 
east of town. 

In Cannon Beach, the next lown south, the computer model 

from ATWC indicates a 17-fi wave from a magnitude 8.8 event. 

The sehool and the major dO\\oTIto\\oTI area are located al aboul 12-
ft elevation. Fortunately, the toy,n has 40+ ft elevations within IS 

minutes walking dislancc_ People in parts of the city can easily 

walk to the 50- and 6O-ft elevations. A bond issue was recently 
passed to build a new fire station at 40-ft elevation, and a bond 

issue is being discussed to move the school to a "tsunami-safe" 

location. 
Further south, the area of Arch Cape is confronted by a com­

puter model of a 18 fi wave and walking evacuation routcs of 15 

minutes or less to reach 50-ft elevations away from the beach. 

Except for Seaside, every person in Clatsop COtmty can walk, 

in 20 minutes or less, to an elevation JO n or more above the 

computer-model tsunami for a magnitude 8.8 subduction zone 

earthquake event. How good is the model? 
Dr. Peterson is using core borings, landward of barriers, to 

measure the sand depos ited in past events. This will bound some 

of the uncertainties_ Dr. Baptista is inputting some of Or. Peler­
son's data to reviSE: the model. 

At the prescnt t ime, the d isaster planning is based on the 

AlWC model and the subsidence event occurring at the highest 

tide, about a IO-ft maximum range; the measured subsidence of 

about 5 ft , different from the 2 It in the model; and a time of ar­
rival of about 25 minutes after the event. To me, the most unex­

peeted infonnation from the compUier program is the long period, 
four to five hours, that people should stay away from the lower 
areas because of repetitive waves. 

The computer model from the AIWC, modified by measured 

subsidence information from Dr. Peterson, is the best infonnation 
that we now have for planning. When better data arc available, the 

tSWlami disaster plan will be modified. 

In the meantime every coastal resident in Clatsop County has 
been provided with instructions as to action he or she should take 

in case of an earthquake. Programs are being developed 10 

strengthen the bridges, change the locations of the schools and fire 
stations, and design them to survive a magnitude 8+ event. 

We hope it doesn't happen during our lifetimes, but it could 

happen tomorrow. a 
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Unusual landscapes and geologic problems 
in the Pacific Northwest 
by John Eliot A lien, EmerifllS Professor of Geology, Port­
land State University. P.G. Box 751, Portland. OR 
97207- 0751 

Geologists and laypersons alike are familiar with the 
chain of High Cascade volcanoes (Williams, 1953; Allen, 
19R4), which reach from British Columbia to nonhern Cal­
ifornia, the most promincnI being Mount Rainier in Wash­
inh>10n. Mount Hood in Oregon. and Mount Shasta in Cali­
fomia . Most of us arc also familar with !.he MO great collapsed 
volcanoes kno\\ll as "calderas," Crater Lake (Williams, 1942) 
and Paulina or Newberry Crater (Will iams. 1935). 

There arc, however, at least fi ve other unusual and re­
markable landfonns in the Pacific Northwest that a re less 
familia r and may have origins that are of interest, since 
there are still questions to be answered and alternate hy­
potheses to be considered. These are the Channeled Scab­
lands, the Mirna Mounds, coastal and Willamette Valley 
terraces, great landslides, and great Tertiary rivers. 

I. Channeled Scablands: Areally, the most widespread 
landform, the Scablands cover ncarly 16.000 mi2 of eastern 
Washington and affect the Columbia River Gorge, Willam­
eltc vaUey, and a small area north of Newberg, Oregon, 
known as the "Tonkin Scablands." J Harlen Bretz first sug­
gested in 1923 that these dry , 'a lleys were cut in the loess 
and underl)'ing basalt by a g igantic flood . Later authors 
have proposed at least 40 and perhaps a hundred floods, oc­
curring between 15 and 12 lhousand ye.1fS ago at tile end of the 
Pleistocene (Allen. 1986: O'Connor and Waitt , 1995). 

II. Mirna Mou nds: One of the still puzzling landscapes 
in the Pacific Northwest consists of "Mirna Mounds" , 
whose type locality is south of Tenino. Washington. More 
than a dozcn hypotheses have been advanced to cll.-plain the 
fi elds of hundreds of mounds, which arc about a yard high 
and 4-5 yards in diameter. Similar mounds occur in Orcgon 
in such places as upon the basalt of Tom McCall State Park 
in the Columbia River Gorge. Hypotheses include gophers, 
earthquakes, g lacial deposits, and wind erosion of volcanic 
ash over depressions in basalt. It is highly probable that 
Mirna Mounds have mUltiple origins. but although many 
papers have been published, the issue is still moo!. 

III. Terraces: Most of the coastal towns along Highway 
10 I are located upon the lowermost (50-fOOl) of a series of 
marine terraces first described by Diller in 1902. These arc 
wavc-cut platforms resulting from upper Tertiary and post­
Pleistocene changes in sea levcl, and so far few of their ages 
and locations have been mapped. Little attention has been 
paid 10 the terraces. first noted by Condon and later by Alli­
son ( 1936). (Madin and others 11 9951 mapped such terraces 
in the Charleston quadrangle. ---cd) 

IV. Landslides: Great landslides have recently been rcc­
ognized as having been caused by great earthquakes. The 
14_mi2 Cascade Landslide in the Columbia Ri,·e r Gorge at 

Bonneville has been dated at about 800 to 1,000 years ago. 
The mud slide that buried an Indian vi llage on thc Olympic 
Peninsula coast west of Ozettc occurred about 400 years 
ago. Landslides that formed Triangle and Loon Lakes in the 
southern Coast Range have yet to be dated. 

V. Great Tertiary rh'en of eastern Oregon: High­
level g ravcl deposits. many of them gold-bearing, have 
been found high on the summits of the Wallowa Mountains 
and on the crests of many other ridges (Allcn. 199 1). They 
contain numerous and sometimes very large boulders of 
quartzite and other metamorphic rocks from the Rocky 
Mountains and musl represent at least one very large Ter­
tiary river, either an ancestral Columbia or Snake River. 
Little has been published as yet on these rivers. 
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BLM offers grace period for mining claims 
The U.S. Bureau of Land Management (BLM) is urging 

mining claim holders to apply for a one-year "grace period" 
that will give them extra time to comply with a new rule 
published in July 1996 that is intended to stop squaners 
from iUegaUy occupying land on mining claims they are 
using for norunining purposes. 

Current claimants may continue their occupancies for 
onc year. provided they fi ll out and sign a simple form 
available from any BLM office. The forms must be received 
in a BLM office o r postmarked by October 15, 1996. 0 
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CMS-6l ' n..1!lbow7~· ~M&\heII"Ccudy. 1993 1,00 __ 

CMs-63V ..... HilIN· ~e.MaIb< .. CoLny. I991 ' .00_ 
CMS-6ot SIooav>II. 7~·~ .. !>WhcurCounty. 1990 5.00 __ 
C .... t US MahopI)'O",7WqLIIdrql .. M&\heII"County 1990 5.00 __ 
CMS-"JonaboroN·~ .. !>foJhcurc-.ty. 199'2 6.00 __ 
C MU1 s-h M<:>II">Lain 1% . ...... .,.J .. MoIhoo.rCownly. 1990 6.00 __ 
GMS.61RaIon7%·~ .. ~C""""Y. I990 6.00 __ 
CMS-69 Horpct~. qo.>adrqIc. Molhc..- eo-y, 199'2 ' .00 __ 
CMS.7t Boo_II ~ 7loI ......... -' .. Jotbcn CounLy. 199'2 7.00_ 
GMS-71 Wad'oJI7~'~Malhcw Coulty II1'1l 5.00 __ 
GMS-71 lillie VoJ\ey 11>' ...... 1ILIl .. MalhNt CoYnty, 199'2 5,00 _ _ 

Prlcel!l' 

GMS-n' ClcwlandRidp 7li' qo.ooo:hrclc. J..uon c-.ty. 1993 ' .00 __ 
GMS-14 N........r7%· ""'*"""~ MoJhcurC<oo.rty, 1m 500 
GMS-7S F'I:Irtltr!<f 7% • .,.....tranak. "1Wtn.. W ...... ClorfLCoun\la 11191 ___ ' .00 __ 
CMS-"Comu VoJlcy 7li'~ ~tndCooo eo...u... 1993 __ '00 __ 
CMS-77Vak)O.60mirouc&~ .. MoIheII"C<oo.rty. 1993 10.00 __ 
CMS--78 "Uhopny ~ )O.60 ......... ~ .. Mothcw c. IW1 __ 10 00 __ 
CMS-»' E.onhqo.Mkchudt. PonJand 1%. qurod .. MllilnOmOh C IW} __ " .OO __ 
C MUI· Md.eod 7%' ~e. lacboa C<uwy 1993 5.00 __ 
GMS-I I· TImoIoO"7%· .......,.,~C......,.. I~ 6.00 __ 
G.\1$-1l · Lidl<t lim CrulL: 1%'~ .. UaOooo c:.....ty. 199-4 S 00 __ 
e M s.u' Kenyon MowIIUL 1%' quoohrcJ .. Dau&looICooo eo.nia. 199-4 __ ' .00 __ 
CMS-M· R_7loI· ~~CooICo.oIy. I~ 6,00 __ 
GMS-U' MounIO\Imcy7li· quDql .. ~Cour!Li .. , 199-4 ___ '00 __ 
CMS-U' Tamil. 71>'~.Dau&I"Co.oIy. 199-4 6.00 __ 
CMs-n · \..Ib<nd:7li·~ .. JotbcnCounry 1m ' .00 _ _ 
CMS-O' Eonhquokc .... ML Tabct7%· quo.cL. Mill"""""" C. IW5 __ 10.00 __ 
CMS-N· &rIhqIaokehudt. Beava\onlYi· quo.cL. 199' 10.00 __ 
CMS-91· EoMquo/cehazardl.. LanOswCSO 7~' 'fo'"'l. 1'19$ 10.00 _ _ 
GMS-n· BonhqIIokchwnk. Ol~ 7WqllOd .. IW' 10.00 __ 
eMS-SlJ· ~ ............ SilclZSay --. L""",'" CounIy, 199' ___ " .00 __ 
GM$-M o o...laIOD. 7Yi·~ •. Cooo eo...ty. 1995 1.00 __ 
CMS-"o Cool Bay ?1i' ~ • • Cool Couruy. 199' 6.00 __ 
CMS-H· DonInd.Silkwn 71i' quachn&) ... COOl CoII"LLy. 1995 6.00 __ 

SPECIAL PAPERS 

lFicId FCkv.$WBroUroTop~. I'171 ' .00 
1 Rodr...-ia\1'COOIRCS, ct..:bn. CoIumb.. Milia. Wuh. C. 1971 ___ '.00 __ 
4 HeolfiowolOrep. 1911 ~.OO _ _ 
5 Ano1yoioInd.~ol"""""fa'rodL"""";oIt.l979 4.00 __ 
6~olIho LaCJnndc ..... lno 6,00 __ 
7PhMa1FotIRodr.Lak<.LakcC-Y 1979 ' .00 __ 
• 0c0I0cLv Ind. ~ ollbc MooonI Hood ........ 1910 4.00 __ 
'GcoIo&Yoflbo~\ioI;SpnrcJ~ 1910 5.00_ 
II T...-ic nrIIlion oI'lho 0....,.. w-.. c..c.Ia. 1910 4.00 _ _ 
II Bit.lioap:opII)rlnd. incIgol'lhcoa..,d~ 1199-19Il. 1912 ___ ' .00_ 
11 000l0P= .................... pori olCucadc ~ Crop. 1910 • . 00_ 
13 r .... " and Iinumaucl~c..c.Ia. Orqon ' ' '1 s.oo_ 
f4 Geo1acYtnd..,.,...........-.MowoI.Kood.u I\IUI 1.00_ 
IS Gookv ODd p(lCt>cmIaI '-..eo. ~ c-ada. 191) I} 00_ 
" tr.dtx IOlmBj~ (1S111l-1I) wlO,"1D" ~(I\J19.Il). IllS) 5.00 __ 
" BibiiopphyolOl'qanpol.......olo&Y. 1'19'2·191). 1914 1.00 _ _ 
'1 l:Lvaliptionocltolc ", OtcpL. 1911 1.00 _ _ 
"LimtsIOnodcpoo.LLlIIIClfq:ofI. I919 9.00 __ 
lO a-onikinOrqon.I96 1.00 
21 Fi. ldFOkv. NW14 6rokm Top ,,·~ .. DeodUa C. 1"7 ___ ' .00 __ 
n Silica in Orqon. 1990 1,00 __ 
1) F",....<;m OeoIo&YoflndunioJ Minenl .. lSth. 1919. 1'IocoodiJLcs, 1990 __ 10.00_ 
H ""'"" IOFONnlI..,1hc Gcol"IYat:!M.utrioJ MincnI .. 1\J6S·1919. 1990 __ ' .00_ 
15 Pumjc< in Orqon. 1m 9.00 __ 
l6 OrL.l:fIon,-(lifohore pol. <lOU ocaion. N. Cout \t~ 10 conl .Iope, 1992_ 11.00 __ 

OIL AND GAS INVESTIGATIONS 

l Fonmirlif .... 0encnI1'drok"", t.q8eU _I _n. 1913 4.00 _ _ 
4 f..--iftifcrt.K.M. W ..... CooICounty 1·1_11. 1m •. 00_ 
5 ~ ror noto.nI .... upper NolIoImL Riva B .. iL> 1m 6,00 __ 
, I'RoopocII fa' oil Ind. .... Cooo Buill. 1910 10.00 
7 ComlatiooLolCcnomic _, ..... ..,,;11,. W. OrqonIWashinjIICIft. 1911~.00 __ 

' SuboIrl_~olIhoOchoc:oBooin.Orep. 19&4 1.00 __ 
J Subourf_~oI'Lhc .... N ......... B .. in.I91} 1.00_ 
I I Mill 0. field: Slq:oIonIioro'<ieI'o\opmcnl. 197901914, I'" ' .00 
II Biaolralip.....,.ot:.........,. .... l ... W c-. ~ Lane Co. 1914 __ ' .00 __ 
11 B~.eqIonoIoryMl"'N Wil __ Booia.I914 700 __ 
IJ B~. cxpIonIkooy _Us.. :s. Willomttto Buin. 1915 100 __ 
14 0i11nd. .. ~ot:lho __ a.."'-19I5 1.00 __ 
I SI IJd>_bw~Ind._",Cr ..... I919 ' .00 __ 
16 AniJaWc ..... t-*1nd......p...onohorcIoII"ohon:. 1911 6.00 __ 
17~aouM<lion.MiI\c..riddlO_ ohclthlope. 1990 __ 10.00_ 
I.Sdw:morle r ...... cIi ....... S'I)'OO""' .... Orqonc-Rore<. I991 9.00_ 
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AVAILABLE DEPARTMENT PUBLICATIONS (continued) 

BULLETINS Price Ii! 
)l Bibliogophy. aeoI d: min. . ... ofo....,..(101 oo.q>I. 1936-4S). 1941 ___ '.00 __ 
36 P>p<non TatiO/)' fonminifen(v. 2 (parts VU·VUlJonly). 1949 4.00 _ _ 
.4 B;bl~ (lnd"'4'Plemen<, 19046-SO~ 1933 4,00 __ 
46 F~ NwU\c. Salem Hills. Motion County. 1956 4.00 __ 
53 BibliOifOphy(lnisowlernmt. 1 9S1.SS~ 1962 4.00 __ 
65 Proceedirt!> of"'" Andooi~C<>nf .. ","",_ 1969 11.00 _ _ 
61 Biblicgaphy(4I]uupplcmcm. 1956-60). 1970 4.00 __ 
11 GcolOID' of I ..... tubes. Bend ...... Deschula County. 1971 6.00 _ _ 
71BibliotvaPhr(5t1t.upplcm<rl~ 11161.70). [lin 4.00_ 
n Geolqpc""-do of Bull R.w. W-.hed. MultnJClock"",- C 1974 UlO __ 
• 7 .EnvironmenWaoolosy. wes1emCoos!Doo.o&luCoo.mties. I!nS 10.00 
.. Ocolo&Ylmirc res,. upper Chetoo R. <biJ\aae. Curty/Joscphint C. 1915 __ '00 __ 
UOeoIO&:f ond min<nJ r-=ofDeo<hula Co\Inly. 1976 ' .00 __ 
90 Land .... aeo1ogyofwestem CunyC'.o<lnty. 1976 10.00 _ _ 
9 1 GeoIOiJC h&utds, J>lIU oCN. Hood River. Was.:o. ShamanC. \9n ___ ,.00_ 
n Fouib in o..q""- Colle<:l>on<>C,eprmts born the 0 .. 8;" , 1917 S.OO __ 

9)~. mineral ,OOO<If...,. .• ",hock maLerioi. Cuny Co<m<y, [lin 1,00 _ _ 

94 Land .... ceolo&Y. c<nlrollacbon CoI.>Iy. 19n 10,00_ 
95 NonhAmeriC&ll oplli<>l""" (IOCPpr<>ject} 19n 800 __ 
96 Mo&ma F"esis. AGU Chapman Cone. on Portial Mel!~ 1m 15.00 __ 

91Biblj~(6Ih~1 ....... ~ 1971.15). 1m 4.00_ 
98 GeoJOS"IwMcls. unem BenlOn CounIy. 1979 10.00 _ _ 

99 Ge::>IO&ic hw:tII. of l>Orth\lo't$tem Clocl:anw c-.ty. 1m 11.00 __ 
101 Gt.olog:icfield tripo in W. Orqon and SW. W~ 1980 10.00_ 
102 Bibliosnophy(7\h $~lement, 1976-79). 1911 5.00 __ 
103 Bibli.,.aphy(ru. .upplemen~ 1980-84). In7 8.00 __ 

MISCELLANEOUS PAPERS 

5 Oregon"SOld pl~. 1954~E£~~~~~~~~~~~~'00--II Artideson rneICOriles (reprinlo from III< 0 .... Bi,,). 1968 4.00 __ 
15 Quickoilver deposits in Oregon. 1971 4.00 __ 
!9 GOOIllennal expl0n0tion studies in Oregon. 1976. 19n 4.00 __ 

20 !:tvcstiplions oflU<kel in Oreton. 1978 6.00 __ 

Price Itf 
SHORT PAPERS 

H Pctr"IIJOPhy oflUlllcsnake Formation 01 typo .. ~_~m:',::=====' 00_ 17 Rod<~a1 ,.,..,.".ceoofBenlonCou,IIy. 1978_ 5.00_ 

MISCELLANEOUS PUBLICATIONS 
Reloli ..... ~e bazanl mop. P<>rtland quachneJe (DOGAMlIM~). 

1m. wilb ocenorio leport (odd S3.00 for mailirc)'",-;-;-"".,.,,..,,,, ___ IO.oo _ _ 
Gt.ologyof Orcgon. 4tb od., E.L. ondW,N. OrundE.M. Baldwin. 1991, 

p<rblished by KcndaIlIH_ (odd S3.00 for mailint.l'~_~~ _ ___ "" __ 
Gt.olo(Pc:mapofClrep>. G'w. Walk .. tDdNS. MacLeod. 1991 . 

published by USGS (.del noo for mai)ina)'_~7_""7.""'---_--'_ll.:IO __ 
Geological hiab-y mI9. Pacific Northweot legion. Oregon, WuhingIon. and 
partofldaho(puhliohedby AAPG). 1m 6.00 _ _ 
Orqon I..-.dsatmoooic map(published by ERSAL. OSU). 1983 11 .00 
Mist GasFicldmop. rev. 1995. wiIlt Im.94productionrtp. (OFR 0-95.1) __ '.00_ 
Q;Jit.ol foom o£ map (CAD f<>n'bOllOON •. OWG, .OXF). 3\>.in disketle __ " .OO __ 
Mi. Gu Field production rlgUftl 1m ~ 1992 (OFF. 0-94-6) 500 __ 
Nonh_Orceon. CorrelationS ... 24. Bruer 4 oIh<n. 1984(AAPG) 6.00 _ _ 

Orqonrocb ond rnir.o>a/t. . des<riplion. 19U (OFF. O-U-ti) 6.00_ 
Mineral information Loyer for Oregon by oounly (MlLOC). 1993 ~ 
(OFF. O-93.S~ 2 disktttes (SV .. irI.. hi£b-deruity. MS-OOS) 
Di=IoryofmincnJ p«>duccn. 1993l.¢1te, 56p. (OFR 0-93·9) 

GeothermaI.-ofOrqon(published byNOAA) . In2 

Minirla claims (Sw¢ I ..... sovemiroa quartz ond plocer eloimo) 
Sad< issues of 0"'6<'11 G.oIcIY 
Color postwd with (;Ifqon Sill<: Rock ond Sill<: Oemstooc 

25.00_ 

'00_ •. 00_ 
,,"-­,.00_ 

'.00 __ 
Stpar:ote prfc< Iilb r ... opetl_nle repM"U. tHt. IUkIfl., rKratlonalloki mlnlnl 

Inr ....... tI.a,.nd ...... _~partnt ... "" ""'PS and A'J'Orts will "" .... Iled upOn ",,)u .. L 
GMS ..... ps marbd wtth ... uteriH: (")ore ..... LI.bI~ In d )11ta! Conn .... dlokottr 

IPofollcall.Corm.tlMt Mtl)r). 
The ~partmctrt aIM .. Iii 0 ........ topoBnrphlc: .... po p ubUobo<I by tltc u.s. C-­

Lop SUI"'.,.. 

ORDER AND RENEWAL FORM 
Check desired publications in list IIbove or indicate how manycopies and entertoU,llU1"1OUni below. Send order to The Nature orthe Northwest ""OI'lllJl­
lio .. C,nkr, Suite 177, 800 NE 01T10 .. St reet. Portland, OR 97232-21 62, or to FAX (SOl) 731-4066. If you wish to orderby phone, have your r;ffdit 
card ready and cal! (503) 872-2750. Paymenl must accompany orden of less than SSO. hymenl in U.S. dollan only. Publications are sent postpaid. All ules 
are fmal. Subscription price forOregon Geology: $10 for I year, $22 for J years. 

Renewal _I new subscriptioD_ to Oregon Geology: I year ($10) or 3 years ($22) $========== Total amount for publications marked above: $ 
Total payment enclosed or to be charged to credit card as indicated below: $ 

Name __________________________________________________________________ ___ 

Addr~s'_c~----------------------------------------------------------
City/StatelZip, _______________________________________________________ _ 

Please cbarge to Visa_I Mastercard_, account number: _ ______________ _ 
Expirntiondate: ____________________________________________________________ __ 

Cardholder's signature, ________ _______________ _____ _ 
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