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IMPLICATIONS OF VOLCANO-TECTONIC PATTERNS IN THE OREGON CASCADES FOR .
GEOTHERMAL ‘EXPLORATION ta

' by George R. Priest, Neil M. Woller, Gerald L. Black, Oregon Depé?théﬁf’d"”  |
- of Geology and Mlneral Industries, Portland, Oregon, and Stanley H. Evans,
Jdr., Un1vers1ty of ‘Utah Research Inst1tute Salt Lake City, Utah. ' '

'ABSTRACT

Basin and Range and subduction-related processes may have combined to
produce voluminous mafic volcanism and very high heat flow in the central
Oregon High Cascades during the last 9m.y. This high rate of volcanism
and heat flow prevails south of the Clackamas River right lateral wrench
fault zone.  South of this zoneé the volume of mafic volcanic rocks less
than 9 m.y. old éncreases abruptly and reg1ona1 heat flow increases by . = .
at least 20 mW/m~. A similar, but larger, increase in volcanism and heat =
flow characterizes the transition from the Blue Mountain block to the ;
Basin and Range Province at the Brothers right lateral wrench fault zone.
The northwest-trending Clackamas River-Brothers fault system may be a
fundamental structural boundary limiting northward influence of Basin and
Range tectonic forces. A s1gn1f1cant amount of the 0 to 9 m.y.B.P. mafic
volcanic, rock in the Cascades is basalt, with one or all of the following
attributes of contemporaneous basalts of the Brothers Fault Zone-Basin.
and Range province: 1) anomalously high alkali and iron content relative
to normal calc-alkaline rocks; 2) d1ktytax1t1c texture with titaniferous
groundmass clinopyroxene. This suggests a common petrogenesis for these -
basalts, perhaps from partial melting related to Basin and Range spreading.
Absence of large volumes of intermediate lava and associated strato-cones
in the Brothers Fault Zone and Basin and Range province indicates the lack
of a partial melting process that is operative in the High Cascades,
probably subduction. Potential operation of two partial melting mechanisms
in the Oregon High Cascades may cause a high rate of magmatic heat trans-
ferra] from mantle regions relative to transferral in the Basin and Range.
This means that the High Cascades probably has the highest geothermal.
potential of any province in Oregon, especially where intercepted by -
youthful faults. North-south faults which bound a Iarge area of Pliocene
to Pleistocene subsidence along the High Cascade axis are good exploration
targets, especially at intersections with the northwest-trending Brothers,
Clackamas, and Eugene-Denio fault zones. Silicic volcanism at the Brothers
Fault zone intersection makes this the best exploration target in Oregon.

INTRODUCTION

This paper is a brief summary of major conclusions and supportlng data
from Oregon Department of Geology and Mineral Industries (DOGAMI) Special
Paper. 15, Geology and geothermal resources of the Cascades of Oregon,
-which is in preparation.” Special Paper 15 will be the final product of

a five-year 1nvest1gat1on ‘of the Oregon Cascades conducted by DOGAMI w1th
financial support from the United States Department of Energy. =

MAJQR};VOLCAN?IQ PROVINCES

The Oregon Cascades may be divided into two physiographic proVihoés,'WHIch
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are also distinctive geologic provinces (Figure 1). The Western Cascades
are geomorphically mature mountains composed chiefly of late Miocene to
Oligocene volcanic rocks with minor Pliocene to Quaternary intracanyon
flows and volcanic centers. The High Cascades are, in contrast, a
geomorphically immature terrain dominated by volcanic landforms of Pliocene
and younger rocks. The axis of volcanism for Miocene and Oligocene. Western
Cascade rocks was a few tens of kilometers west of the High Cascade axis
(Peck and others, 1964). The geologic data summarized here is based
chiefly.on.1:24, 000 to: 1 62 500 sca]e mapping by university and DOGAMI
,personnel

X ,_VOLCANIC STRATIGRAPHY

fIntroduct1on o

The Cascades sequence is here 1nforma1]y subd1v1ded 1nto four age groupS' L
the early Western Cascades, late Western Cascades, ear]y High Cascades, -

and late High Cascades. Each group possesses certain distinctive litho-
logic and field characteristics (Figure 2).. The resulting nomenclature is . _
‘useful for comparison of rocks from widely" separated .areas, part1cu1ar1y
when testing for regional compositional changes in volcanism through time.
The subdivisions are ‘based primarily on observations in the central Oregon
Cascades, though they may be useful for other parts of the Cascades as

well. Th1s nomenclature is not intended for formal usage and should not

be cons1dered a rev1s1on of. ex1st1ng rock-strat1graph1c nomenc]ature

Vo]can1c Rocks of the Ear]y Western Cascades (35 18 m y B.P.)"

Early Western Cascade rocks-are- ch1ef1y silicic ash flows, debr1s flows, ‘
lava flows, and epiclastic mudstones and sandstones, with some dlst1nct1ve
siliceous, iron-rich, tholeiitic lavas interbedded in the ‘upper part. - ’
Smith and. others (1980) have obtained a K-Ar date of 34.9.m.y. on a biot1te-
bearing ash flow at the base of the sequence in the central to southern
Cascades. ‘White (1980a; 1980b) and McBirney and others (1974) Tist K-Ar
ages from 27 to 19.4 m.y. on tholeiitic lavas 1n the upper part of the.

ear]y Western Cascades section.

“The s111ceous pyroc]ast1c and ep?clast1c lower part of the sequence ‘has -
generally been called the Little Butte Volcanic Series ‘(Peck and others,
1964) and Breitenbush Tuff or Breitenbush Formation (Thayer, 1936; 1939;
Hammond, 1979; Hammond and others, -1980; White 1980a; 1980b). The tholeiitic
rocks have frequently been mistaken  for Columbia River Basalt Group (see
White, 1980a; 1980b for a review of this prob]em) These tholeiitic rocks
have been named the Scorpion Mountain lavas in the North Santiam area
(White 1980a; 1980b), and the lavas of Black Canyon in the Lookout Point
Reservoir area (Wb]]er and Prwest 1982)

Volcanic Rocks of the Late Western Cascades (18 9 m. y B P )

‘Rocks of the late Western ‘Cascades are chwef]y calc-alkaline lavas and

debris flows of intermediate composition, with subordinate dacitic ash- flow.;”;a

and ash-fall tuffs. Basalt to basaltic andesite may be localiy abundant,
as at Swift Creek near Willamette Pass (Woller, 1982). McBirney and others
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Figure 1. Physiographip provinces of Oregon.
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- diktytaxitic texture; includes some alka]1

o ;from the southern Cascades (Sm1th, 1979)
late

~.Western -
‘ Cascades;f

early -
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Brief Description

4 to Q m,y.B.P, mafic volcanic rocks;
.some are slightly alkaline high-alumina
‘olivine tho]e11tes' commonly. highly
diktytaxitic;in lower part; more sjlicic -
- “in.upper part..

Includes the Htgh Cascade
compos1te cones. , -

‘9 to 4 n.y. B P mafwc lavas and some .
- interbedded_tuffs; many lavas are s]1ght1y

. “includes many:andesites and some ash- f10w4

alkaline olivine tholelites with

basalt and many compact h1gh-a]um1na
basalts.and basaltic andesites. Also.

and ‘ash<fall tuff. May be largely absent

lf:]B to 9'm.y.B.P,: 1ntermed1ate vélcanic j‘v

1979)

';35 to 18 m.y B.P, silicic and tho]e11t1c ,,,"‘

- yolcanic rocks.

Interbedded rhyodacitic
tuffs and iron-rich thaleiitic basalt,

‘tholeiitic basaltic andesite,-and
- icelandite with-minor rhyodacitic, rhyo]1t1c,

-and dacitic lavas; locally abundant clastic
- . interbeds.

This description applies mainly. -

. to'rocks of the central Cascades, but ages

Figure 2

’ probably app]y to the entlre Oregon Cascades.'f

Informal regronal t1me-strat1graph1c nomenc]ature for the central Oregon Cascades. -
is probably app11cab1e to other parts of tre Cascades as well.

Basalts of this

c

cbrrelative-Rdck - Stratigraphic Units

High Cascade lavas (McBirney and others, 1974,

_MWhite, 1980a; 1980b), younger and older High Cascades
basalt and valcanic deposits of Mt. Jefferson (Hammond,
19793 Hammond and:others, 1980), ‘

and partially -
equivalent to volcanic rocks of the High Cascades

. and Bor1ng 1avas (Peck and others, 1964).

Outerson Volcanlcs (Thayer, 1936 1939), Outerson

© ‘Formation (McBirney and others, 1974 White, 1980a;
. 1980b), Outerson Basalt (Hammend 1979 ‘Hammond and
'7others, 1980), partially equivalent to volcanic rocks
- of the High Cascades and Boring tavas. (Peck -and ‘others,

1964); probably correlative to the Deschutes Format1on

”?f;;(Hales, 19753 Taylor, 1981),;~;_,_';

o . Sard1ne Ser1es (Thayer, 1936. 1939) Sard1ne Formatlon
-rocks with common interbedded dacitic tuffs; -

-includes. voluminous, highly phyric two-
" pyroxene andesite w1th less ‘basalt, basaltic
‘andesite, and dacitic tuff.-
- group are genera]ly compact -and often contaln
.- arthopyroxene in the groundmass; - This *

- "sequence may be very thin or absent in much.
“of the southern Cascades (Sm1th

(Peck and others, 1964), Sardine Farmation and Elk Lake

" Formation (McBirney and others; 1974; White, 1980a;
-~ 1980b), Rhododendron Formation (Hammond -1979; Hammond

and others, 1980) and Miocene vo]can1c rocks (Brown and

v others, 1980a, 1980b)

Bre1tenbush Tuffs (Thayer, 1936, 1939), L1tt]e Butte

_ Volcanic Series (Peck and athers, 1964), Breitenbush
“ Formation  (Hammond, 1979; Hammond and athers, 1980),

and Breitenbush Formation and Scorpion Mounta1n flows
(White, 1980a, 1980b) ‘ ,

B,

This system




(1974) show K-Ar dates on late Western Cascade lavas ranging from 9.2 m.y.B.P.
to 17.2 m.y.B.P. The youngest rock of this sequence was obta1ned at

Lookout Ridge near McKenzie Bridge and yielded a date of 8.80 * .34 m.y.B.P.
(Priest and Woller, 1982). A sample collected in the Swift Creek area:

was dated at 17.0 * 0.9 m.y.B.P., but th1s may not be the base of the :
section at Swift Creek (Woller, 1982) A paucity of rocks with ages between .
about 11 and 14 m.y. has been interpreted by some workers as evidence for
a Tull in volcanic activity (McBirney and others, 1974; wh1te, 1980a; - ‘
1980b; Flaherty, 1981), but a large volume of rocks mapped in the Cougar
Reservoir area has ages in this time interval (Priest and Woller, 1982a).

- Much more detailed mapping and geochronology is necessary before the

' per1od1c1ty of reg1ona1 vo]can1sm can be determined to this degree of deta11.

The break ‘between the early and 1ate Western Cascades" vo]can1sm, somet1me'
between 17 and 19 m.y., may also have been a 1ull.in volcanic activity,
since there are no reliable radiometric dates in this interval. Peck and
others (1964) and many other workers also found a widespread unconformity

-ﬁvef;correspond1ng to this time period. The early and late Western Cascades ,
. units are here arb1trar1]y divided at 18 m.y.B.P. Rocks grouped with the -

velate Western Cascades sequence have been mapped as the Sardine Series or
--the Sardine Formation by Thayer (1936; 1939) and Peck and'others (1964),
respectively, and as the Sard1ne Formatron and over]y1ng ETk Lake Formation
e by Wh1te (1980b)

Vo]can1c Rocks of the Early High Cascades (9-4 m.y.B. PAL

~ Between about 8 and 10 m.y.B.P. a shift to more mafic volcanism occurred
throughout much of the central Cascades. This shift in composition coin-
cided with a shift in the axis of volcanism toward the east of the late
Western Cascade volcanic axis (Peck and others, 1964). The early High
Cascade volcanic centers produced voluminous basalts and basaltic andesites
and less abundant andesites 'and dacitic ash-flow and ash-fall tuffs from
a somewhat broader area than the current High Cascade physiographic province.
- Numerous vents for these rocks have been recognized a few kilometers west
of the present High Cascade province (Hammond, 1979; Hammond and others,
1980; White 1980a; 1980b), and compositionally and tempora]]y similar .
rocks of the Deschutes Formation were erupted from vents along the central
‘High Cascades and its eastern margin (Ha]es, 1975; Taylor, 1981). In
- ‘the Western Cascades physiographic province, early High Cascade rocks are
 the relatively unaltered mafic to intermediate lavas which cap the highest
ridges. :

‘The oldest basal flows of the early High Cascades have been K-Ar dated at
8.34 +.0.36 m.y.B.P. (near Belknap Hot Springs) and 7.80 * 0.77 m.y.B.P.

;(at Cougar Reservoir) (Prlest and Woller, 1982a). The 7.8 m.y.B.P. sample
is overlain by a flow dated at 9.4 * 0.4 m.y.B.P. and other, even older

dates have been obtained in nearby areas in stratigraphically higher flows
(e.g. 10.2 £ 1.0 m.y.B.P. at English Butte, and even older dates found by
George Walker (personal communication) in the adjacent area): A similar
problem occurred in the Columbia Gorge area where a diktytaxitic Boring
Lava, probably no older than about 10 m.y.B.P. was dated at 15.0 ¥ 0.8 m.y.B.P.
The bu]k of the K-Ar data and stratigraphic relationships suggest “that

the basal ear]y H]gh Cascade flows are probably no older than about 9.0 m.y.B.P.

209




It may be that the gas-charged diktytaxitic lavas which seem to most often
‘yield anomalous dates have not completely outgassed rad1ogen1c argon during -
eruption. , ‘

- The youngest reliable K-Ar date so far obtained on early High Cascades

" rocks is 4.3 + 0.4 m.y.B.P. at Bear Mountain near Willamette Pass (Woller,
1982). Sutter (1978) obtained a 3.88 m.y.B.P. age on lava which may be ’
part of the early High Cascades section near Belknap Hot Springs, but some
doubt about the sample location has been voiced: by severa] workers in

~the area. . :

o Vo]canlc rocks of the early H1gh Cascades correspond to the upper part of

~ the Outerson Series (Thayer, 1939), part of the Collowash and Triangulation
Peak volcanics (Clayton, 1975), the Browder-Bunchgrass and Iron Mountain
Formations (Avramenko, 1981), the Intermediate Series (Flaherty, 1981),
lavas of Tipsoo Butte (Priest and Woller, 1982a) and probably the Devils
Canyon Formation (undated rocks of- Barnes, 1978). They also correspond
 to much of the unit designated QTv and QTba.on various regional compilation
‘.maps (e g. Wells and Peck 1961 and Brown and others, 1980a; 1980b)

‘;Volcan1c Rocks of the Late H1gh Cascades (4-0 m.y. B P.)

Follow1ng north-south faultlng and axial subsidence of much of the central

Oregon High Cascades between 4-and 5 m.y.B.P., voluminous flows of dikty-

taxitic basalt and basaltic andesite erupted from contiguous shield

volcanoes forming a low platform in the High Cascades (Taylor, 1981).

The early basalts reached: deep into the Western Cascade province through

~canyons carved into escarpments bounding the axial grabens. These Pliocene

-~ to earliest Pleistocene intracanyon basalts are clearly related to present

"~ topographic lows, distinguishing them from similar early High Cascades

- basalts which cap the highest Western Cascade ridges. Basaltic andesite -

eruptions increased in frequency relative to basaltic eruptions during

. the Quaternary (Taylor, 1981), and the 1ncreas1ngly viscous lavas became
more restricted to High Cascade ‘axial grabens. Volumetrically smal]er

‘fierupt1ons of basaltic andesite and 1ess abundant andesite ‘and dacite -

formed prominent composite cones in local area during the Quaternary amld
continuing eruptions of basalt and basaltic andesite in the platform . -
. iTaylor, 1981). Mt. Hood, Mt. Jefferson, the Three. Sisters and Mt. Mazama
~ “(Crater Lake) are some of the largest comp051te cones.: The oldest flow

. of the late High Cascades so far dated is 3.9 m.y.B.P.:(Taylor, 1981);
the youngest eruptions in Oregon are the Belknap Crater eruptions, about
1,500 m.y.B.P. (Taylor, 1968), and the 01d Ma1d mudflow erupt1on from

Mt Hoad about 200 y B.P. (Crande]l, 1980) ' ,

FAULTS

North-south trendlng norma] fau]ts form the boundary of the High Cascades ;
province in several places where the High Cascade axis has been obviously
downdropped (Figure 3). These faults bound grabens at Mount Hood (Williams
and others, 1982; Priest, 1982; Priest and others, 1982), Green Ridge - . - -
(Hales, 1975), the McKenzie River-Horse creek area (Brown and others,
1980a; Taylor, 1973; 1981; Avramenko, 1981; Flaherty, 1981), the Walker -
Rim area (Wells and Peck, 1961), and the Mt Ba11ey—D1amond Lake area

[ 4
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Figure 3, . Summary of faults, volcanic Centerggjheat flow and Cascade thermal
springs. ~Dark gray = heat flow over 100 mW/mé; light gray = heat flow
between 100 mW/m “and ‘80 mW/m?; hachured 1lines = mapped normal faults hachured
on downthrown side (only shown in the High Cascades and areas immediately
adjacent); dots = volcanic-centers (size of dot is very crudely related .to
relative siZe of ‘the center); circles = calderas (diameter = actual diameter);
diagonal. line pattern = major zones of ‘actual or inferred lateral faulting
,(mappedflqggpalijg]ts'ar§%;howniw%thfoffkétfafdes);1CrOS§es1==therma]“'
. 'springs:in.and adjacent to-the Cascades. ;Geologic data is from Avramenko
+(1981) ;" Barnés ( 1978), .Beeson ‘and Moran (1979)," Beeson and others (1982),
Brown and others (1980a); Flaherty (1981), Hales (1975), Hammond and others
(19803, Kienle and others (1981), Lawrence (1976), Maynard (1974), Naslund
(1977), Peterson and others (1976), Priest and others (1982), Walker (1977),

and Wells and'Peck (1961).  Heat flow data is from Blackwell and others

(1978) and Biack and others (1982).
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(Barnes, 1978). Similar faults probably occur north and east of the
Breitenbush Hot Springs area and a]qng lineations following the western
boundary of the High Cascades province from Horse Creek to Crater Lake
(e.g. see Venkatakrishnan and others, 1980; Kienle and others, 1981). The
a graben-bound1ng faults at Mount Hood are probab]y somewhat younger than

3.0 m.y. (Priest, 1982), but most of the subsidence in the central Cascades
occurred between 4 and 5 m.y.B.P. (Taylor, 1981). Avramenko.(1981) has
shown some movement on these Central Cascade fau]ts between 1, 0 and 0.7
m.y. as well, and some shearing affects lavas as young as 2.1 ¥ 0.2 m.y.
adjacent to the east $ide of the Mount Hood graben (unpub11shed data of

N. M. Woller). Total subs1dence in the central Cascades may total several
thousand feet (Taylor, 1981). '

Naslund (1977)‘has found northwest-trending‘Basin and Rangersty]e,faults
-1ess ‘than 0.7 m.y.B.P. in age cutting across the southern High Cascade. .
axis. It is not known if these and other southern High Cascade faults
cause net subsidence of the High Cascade axis, but a north-south trending
fault on the west side of the Lake of the Woods, near Mt McLough11n
(Maynard, 1974) appears to bound an axial graben

The above fault systems are intercepted by four prominent N4OW to N6OW
trending Tineations and lateral fault zones (Figure 3). The Clackamas
River right lateral wrench fault zone (Anderson, 1978) is interpreted by -
Beeson and Moran (1979) and Beeson and others (1982) to be an extension of
the Brothers Fault Zone of Lawrence (1976). Most movement on this fault
zone occurred after late Western Cascade time (Beeson and Moran, -1979).

Our mapping near Willamette Pass and at Lookout Point Reservoir has revealed
little evidence of major wrench faulting younger than about 13 m.y.B.P.

in the Western Cascade portion of the Eugene-Denio Zone, although there is
abundant shearing in Oligocene early Western Cascade rocks (Woller and
Priest, 1982; Woller 1982). Faults associated with the Eugene-Denio Zone
in the Walker Rim area (Figure 3) appear to cut Pliocene-Pleistocene units
(Wells and Peck, 1961; Kienle and others, 1981) The Mt. McLoughlin Zone
(Figure 3) termlnates at the High Cascade axis by merging w1th north-south
trending faults (Barnes, 1978).

Northeast trending faults with chiefly dip-slip displacement are also

common locally (e.g. in the Diamond Lake area of Barnes, 1978) and lineaments
with this orientation occur throughout the Western Cascades (Venkatakrishnan
and others, 1980; Kienle and others, 1981). Thrust faults associated with
northeast trending middle to late Miocene folds in the Mount Hood area also.
strike northeasterly (Beeson and Moran, 1979; Beeson and others, 1982).

FOLDS

Folds in the central Castades generally trend northeast to north-south.
Gentle dips of 10 to 20° typically occur on the limbs, although dips of
60° occur on the western 1imb of the Breitenbush Ant1c11ne (Thayer, 1939;
White 1980a). Folds are chiefly limited to the northern Oregon Cascades
(Barnes, 1978) where they affect late Western Cascade and older volcanic
rocks. Folding probably began in the middle Miocene and ended between
11 and 7 m.y. (e.g. see Beeson and Moran, 1979; Beeson and others, 1982;
Hammond, 1979; Hammond and others, 1980; White 1980a; 1980b; Flaherty,
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1981). The change to. maf1c early High Cascade volcanism about 9 m.y.B.P.
coincided with a relaxation of .the east-west compression which caused

Figidd1 &3 Mideenenfoldingul {If, varions speculatipnnde Towwredalidade therma]

smESVDuandMRa_gg;gpredﬁﬁng phocesses 2y made” behimitojaffecththe central
befascades)@tithis samedime/nd; hachured lines = mapped normal faults hachured
on downthrown side’ (only shown in the High Cascades and areas 1m1cdsate}}
CSWRUGTURAURiNTERPREKAITONcxnters (size of dot is very crudely related to
relative size of the center); circles = calderas (d1ameter = getust diameter
LWheJJattern.qﬁrmorthwestxtrendlng:nighicﬂatbnaﬂ Bthikead1iptfaul tsrandir:
(rorthksouth drending: normadndautts: o the: Cascades) canrbes generatedndy a
sistrress ield! witip@ morth-South: maximum compressivéastressiaxisjvawranko

{horizoritalieast-wEst, minimum streés-axis,oany. alverticald intermediate?; . .
_Ehstressuaxxﬁu#Venkdtﬁkrhshnamhandyotherkl,IQBD"SKGEh]é)and othersyr 39810~f
( BXtause! ithe major atights 1pkera), stnikewsd ipl %undar,wfanlt (at7the Clatkamas

( RiVEY, probably: begam tiovemefit? An) Highi Cascadé diler{i(t3safter: 9 moy.BIPL;.

arsieélfﬁeesomfantbﬁoramﬁnmg)ieaft koprébhbles thatnthiscstreds réginetis

{ Chdracter istid ofhthet Qascade®33ince that time. This is supported by focal
mechanism studies on recent earthquakes (Couch 1971). o

Fo1d1ng a]ong northeast to north—south axes during the m1ddle Miocene
_suggests that the maximum compress1ve stress axis may have been oriented
closer to east-west in late Western Cascade time relative to High Cascade
time. This shift of stress axes, shift of the axis of volcanism toward the
east, and change in magmatic composition all occurred between Western and
High Cascade time., A major change in the plate tectonic regime is prebably
necessary to account for all of these phenomena.> It is beyond the scope
of this paper to review all of the plate tectonic: models which incorporate

~ a change in regime’ between 8 and 10 m.y.B.P., but some do, in fact, require

such a change (e.g. Atwater, 1970; Zoback and Thompson, 1978). It was also
at about this time that the current Bas1n and Range topography became well-

defined (Stewart, 1978).

Regiona] northwest trend1ng late Neogene fault zones appear to either
‘terminate or be.deflected by the High Cascade axis. Barnes (1978) notes

“that faults associated with the Mt. McLoughlin Zone of Lawrence (1976)

- become increasing]y parallel to the, High Cascade axis as they approach

~ the axis.. The.Brothers Fault Zone also appears to swing toward parallelism

with the Cascades, if the Green R1dge-Tumalo fault zone may be considered
part of the Brothers Fault. Zone.h ‘The Eugene-Denio: Zone is the only north-
west trending ‘zone which croSses ‘the High Cascade axis undeflected, and, as

. _mentioned’ above. the faults on the west end of this zone across. the H1gh

‘Cascade axis are probably older than High Cascade time. This suggests: that
the High Cascade’ volcanic axis is a. therma]ly weakened zone which deflects
“or_terminates Basin and Range: lateral faults. ‘This anomalous wedkness
mlght also. explaln the concentratton of normal fau1t1ng along the ax1s

PETROCHEMISTRY

¢

Silicic rocks. from all of the Cascade units are similar in composition,
owing to the tendency for _magmas to evolve toward 51m11ar cotectic and '
eutectic composit1ons during h19h Tevel. differentiation processes. In

~ order to reduce the clutter on the compos1t1ona1 diagrams, fields of
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cdmpos1t1on for early’ and late H1gh Cascades rocks of 1ntermed1ate to
silicic composition afe:not:shown, ‘although the:data of Taylor: (1978)
for the late :High Cascade BrokeniTop .volcano isr§hown (Fidures 4 through 7).

Were all of the High Cascades compositional:range plotted, it would- complete]y

overlap the range of Western Cascades silicic ‘and-intermediate ‘rocks.:

There is also complete overlap.between the compositionali-fields of early

and late High Cascade mafic rocks,:so these fields are'combined.  The .
mafic lavas of the High.Cascades.and Western Cascades, however, have: d1verse
compositions indicatiye of: d1ffer1ng sources.and coriditions of partial
melting (Figures'4 and 5).7 The-High Cascade mafic lavas are, in thef=~* ,
extremes of their compositional range, much more alkaline than any of the
Western Cascade samp]es a property they share with contemporaneous basaltic
~ rocks of the Basin and Range:province:{Figures-4-and 5). Only:the tholteiitic
“lavas from the upper part of the early-Western Cascades sequence are as
'1ron rich, as’ the H1gh Cascade and Bas1n and Range 1avas (thures 6 and 7)

:'""gﬁ SN

' Many of the H1gh Cascade basalts,rand basaltskof the Bas1n and Range,
possess diktytaxitic textures:and:some:contain.a brownish, probably titani-
ferous, clinopyroxene in ophitic to subophitic 1ntergrowth in the groundmass.
The majority_Of;these.mafﬁc Tavas:contain 16% or more alumina-and plot on
the borderline between high-alumina and-alkali‘basalt (Figure:4), and they
‘may be'characterized as s1ightly alkaline ‘high=alumina basalts,:although a
few are nepheline normative and can: be called alkali basalt: (Flgure 5).

The alkali- and alumina-rich nature of:eastern Oregon basalts has been
documented by Walker (1970); and, more recéntly; in southeastern Oregon,

by Hart and Mertzman (1980) and Hart (1981). Flaherty (1981) “pointed out
‘similarities between eastern Oregon:and.late High Cascade:basalts. Priest
and others (1981) noted the similarities between early H1gh Cascade and
Basin and Range basalts ' : r

PETROLOGIC SPECULATION

The chemical and textural similarity of basalts of the Basin and Range .to
those of the early and late High Cascades is evidence that similar processes
of magma generation, perhaps related to Basin and Range spreading, are
operative in both areas. This speculation, of course, carries the implicit
assumption that there is a causal relationship between volcanism and
tectonism - an unproven hypothesis. Taylor (1981) first suggested this
relationship between late High Cascade and Basin and Range processes.
‘Flaherty (1981) provided a more extensive discussion of this relationship

~ for late High Cascade basalts, and Priest and others (1981) first speculated
that Basin and Range processes might have affected generation of early

High Cascade magmas at Cougar Reservoir. Some petrologic arguments of
Flaherty (1981) require rapid ascent of early High Cascade basaltic magma
from deep levels, possibly by extensional faulting. We suggest. that this
faulting may have been the result of extensional. Ba51n and Range—type
tectonism. ;

Lack of a north-south trending line of composite cones and 1ack1of§1arge
quant1t1es of Tava of intermediate composition in the Basin and: Range
province suggest that there is also a fundamental difference:in:sources
and/or processes of magma generation in’the Basin and Range: re1at1ve to
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the Cascades. It may be that subduction processes under the High Cascades
have produced composite cones and intermediate to silicic lavas, as in
other circum-Pacific volcanic arcs, whereas only processes related to
Basin and Range spreading have generated magmaS‘1n the Basin and Range.
Thus both Basin._and Range and subduction processes may have produced. partial
mel ting ep1sodes in the Cascades during the Tast 9 m.y. This implies that
the rate. of magma generat1on in. the Cascades during the last 9 m.y. may
have been h1gher than in the Basin and Range prov1nce,gwhere only one
partial melting process was operative. It also implies that areas of the
High Cascades which have experienced less influence from Basin and Range-
type tectonics should have Tesser rates of magma. generation. This is
supported by var1at1ons in regional heat f10w dJSCUSSEd below..

.xRELATION OF HEAT FLOW T0 VOLCANISM AND TECTONISM

_,fHeat flow va1ues of over 100 mW/m are assoc1ated w1th youthfhl volcanism:
. throughout much of the Brothers Fault Zone-Basin and Range and High Cascades
'_.;Z(F1gure 3). The ultImate amplitude of the. anaomaly in the High Cascades
.. province is unknown, owing to a lack of reliable heat flow data in the
;hydroTag1ca11y act1ve carapice of young volcanic rocks mantling the High

Cascades. Potential operation of two magma generation processes in the
High Cascades, as discussed above, could cause the heat flow to be higher
than in the Brothers Fault. Zone and Basin and Range. Deep drilling on
the centra] H1gh Cascade axis will be necessary to test this hypothes1s.

As1de from a smaT]zlocal anoma]y assoc1ated w1th Mount Hood‘ regTonal heat:
- flow over 100 mW/m“ appears to end at the Clackamas R1ver'wrench fault
. _zone (Flgure 3). A Tower amp11tude reg1ona1 heat. fTow high continues. into
the area around Mount Hood (Figure 3) (Steele and others, 1982) and north
into the Washington Cascades (BTackwe]] and others, 1978). Reduced heat -
flow at.the Clackamas River fault zoné corresponds to a reduct1on in: the

- total volume of late Neogene: volcanism, pr1mar11y because of a reduction
" in basaltic lavas (e.g. see calculations of White and McBirney (1978) for

- Washington versus Oregon Cascade rocks). The increase in regional heat

- flow across the Clackamas River fault. zone towards the south may give a 3
measure of the amount. of magmatic heat added by Basin-and-Range-related .
..mafic. vo]canrsm relative to subduction-related andesitic volcanism. - Th1s

| ‘calculation cannot be accomplished until the heat flow.is measured in the

central High Cascades, but it must be at lTeast 20 mil/mZ based on heat flow
- data from the Western Cascades (e.g. from data of Blackwell and others,;
1978; Black and others, 1982) e y .

Termlnat1on ‘of the h1ghest part of both the Bas1n and Range: and: H1gh Cascade
heat flow anomalies. at major wrench fault zones is add1t1onaT evidence that
there is a reIat1onsh1p between the Basin and Range and: the Cascades:.

- (Figure 3). There is, however, a greater- contrast im heat flow: across the
‘Brothers: FauTt Zone reTat1ve to: the contrast in Cascade heat fTow across

the: CTackamas River . Fau1t Zone. This is a reflection of the higher background:
heat flow. characteristic of the Cascades.. The Blue Mountains contain: almost
no young volcanic rocks and have moderate]y Tow heat. fTow, whereas the
Cascades both north and south of the Clackamas zone have: 51gn1f1cant youth~
ful voTcan1sm and reTat1ve1y h1gh heat: fTow (F1gure 3)..
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- Sma]] vo]umes of youthful d1ktytax1t1c basa]ts in the Mount Hood area:
(Boring-type lavas) and southern Washington (Paul Hammond, personal communi-
“cation) are evidence that some of the same volcanic processes distinctive -
of the central Oregon Cascades also operate with reduced intensity north

of the Clackamas zone. - It is thus probable that a small component of the
subduction-dominated heat flow north of the C]ackamas zone is also the
result of extens1ona1 tecton1sm. -

IMPLICATIONS FOR GEOTHERMAL EXPLORATION

The best reg1ona1 target for geothermal resources in Oregon is the H1gh
Cascade province south of the Clackamas River wrench fault zone. “Individual
drill sites should be placed where fracture premeability and heat flow are
~ at'a maximum. Major intersections of youthful faults with sites of Holocene
- volcanism or with other faults are the best exp]orat1on sites. North-south
trend1ng fau]ts may have more open fractures, since they are parallel’ to the
major compressive stress axis discussed previously. Silicic volcanic centers
zgg most favorab]e because they are frequent]y under1a1n by shal]ow pluton1c
ies. ; o

The Three S1sters-Newberry vo]cano area is the: best explorat1on site in the
Cascades, because it meets all of the above criteria. Pliocene to Quaternary
faults with northeast, northwest, and north-south strikes converge in this
area (e.g. Wells and Peck, 1961; Peterson and others, 1961), and silicic -

~ volcanic centers occur both at the South Sister, where a broad silicic high-
land 24 km in diameter occurs (Taylor, 1981), and at Newberry volcano (MclLeod
and others, 1981). A gravity anomaly, possibly associated with a silicic
p]uton1c complex, covers an area of 275 kmZ at Newberry voicano (Black,

1982). The potential at Newberry is underscored by recent discovery of
hydrotherma] fluids with temperatures of 265° C at a depth of 932 m (3 057 ft)
in the ca]dera (Samme] 1981). ,

Other secondary targets include the following areas where fracture permeability
is combined with heat flow high enough for temperatures greater than 175° C

. within 3 km (9,843 ft) of the surface (i.e. within the highest heat flow area
of Figure 3):

1. A1l north-south trending fau]ts in the High Cascades and areas

immediately adjacent to the High Cascades. Mapped faults of
this type include margins of High Cascade axial grabens at the
‘upper McKenzie River (Avramenko, 1981), Belknap hot springs

~ (Brown and others, 1980a; Flaherty, ]981) the Green R1dge-Tumalo
‘Fault Zone (Hales, 1975; Peterson and others, 1976), Diamond Lake
(Barnes, 1978), Walker Rim (Wells and Peck, 1961), and Lake of the

" Woods (Maynard, 1974). Other areas with Tineations on strike '
with these mapped faults are also good targets (see Allen, 1965;
VenkatakrIshnan and others, 1980 Kienle and others, 1981).

2. Northwest- trend1ng faults parallel to Basin and Range trends in
the southern Cascades may also be good targets (e.g. see Nas]und
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1977; Kiernle and others, 1981). The K]amath Graben area is
probably one’ of ‘the best prospects: Even though it is part of
" the Basin -and Range physiographic province, it is so closely
) adJacent to the High Cascades ‘that ‘it probably shares many
. geological and heat flow characteristics with the High Cascades.
.- 1 This is supported by recent Curie-Point isotherm studies which show
.. that temperatures of 580° C may be encountered as shallow as 4 km
" under the Mt. McLoughlin-Klamath Lake area (McLain, 1981).

3. " The intersection zone of northwest-trending faults of the Eugene-
. Denio lineament with north-south and northeast striking faults
of the Walker Rim may.bean area of unusually high fracture per-
meability (e.g. see Wells and Peck, 1961; Kienle and others, 1981).
- _Similar intersection zones may occur where the Eugene-Den1o zone
- meets the Cascade axis in the Western Cascades, and at the inter-
section of the Clackamas River and Mt, McLough11n zones with the
: ngh Cascade axis.

CONCLUSIONS

Extens1onal deformat1on, probably related to Basin and Range spread1ng, has
been localized in thermally weakened crust of the High Cascade volcanic arc.
Northwest trending Basin and Range.structures swing into a north-south
orientation within the arc forming a general zone of subsidence. Extensional-
deformation, mafic volcanism less than 9.0 m.y. old, and heat flow all increase
. abruptly. south of the Clackamas River :right lateral wrench fault. Similar,
but more pronounced changes occur across the Brothers wrench fault zone.
Composit1ona1 and textural similarity of some basalts in both the central
Cascades and the Basin and Range Province suggests a similar petrogenesis.
The Brothers-Clackamas fault zone may thus have been-a fundamental plate .
boundary limiting northward spread of Basin .and Range-style deformation and
associated mafic volcanism since about 9 m.y. ago. The High Cascades have.
acted as a similar boundary zone 11m1t1ng westward 1nfluence of Basin and-
Range deformatlon., : - L ,

Basa1t1c andes1te to dac1te compos1te vo]canoes form a north-south ‘trending
chain which crosses the Clackamas boundary into Washington and continues
south into California. .This unique chain of composite cones is missing from
" the Basin .and Range province but is common in other circum-Pacific volcanic
arcs over subduction zones. Coexistence of this subduction-related feature
with basalts similar to basalts of the Basin and Range indicate that both
~ subduction and processes related to Basin and Range spreading probably cause
partial melting beneath. the central Cascades. The resulting high rate of '
magmatism has produced very, high heat flow in the central High Cascades. and,
where permeable rocks are present, this may result in numerous high- temperature
geothermal systems. Youthful fault systems and Holocene volcanic centers,
partlcularly sil1c1c centers are.. the best geotherma] targets

ACkNowLEDGEuENTs":"T o TR
This study was primarily supported by the United States Department of Energy,

222




SELECTED REFERENCES

Allen, J.E., 1965, The Cascade Range volcand-tectonic.depressfbn of Oregon:
Oregon Department of Geology and Mineral Industries, Lunar Geological e
Field Conference Transactions, p. 21-23. o : - B i_ik-

_Anderson, J.L., 1978, The stratigraphy and structure of theVColﬁmbia River
Basalt in the Clackamas River drainage: Portland, Oreg., Portland -
State University master's thesis, 136 p. ~ e

Atwater, T., 1970, Implications of plate tectonics for the Cenozoit;‘
‘tectonic evolution of western North America: Geological Society
of America Bulletin, v. 91, p. 3515-3536.

Avramenko, W., 1981, Volcanism and structure in the vicinity of Echo Mountain,
central Oregon Cascade Range: Eugene, Oreg., University of Oregon
master's thesis, 156 p. ‘

Barnes, C.G., 1978, The geology of the Mount Bailey area, Oregon: Eugene
Oreg., University of Oregon master's thesis, 123 p. o

Beeson, M.H., and Moran, M.R., 1979, Stratigraphy and structure of the
Columbia River Basalt Group in the Cascade Range, Oregon, in Hull,
D.A., and Riccio, J.F., 1979, Geothermal resource assessment of
Mount Hood: Oregon Department of Geology and Mireral Industries
Open-File Report 0-79-8, p. 5-73.

Beeson, M.H., Moran, M.R., Anderson, J.L., and Vogt, B.F., 1932, Stratigraphy
‘and structure of the Columbia River Basalt Group in the Cascade Range,
Cregon: in preparation, |

Black, G.L., 1982, An estimate of the geothermal potential of Newberry
volcano, Oregon: Oregon Geology, v. 44, no. 4, p. 44-46.

Black, G.L., Blackwell, D.D., and Steele, J.L., 1982, Heat flow of the
Oregon Cascades, in Priest, G.R., and Vogt, B.F., eds., Geology and
geothermal resources of the Cascades of Oregon: Oregon Department of
Geology and Mineral Industries Special Paper 15, in preparation.

Blackwell, D.D., Hull, D.A., Bowen, R.G., and Steele, J.L., 1978, Heat
flow of Oregon: Oregon Department of Geology and Mineral Industries
Special Paper 4, 42 p. :

Brown, D.E., McLean, G.D., Priest, G.R., Woller, N.M., and Black, G.L.,
1980a, Preliminary geology and geothermal resource potential of the
Belknap-Foley area, Oregon: Oregon Department of Geology and Mineral
" Industries Open-File Report 0-80-2, 58 p. : : o

Brown, D.E., MclLean, G.D., Woller, N.M., and Black, G.L., 1980b, Preliminary
geology and geothermal resource potential of the Willamette Pass area,
Oregon: Oregon Department of Geology and Mineral Industries Open-File
Report 0-80-3, 65 p. : L

4
(\}
LY}

223




' Jan, M Q,, 1967 Geology of the McKenzie River Va]]ey between the South

Clayton, C M., 1975 Geology of the Breitenbush Hot Springs area, Cascade
R;nge, Ogggon. Portiand Oreg., Portland State University master S
thesis P.

Couch, R. W., 1971, Earthquakes and seismic energy re]ease in Oregon~'
Ore B1n, V. 33 no. 4, p. 67.

Crandell, D.R., 1980, Recent eruptive history of Mount Hood Oregon, and
: potent1a1 hazards from future eruptions u.s. Geological Survey
Bui]etin 1492, 81 p.

Fiaherty, G.M., 1981, The Western Cascade-High Cascade transition in the
McKenzie Bridge area, central Oregon: Eugene, Oreg., Univer51ty of
Oregon master's thesis, 178 p. ,

Hales, P.0., 1975, Geology of the Green. Ridge area, Whitewater River

. ‘Quadrangle: Corvaliis, Oreg., Oregon State University master's
thesis, 90 P ,

Hammond, P.E., 1979, ‘A tectonic model for evolution of the Cascade Range,
* -in-Armentrout, J.M., Cole, M.R., and Terbest, H., Jr., eds., Cenozoic
‘paleogeography of the western United States: Pacific Section, Society
‘of gggnog;c Paieontoiowgists and Mineralogists, Conference Proceed1ngs,
p. -2 £ v .

Hammond P E .s Anderson, J L., and Manning K. J., 1980, Guide to the geo]ogy

of the upper Clackamas and North Santiam rivers area, northern Oregon
Lascade Range, in Oles, K.F., Johnson, J.G., Niem, A.R., and Niem, :
_W.A., eds., GeoTogic field trips-in western Oregon and southwestern
washington Oregon Department of Geology and Mineral Industries
Bulletin 101, p. 133-167. : : :

‘Hart, W. K., 1981 Chem1ca1 geochronoiogic and 1sotop1c 51gn1f1cance of

low K, h19h-a1um1na olivine tholeiite in the northwestern Great :Basin,
- U.S.A.: Cleveland, Ohio, Case Western Reserve Un1ver51ty doctoral
dissertation, 410 P

Hart, W.K., and Mertzman, S. A., 1980, Late Cenozoic vo]canic geo1ogy of
the Jordan Valley area, southeast Oregon Geo1ogica1 Soc1ety of America
Abstracts wath Programs, P. 443 : :

Santiam. Highway and the McKenzze Pass Highway, Oregon:. Eugene, Oreg..
~University of Oregon master s thesis, 70 p.

Kienle, ‘C.F., Nelson, C:A., and Lawrence, R.D., 1981, Faults and lineaments
- of the southern Cascades, Oregon: Oregon Department of Geology and
Mineral Industries Spec1a1 Paper 13 23 p.f T

aKuno, H .y 1966 Laterai variation of basalt magma type across continentai

margins and 1s]and arcs: Bulletin Vo]canoiogique, ve 29, p.,195-222.

Lawrence, R D., 1976 Strlke—slip fau]ting terminates the Basin and Range .
province in- Oregon Geological Society of America Bulietin, v. 87,
p. 846-850. Co

Macdonald, G.A., and Katsura, T., 1964, Chemical composition of Hawaiian
lavas: Journal of Petrology, v. 5, p. 82-133.

| 228




Macleod, N.S., Sherrod, D. R., Chitwood, L.A., and McKee, E.H., 1981, New-
berry volcano, Oregon, in Johnston, D.A., and Donnelly-Nolan, J.,
-eds,, Guides to some volcanic terranes in Washington, Idaho, Oregon
and northern California: U.S. Geological Survey Circular 838, p.:.85-91. ksJ

Maynard, L.C., 1974, Geo]ogy of Mount McLough]in' Eugene, Oreg., Un1vers1ty
of Oregon master s thesis, 139 pP.

McB1rney, A.R., Sutter, J.F., Naslund, H. R., Sutton, K.G., and White, C. M.,
1974 Episodic volcanism in the central Oregon Cascade Range Geology,
V. 2, p. 585 589,

McLain, W. H., 1981 Geothermal and structural 1mp11cat1ons of magnet1c
' anoma11es observed over the southern Oregon Cascade Mountains and
adjoining Basin and Range Province: Corvallis, Oreg., Oregon State

University master's thesis, 151 p.

Miyashiro, A., 1974, Volcanic rock series in 1s1and arcs and active cont1nenta1
margins: Amer1can Journal of Science, v. 274, p. 321-355.

Naslund, H.R., 1977, The geology of the Hyatt Reservoir and Surveyor
Mounta1n quadrang]es Oregon: Eugene, Oreg., University of Oregon
| master's thesis, 127 p.

Parker, D.J., 1974, Petrology of selected volcanic rocks of the Harney
Bas1n Oregon: Corvallis, Oreqg., Oregon State Un1vers1ty doctoral
dlssertat1on, 119 p.

Patterson, P.V., Geology of the northern third of the Glide Quadrangle,
" Oregon: Eugene, Oreg., University of Oregon master's thesis, &3 p.

Peck, D.L., Griggs, A.B., Schlicker, H.G., Wells, F.G., and Dole, H.M., -
1964, Geciogy of the central and northern parts of the Western Cascade
Range in Oregon: U.S. Geological Survey Professional Paper 449, 56 p.

Peterson, N.V., Groh, E.A., and Taylor, E.M., 1976, Geology and mineral
resources of Deschutes County, Oregon: Oregon Department of Geology
and Mineral Industries Bulletin, no. 89, 66 p.

Priest, G.R., 1982, Overview of the geology and geothermal resources of
the Mt. Hood area, in Priest, G.R., and Vogt, B.F., eds., Geology
and geothermal resources of the Mt. Hood area, Oregon: Oregon
erartment of Geology and Mineral Industries Spec1a1 Paper 14,
in press.

Priest, G.R., Beeson, M.H., Gannett, M.W., and Berri, D., 1982, Geology,
geochemlstry and geothermal resources of the 01d Maid Flat area,
Oregon, in Priest, G.R., and Vogt, B.F., eds., Geology and geothermal
resources of the Mt Hood area, Oregon: Oregon Department of Geology
and M1neral Industries Special Paper 14, in press. _

Priest G.R., and wol1er, N.M., 1982, Geology of the Cougar Reservoir
. ‘area, Lane County, Oregon, in Pr1est G.R., and Vogt, B.F., eds,
Geo]ogy and geothermal resources of the Cascades of Oregon: Oregon
Department of Geology and Mineral Industries Special Paper 15, in o
preparation. o \

225




Priest, G.R., Woller, N.M., and Evans, S.H., Jr., 1981, Late Cenozoic
- modification of calc-alkalic volcanism, central Oregon Cascades: American
- Academy for the Advancement ef Science, 1981 Pacific Division meeting, :
Abstracts, p. 32.

: Priest -G.R., Woller, N.M, and Evans, S.H., Jr., 1982, Overview of the :

geology and geothermal resources of the Central. Cascades. Oregon, in
Priest, G.R., and Vogt, B.F., eds., Geology and geothermal resources
of the Cascades of Oregon: Oregon.Department of Geology and Mineral
Industries Special Paper 15, in preparation. ‘ , :

Sammel E.A., 1981, Results of test drilling at Newberry volcano, Oregon"
Geothermal Resources Council Bulletin, v. 10, no. 11. p. ‘3-8. - :

Smith J.6., 1979, Cenozoic volcanism in the Cascade Range. Medford 2%
. Sheet, southern Oregon: -Geological Soc1ety of Amerlca Abstracts with
Programs, v. 11, no. 3, p. 128. e :

- Smith J.6., Saw1an, M.S., and Katcher, A. C., 1980, An important 1ower

Oitgocene welded-tuff marker bed in the Western Cascade Range of
southern Oregon: Geological Society of America Abstracts with Programs,
v. 12, no. 3, p.. 153

SteeTe, J. L., B]ackweIT D. D., and RobIson, J , 1982, Heat flow in the

' “vicinity of the Mount Hood Volcano, Oregon, in Prvest. G.R., and
Vogt, B.F., eds., Geology and geothermal resources of the Mount Hood
area: Oregon Department of Geology and Mineral Industrtes Spec1al

~ Paper 14, in press..

'Stewart, J.aH.,,]978, Bas1n-range structure in western North America:

A review, in Smith, R. B., and Eaton, G. P., eds., Cenozoic tectonics
~and’ reg1onET'geophyswcs of the western Cord111era Geological Society
" of America Memoirs 152, p. 1-31. ,

. Sutter, J.F., 1978, K/Ar gaes of .Cenozoic volcanwc rocks. from the Oregon

Cascades west’ of 121 30" Isochron/West no. 21, p. 15-21

;vTaonr, E M .s 1968. Roadside geology' Santiam and McKenz1e Pass h1ghways.

_Oregon, in Dole, H.M; ed., Andesite Conference guidebook: Oregon :
 Department of Geology and Mineral Industrles Bulletin 62. p. 3- 33

Taylor, E M., 1973, Geochronology and structure of the central part of the
Cascade Range, Oregon. Oregon Academy of Scwence, 315t Annual Meet1ng.

Taylor, E M., 1978 Field geology of S.H. Broken Top Quadrang!e, Oregon. :
' Ogegon Department,of‘GeoTogy and Minera! IndustrIes Spec1al Paper 2,
5 p,; Lo 7

TayTer E. M, 1981 Central H1gh Cascade road51de geo]ogy;Bend Sisters.

McKenzte Pass, and Santiam Pass, Oregon, in Johnston, D.A., and °
Donnelly-Nolan, J., eds., Guides to some volcanic terranes in Washington,
Idaho, Oregon, and northern California: U.S.. Geoiogical Survey

Circular 838, p. 55-58.

Thayer, T.P., 1936, Structure of the North Santiam R1ver‘section of the
Cascade Mountains in Oregon: Jounral of Geology, v. 44, p. 701-716.

Thayer, T.P., 1939, Geology of the Salem Hills and North Santiam River basin.
gregon' Oregon Department of Geology and Mineral Industries Bulletin
5, 40 p. . .
226




Venkatakrishnan, R., Bond, J.6., and Kauffman, J.D., 1980, Geological
1inears of the northern part of the Cascade Range, Oregon: Oregon
Department of Geology and Mineral Industries Special Paper 112, 25 p.

Walker, G.W., 1970, Some comparisons of basalts of southeast Oregon w1th
.those of the Co1umb1a River Basalt Group, in Gilmour, E.H., and
Stradling, D., eds., Proceedings of the 2nd Cclumbia River Basalt
- 'Symposium, Cheney;, Nash1ngton, Eastern Wash1ngton State College
Press, p. 223-237.

Walker, G.W., 1977, Geologic map of Oregon east of the 121st meridian: U.S.
Geological Survey Miscellaneous Investigations Map 1-902, 1:500,000.

Hel]S, F.G., and Peck, D.L., 1961, Geologic map of Oregon west of the‘-'f
121st meridian: U S. Geological Survey Misce]]aneous Investigat1ons
Map I-325, 1:500,000. ,

Nhite, C.M., 1980a ‘Geglogy of the Breitenbush Hot Springs Quadrangle, Oregon:
Oregon Department of Geology and Mineral Industries Special Paper
© .9, 26 p.

white, C.M., 1980b, Geology and geochemistry of volcanic rocks in the -
Detroit area, Western Cascade range, Oregon Eugene,;Oreg.; University
of Oregon doctoral dissertation, 178 p. ‘ '

Whlte, C M., and McB1rney, A.R., 1978, Some quantitatIve aspects of
orogenic volcanism in the Oregon Cascades, in Smith, R.B., and Eaton,
G.P., eds., Cenozoic tectonics and regional geophys1cs of the
western Cordillera: Geological Society of America Memoir 152, p. 51-92.

g Williams, D.L., Hull, D.A., Ackermann, H.D., and Beeson, M. H » 1982, The
i Mt. Hood region: Volcan]c history. structure, and geothermal energy

- potential: Journal of Geophysical Research, v. ‘87, no. B4, p. 2767 2781,

Woller, N.M., 1982, .Geology of the Swift Creek area, Lane County, Oregon,
in Priest G. R » and Vogt, B.F., eds., Geology and geothermal resources
of the Cascades of Oregon: Oregon Department of Geology and Mineral
Industries Special Paper 15, in preparation.

Woller, N.M., and Priest, G.R., 1982, Geology of the Lookout Point area,

: Lane County, Oregon, in Priest, G.R., and Yogt, B.F., eds., Geology
and geothermal resources of the Cascades of Oregon: Dregon Department
of Geology and Mineral Industries Special Paper 15, in preparat1on

Zoback, M. L., and Thompson, G. A., 1978, Basin and Range rifting in northern

Nevada Clues from a m1d-M1ocene rlft and its subsequent offsets
Geology, v. 6, p. 111-116.

227






