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PURPOSE AND SCOPE OF REPORT

'.Thissreport has .been préparedtto“prouide, in part,
'thehbasis for decisions as to where a Western Cascades~-
High Cascades-heat‘flouldrill hole program might be con=-
'ducted uhioh would produce the largest amount'of good
‘quallty 1nFormat10n for the resources available for this .
prOJect As presently env151oned a heat Flou drill hole
program will be conducted in this area in 1976 and it has
"been assumed for the purposes of this. study that approxlmately
eight holes, each taken to a depth of about 500 feet, will

be drilled., All these figures, however, are to be conSLdered
tentative, and subject to adjustment,

The area to be examined by means of this heat flou study,
and the area which is the topic of this report is shoun outlined
on Figure 1 (next page). | )

_ The area embraces the regioh.From"aho including Breitenbush
Springs'ahd'southuard along the'uesterh-side of the Cascades
zfrom near thelr crest to a distance uestuard of about three
'tounshlps. The north south extent oF thls reglon is about 14
townships, and terminates a feuw mlles south of the Kitson Hot
Spring-McCredie Hot Spring srea.nearIOakridge. The total area

involved is somewhat in excess of 1500 square miles.

It is the‘purpose'of this report to briefly consider the

geology of this area, uith special reference és'to thezouality

of information which might be expected from heat flow ‘holes
,hore.. Particular attentioh is paid to-thé métter.of_the possible
| effect oflsubsurFace shallou water circulation,on'the4data
tobtained; The report also proposes to reduoe this‘larger area
to several géological and geographicsl subdiuisionS'for purposés
.of 1nsur1ng that a. reasonable geographlc spread is obtained by

the- drllllng program, and that ultimately a map_u1th sufFLCLEntly'

well distributed points can be prepared which will giue a s;gn;ficant

picture of the heat flouw variations and trends in this region,
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 GEOLOGICAL RECONNAISSANCE OF THE REGION.

Previous studies and present work. The Uestern“Cascades

~ have not been studled in any great detail except. for a few

local areas. The terraln is rugged, with local rellef to

several thousand feet. ' Rack exposures are ‘poor, the vegf
atative cover is ‘heavy, and the reglon exhibits a great
.varlety and complex1ty of rock units-even in a short dlstance.

.It can be conservatlvely stated that in many areas if there is a

continuous. exposure for a dlstance of 100 yards horlzontally,

it is rare that only one rock type is exposed. Commonly,

- several quite different rocks are present in this distance.

Lacking any substantial economicvreason to spend exploration

money in this region to date, it has been studied.only in a

~general wvay for the most part. The work of Peck)dgt al,, 1964,

remains the only large study. However, more recently Dr. Paul

Hammondof Portland State UniderSity, and his students, have been

dorng detailed stratlgraphlc work in selected areas, notably in

- the Breltenbush Ualley and adjacent terralns. In view of the

deslgnatlon of Breltenbush as a KGRA, and the leasrng lnterest

in this area, this is a Fortunate c1rcumstance.

: During this present study,‘uhlch was conducted'chiefly

in the month of August, 1975,:all ma jor drainages_uere studied, -
and many minor drainages were also examined,  Extensive rock

sampling was done, and comparisons of rock types were made.

- directly in the field.

: Peck,et’al., 1964, note that natural-rotk outcrops in ‘the

Western Cascades make up less than 1 percent of the total area,

~and these exposures are conflned chiefly to rldgetops and stream

».bottomo.‘ More recently, an extensive series of logglng_roads

has provided the bsest outcrops, and‘afford a relatively rapid

method of geological reconnaissance'ahdta view of most of what

'good fock ‘exposures as do exist. Again;“houever, the total -

area of exposed rock relatlve to the total area involved is
very small, When this fact is comblned with the great complexity

of the geology, the dlfFlcultles of preparlng accurate maps 1n

any- detail qurckly become apparent,



Peck, et al.,(1964 p. 1) have noted that

"The calc-alkalic volcanic rocks of the.

' Uestern Cascade Range in Oregon have a total

volume'of about ZS,DUQ cubic miles, and an
'_<averageicomposition'of silicic andesite or
dacite. Andesite that has a silica content'.

_of about 56 percent is the:most-abundant'rock'”

" type; rocks containing 63 to 68"percent silicap:'
arersparse,;and rdes‘containing-7U percent silica
arevmoderately abundant. Nost of the volcanic
4activ1ty in the Cascade Range was apparently
concentrated in northuard trending belts, which

in general have’ shiFted progr9551vely eastward
during the Cenozoic. ‘

During Eocene time, volcanism took place along the
Dregon coastline which at that time lay someuwhat eastuard
of Eugene. As volcanism became more intense, the land’
rose,. the sea retreated westward, and the volcanic activity,

as noted by Peck et al., appears to have shifted gradually
eastward.

More than half the Western Easbadervolcanic'rocks are
pyroclastics,iand, as has been noted, basaltic andesite,
andesite, and dacite are the most common rockthpes. In
‘detail the sections consist of numerous ash Flou tuffs,
-ash falls, interbedded lava flous, volcanic brec01as and
agglomerates in a very large range of Fragment 81zes,
dikes and dike swarms, small intrusives other_than dikes
of various. shapes and sizes, and minor pond and lake
dep031ts Formed in drainages which were interrupted by
, landslides, mudFlous, and/or lava flows (as is the case
of Clear Lake at preeent Formed by'lava flous about .

3, 000 years ago uhich came across the upper portion of

the North Fork of the McKenzie River) Tuff brec01as,_
».Vltrlc tuffs, and related rock types,in an almost 1nFinite
variety, are abundant 0f all the various lithologic UﬂltS, huge
mudflous ‘consisting of weathered ash with very poorly sorted
angular to well rounded pebbles, cobbles, and boulders are.

one of,thelmost common. Some typical outcrops of these



_ FIGURE 2. Mudflow complex exposed ih louer}portioh of Deer
Lreek Canyqn, tributary ‘to North Fork of the McKenzie River.

FIGURE 3. Mudflou exposed on west side of Cougar Reservoir;
a dammed portion of South Fork of the McKenzie River. '
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FIGURE 4, Lithified mudflow exposed in east abutment of
Hills Creek dam, southeast of Oakridge, on Middle Fork’
Willamette River. Some rock debris in this section are
10 feet or more in long dimension, A granitic fragment
was obtained from this exposure,

CFIGURE 5. Lava flow which filled small gully, exposed on

Lookout Ridge, which is the north valley wal) of the McKenzie

.River, on Mill Creek road, north of the small community of
- Rainbow. - ‘ ‘ o



Some of the lava flous are thin, in places only a foot
or two thick, and hay‘dccur.in aweries of half dozen or moré‘
Flpu units in a short vertical intenvél, as well sHan by the
section exposed iﬁ the spiliuay at the Smihh-River Resefvoir;
seen here in Figure 6. '

FIGURE 6. Spillway at Smith River Reservoif, showing
numercus thin lava flows interbedded with volcanic

~tuffs and breccias. - g

j.Some‘of the lava flouws, however, are quite thick'(to

100 feet or more), and many appear to have flowed doun
steepfualled narrow canyons, in some;instances For'distances
of several miles. These massive flows now tend to stand ouf
as steep ridges (Fiqure 7), as they are much more resistant

to eroéion than are the valcanoclastics uwhich make up the bulk,
of the UWestern Caécades. In some inétances, High Cascade lavas
“have flowed douwn valleys into the Western Cascades région'qu

. distances of a feu to up to more than 10 miles and now stand -
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out as prominent landForms. foley Rldge, a uell knoun
physxographlc Feature northeast of NcKen21e

Brldge,appeaf#
to gs‘to_have hadAth1s origin.. . '

FIGURE 7. Massive lava flow, forming promlnent rldge along
mid=-portion of west side of Cougar Reseruolr, South Fork of

the McKen21e Rlver.

‘Peck g& al., 1964, indicate that_the>vol¢anistequéncé in

the Western Cascades in the vicinity of Glide; and Illahee

Roék; Dregbn, totals some 6,000 to 15,000 feet in thickness.

Their stratigraphic section for this area is shoun on Figure

8. One can only conjectureas to the thickness of the Tertiary

volcanic section in the central Cascades~-the area under consider-

ation in this report, but thicknesses of 20,000 te 30,000 feet

do not seem impossible.

It is noteworthy that Peck et al. were able to recoghize



STRATIGRAPHY
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. FORMATION LITHOLOGY. IN ~ DESCRIPTION
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R i S ] . Andesite flows: medium- and dark-gray platy flows ol pyroxene
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’<__1 7/5 < . -Andesitic and dacitic lapitli tutf; includes tine tult and a tew
E’ / 4 flows: mostly massive light-gray and greenish- or brownish-
e =~ z 1 1000- gray vitric lapilli tutf containing pamice lapilly, felsite (rag-
TR e 6000 - ments, and crystals of sodic plagioclase.in a matrix of al-,
> - /( z - tered vitric ash; a few layers are thin- to medium-bedded
——— :‘ —— fluviatile carbonaceous tuff, upper part of unit poorly
e - exposed '
Z e R e
P— /_ 7
RS Z,\
e G2 T N ‘ o o
iy A i Flows of olivine basalt and basaltic andesite: include less
R —5}‘7;': ) o abundant flow breccia and tuff breccra; chielly dark-gray
- ~ columnar-jointed flows that have vesicutar and amypdoloi-
J]}L’ } 500- dal flow tops, and contain 10 1o 20 percent phenocrysts of
: . _f, ",. - 1500 bytownite-labradorite as much as 5 percent olivine, and 5
Little' Butte Volcanic |l AT, . percent augite in an intergranutar or {luidal groundmass’
" Series ST AT
. [ 77 = - Dacitic and rhyodacitic tulf: includes welded tutf, tapidly tutt,
r‘%\—e‘z“/:s-;/ 1000 and fine tutf: chiefly massive very hght gray and greemsh-
; 4 - . gray vitric tuff containing flattened pumice lapitli. crystals
= 5000 f _ali i :
| 7 - e . ~ of andesine-oligoclase, and, in part, quartz in a matrix ot
AT == altered vitric ash
1’ - R
Andesite flows: include less abundant flow breccia and tulf;
medium- to dark-gray blocky and platy fiows contanmg as
500- much as 25 percent phenocrysts of sodic labradorite and
3000 as much as 10 percent phenocrysts of hypersthene and
. augite in a hyalopititic or pilotaxitic proundmass; a few
tlows contain green biotite and xenocrysts of quartz
Andesite tufl; includes a few andesite flows and beds of vol-
1000~ canic conglomerate; chielly grenmsh-gray and ohve-gray
3000 massive vitric fapilhi tuff but includes thin- to medvum.-
bedded tine tutf :
0 "Rhyodacitic welded tutl: very hght pray vitiic crystatl tutf con-
1000 taining crystals of oligoclase. quartz. sanidine. magnetlite.
and biotite in a devitrified matrix of shards and ash
- - UNCONEORMITY . ‘
\.5/“\1 AN
(IR TANR ATt )
. B .;)FW. b wt . .
Colestin For‘ma\ion m“h \.lhu.: Andesitic tuff, tuff breccia. conglomerate, sandstone, and
o - flows of olivine andesite and pyroxene andesite
o . L ’ ‘

Total 6000~
15.000

Generalized columnar mectlon of the Little Itutte Voleante Serfen along the Little River and the Narth (

lmpaua ver betacen
Gllde and Hinhee Rack, Greg. : : :

FIGURE 8. A stratigraphic column of a portion of the Western
Cascades, taken from Peck, et al., 1964, ‘
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only.verv broad»subdivisions'in'this thick volecanic sequence.
We have.made consistent efFort‘to recogniie_distinctive'rpck
types and to try to carry these rock‘types beyond local areas
ln»oer,studies; but results have_been almost uniformly neéative.
The persistence of a given rock unit - as suchiovar.any great
distance'(more than a few tens of miles)»seems to us unlikely.
On the other hand, there may have been'certain'episodic volsanic
events during the Tertlary which for a given time mlght produce
a characterlstlc rock type from numerous vents over a wide area.
As pur studies have been relatlvely local rather than regional, we
are not in a position to comment on this matter with any authority.,.

It does seem clear to us that there were numerous volcanic centers.

"Some were well defined, typical cones, others were fracture zones.

'They;differed'greatly in'size.‘NumerQus parasitic vqlcanic

centers developed around larger centers. The general nature of
these centers was that the more solid, 'large,'and denser rocks

and Flous tended to . form and remaln near these centers,. and the

’perlpheral areas recelved the Flner pyroclastlcs, ‘which, upon

ueatherlng,-are less durable than the coarser pyroclastics and
thick flows which tended to occur and remain nearer the vents, As
a result, in the erosional processes which formed the present

topography of the Western Cascades, the old volcanic centers even

now tend to be the higher,'prominent mountain ridges and peaks,

‘and the present valleys follow around the marglns of these volcanic

centers and coincide therefore to some extent with the p051t10n5

of the valleys in the Tertiary. That is,- the present day’ topography~
reflects to a consxderable degree the topographlc_hlghs and lous

puhich developed during Tertiary volcaniSh'(See,'For example, -

Figure 19, page27 shoulng Crescent Nountaln volcanic center in

waell’ deFlned present day relleF)

Further ev1dence of this comes From the fact that logglng
roads around these centers expose what we believe to be, for the

most part, 1n1t1al dlpS, and a plot of these dlps indicates the

locatlons of the various centers from which these materials: have come.

These centers in many cases are now topographic highs. One example
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of tHis,is the very distinctive rock tybe-described by‘Taylor

(in Dole, 1968, p. 12) which is exposed along U. S. Highuay 126

at Trail Brldge Reserv01r, and which is exposed also on the,

rldge to the west. The rock -on the rldge has a 28 degree dip-

to the east (Figqure 9) uhlch.can be progected doun to the outcrop
'on the valley floor along the hlghuay, and thlS 28 degree dip Séams
clearly to’ be‘an lnltlal dip.

FIGURE 9. Flou or welded tuff nowconsisting of devitrified glass,

with rock fragments, dipping 28 degrees off volcanic center to

the west of Trail Bridge Reservoir, North Fork of McKenzie River,
Thus, in brief, the Western Cascades consist of numerous

(hundreds) of volcanic centers, some cones,‘soﬁe fissures, which,

eruptlng ‘at various times, maodified the topography and drainage

lines. Une side of a volcanic center will commonly show’ qu1te a

'dlfferent stratlgraphlc section in detail than another side. Dlrectlon

and intensity of the prevalllng ulnq'durlng-an eruption, rainfall, the

locétion'of.dfainage'lines, varying intehsities of. the'eruption;

the breaklng out oF lava on one side of a cone versus ‘another, and

dlfFerlng v1sc051tles of flous, all contributed to an exceedlngly

complex picture. It is difficult to v1suallze how any 1nd1v1dual rock

unit ﬁould persist very far over this rough and varled‘topography,

except possibly an ash fall or ash flow tuff, Even'an,ésh.Fall uouid:'
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.uhlch are still preserved,

by ‘Peck, et al., 1964,

12

‘almost'immediately be dissected by streams, washed down the

numerous steep slopes of the régioh, and otherwise be modified

'so that its recognltlon and ‘use as an horizon marker would be

difficult at best,

Each volcanic center appears to have ltS ouwn . stratlgraphlc

column, mingled at its periphery with sections from other adjacent

. volcanic centers, and with each of these centers, as just noted

‘exhibiting somewhat to tonsiderably different stratigraphicisections

from one side af the center to apother. Cause ofhﬁany of these
differences undoubtedly was the rugged topography of the region
in the Tertlary, as ev1denced not only by the high 1n1tlal dips

‘but also by the. tremendous mudflous and R

the size and angularly of the debris 'which are incorporated into
them; '

Notable also in the Uestern Cascades section is the presence

of a number of SlllClC plutons which have been mlnerallzed in

minor amounts.. These include the so-called Nimrod Granite (called'

a quartz monzonite) of the McKenzie dralnage;
a granodlorlte stock west of Detr01t, and the plutons of the Quartz~

‘ville Creek area and ad jacent dralnagas, and other mineralized .

areas such as on Crhisty Creek,

on the North Fork of the Middle
Fork of the Willamette

drainage, presumably ralatEditola‘shallou
pluton., A map of these-intruéives,rtakenafrOm Peck, et al., 1964,

is shaoun by Figure 10,

'quh Cascades and Western Cascades. A distinction'is commonly

made betueen the High or Young Cascadés,

and'thé Western Cascades.
Peck et al., 1964, p. 1, state:

"The Cascade Range in Oregan comprise'tuo'physiOQraphic.
divisions: The Western Cascade Range, which includes aluida,'
deeply dissected belt of volcanic Formationa making up the A

-vestern slope of the range, and the.High'Cascaqg Range}‘uhich.
~ includes chiefly younger cones and laya-Flous’Fbrming the

nearly undissected crest of the range. The vbicanic rocks
of the Western Cascade Range are deFormed -and partially

altered flows and pyroclastlc rocks that range in age from



1

11

1) 1 1 1 11 1 11 IR R b N B B B

"1

- 13
46° S
|EXPLANATION
e
. Intrusives ) :
T s WASHINGTON:
. B .
Altered rocks
Cx
. Mine or
" p——prospect Portlando
45°
Salem o
OREGON
Q
U 1
)
8
Sw.
]
U .
Eugene o N
44°
Fed
-1/
I
of map area
AN h
oy
\\ ! A
H .
| ofi | |
43 L

. 122°
10 20 MILES
)

FIGURE 10. Location of diorite, quartz diorite, granodiorite, -and
quartz menzonite intrusives, areas of propylitically altered rocks,
and mines and prospects in the Wgstern Cascade Range in Oreqon
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- late’ Eocene to late Mlocene, as determlned chlefly

from fossil plants from more than 50 localities.”

The_dlUlSlODS.Df High Cascades and Uestern Cascades, are, as
Peck, et al., pointed out, physiographic lelSlonS, and there ‘is
a questlon as to hou sharp a geologlcal distinction can be made

between these tuo prov1nces, and hou 1t should be done.

The ngh Cascade lavas lap over on to the Uestern Cascade

complex, and in some cases tongues of High Cascade lavas run

down for several miles into valleys of the Western Cascades.
What are termed Uestern Cascade volcanics are buried beneath
these younger volcanics to the east so that the eastern margin

of the so-called Western Cascade volcanics is unknown. The Young

or High Cascade volcanics tend to form a relatively'undissectéd

plateau surmounted by the several Plelstocene and/or Holocene

,volcanoes such as the Three Sisters,: Mount Uashlngton, Mount

Jefferson, etc. Flgure 11 is a v1eu.look1ng south from - ‘Sand
Mountain, a series of Holocene cinder cones, on the High Cascade
volcanic'plateau. The slight prominence on the east (left)
horizon is Scott Mountain, a shield volcano on the plateau.

The dissected ridges to-tne west (right) in the phatograph are
part of the Western Cascades, and the intervening valley marked
by a haze line is that of the McKenzie River, |

Various lines have been drawn between High Cascade and

:Uestern'Cascade rocks., Peck gt al., as noted, date the Uestern

Cascade rocks as those which are Miocene or older. Another'

deflnltlon, and one which can be utlllzed 1n the fField Ulth proper

small geophy31cal equipment, is s;mply to drau the llne between

High Cascade rocks and Western Cascade rocks (or Uestern Cascade

time) at the most recent magnetlc raversal (some 690,000 years'

ago).

Taylor. (in Dole, 1968, p. 3) states:

"In spite of the general contrast between the Western
and High Cascades, their common boundary is difficult to .
locate. In many areas, adjacent rocks of both prov1nces
are Flat -lying, unaltered, and are 31mllar_ln chemical
and_mlneraloglcal composition. To resolve this;prdblem;

individual rock units must be traced from areas in which
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FIGURE 11. Looking south. from Sand Mountain, across the

Belknap Plateau, Prominence on the left (east) horizon
Scott Mountain, a shield volcano on the plateau, Dissected
ridges to the right on the horizon are part of the Western
Cascades, Haze area marks approximate pesition of ‘the

McKenZLe .River Valley.

the boundary is easily fixed, into areas in which the
position of the boundary would be otheruise obscure.
This has now been eccompllshed in the central Cascades
and several important relations are apparent: (1) A
distinctive and widespread unit of homogeneous
coarse-grained basalt marks the base othheJngh
Cascadersequence. It is usually diktytaxitic and occurs
‘in thick sections of many thin Flous. (2)vA more variable,
finer grained, dense'basalt'overlies the coarse- -grained
_dlktytaXlth section and forms the bulk of the High Cascade
.platForm. (3) The High-Western Cascade boundary is
"outllned by the western limit of the cuarse-gralnec div-
tytaxitic roc?s.'Locally, where they overlap the coarse-
lgrained section, the fine-grained, dense basalts form the
boundary. - (4) A profound erosional and/or angular uncon-
formity exists at the boundary. Coarse-grained, dikty=-

taxitic early ngh Cascade basalt inundated eastern
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foothills of previcusly deformed Western Cascade rocks
and, -in places, poured west for 10 miles through the -
same major valleys which penetrate the Western Cascades

today. (5)VIthhe boundary is controlled by a maJor'

north—south fault, as has been suggested by several authors,

thls Fault is not exposed to v1eu and has not dlsplaced the

ngh Cascade‘rocks. In. fact, the pr1n01pal faults along the

boundary are generally less than one mile in length;
northuest

trend
y and involve displacements of less than 100 feet..
They are restricted to the Western Cascades," |

We do not oresume to pursue this matter of High Cascade-

Western Cascade boundary in any great detail._Uhatevervdistinction
is drauwn would seem to be arbitrary to some degree as this is a
reglon where volcanism has been a more or less on-going 51tuatlon

since the early Tertlary, although some eplsodlc volcanic - act1v1ty,
mayvperhaps be recognized,

For .our StUdlBS, the pr1n01pal 31gnlflcantd1fFerence betueen the
High Cascades and Usstern Cascades is simply the degree of ueatherlng

:_of the rocks., All these volcanic materials are rekatlvely ‘unstable

under the cllmatlc condltlons of the Cascades nou‘and<apparently‘
those oFTthe-Tertiary,‘and £he Western Cascades rocks haue,Ain
‘places, been altered entirely or very nearly so to clay, All
degrees of alteration occur. Also, ancient geothermal areas ran
be identified where either over an area of several miles, or

31mply locally, hydrothermal alteration has occurred
A mineralization has taken place. Peck’ et al.,

‘or. minor
have marked on their
‘map the areas of propylitically altered rock (see ‘also our Fiaute
10, :taken from Peck et al‘) The signifiCanoe of these altered

and’ locally mineralized areas is not knoun u1th regard to- gentholmal
'matters, and exploration of one or saveral such. areas u1th heat -
-Flou holes mlght be uarranted

In general the.H;gh Cascade volcanics have protected the

underlylng rocks from present and Pleistocene erosion and .also
have filled the'yalleys"in the underlying rocks so that the:
High Cascades west of ‘the crest prasentlthe appearance of a

.broad, gently sloping platsau, Where these younger rocks stop,
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.and .erosion has cut deeply into the Uestern Cascade volcanlco_
is uhere the hot sprlngs occur.

HDT SPRINGS OF THE RtGIDN

Parallel to, but lying some - dlstance uest From the crest
of the Cascades in this region is a line of hot sprlngs. In
this study, the northernmost such area is Breltenbush, and
the southernmcet'hot spring is Kitson--the distance betueen
these two being some 70 miles.,. The;hot springs all occur;in
Uestern Cascade volcanic rocks, and very close to the surficial,
junction of the High Cascade rocks with these Western Cascade
volcanics, Most of the springs occur in the lowest points in_thev
vallays, at stream level or close to it, but there arec some
‘exceptions such as Foley Hot Springs, and Rider Hot Sprlng. Locatlons
of these and other -hot springs in Dregon are shoun on the map
by Bouen and. Peterson (1970) A tabulatlon of the location and.
some. characterlstlcs of the springs uhlch occur 1n the .area
under dlscu551on is shown on Table l, next page.

It should be noted that more hot springs exist than the
ones éhdun'on the mac by Bowen and Peterson (1970), uﬁich was
an ihitial-prelihinary map. for example, there is a hot_spring-
in the region under consideration in this report along the
west bank of the Mckenzie‘River at river level about 200 yards
dounstream from the mouth of Deer Creek.

Almos t all these Western Cascade hot springs, with the
vexceptlon possibly of Kitson, appear to issue From a medlum to
coarse (with blocks up to several feet across in the case of

' Foley Springs) volcanic breccia facies of  the: Uestern_Cascades.'

‘Figure 12 shous a gsneral vieu and Figure 13 a closer view
of FoleyVSprings, uhith issus from several closely spaced.vents in

a hillside about 150 feet above the otream bottom of nearby Horse -
' Creek. '

‘Temperatures of these springs range from about 190°F doun

to about QDOF.'Largest discharge is that of Breitenbush Sprihgse



TABLE 1

HOT SPRINGS OF THE CENTRAL PART OF THE WESTERN -CASCADES

Name’ - " Location
_ S T R
Breitenbush 20 95 7t

Deer'Creek‘-5SE22
Belknap “:NUll
' Foley - - Nu28
o Rider , | 7
‘Wall Creek NW26
McCredis 36

Kitson - . 6

155
165

165

17S
20S

215

225

6E

6E

4E
4E

4€

Surf. temp.%c/°F Flouf_
92 198  900gmp
est 70 158  small
71 160 75 gpm
79 174  25gpm
'54_ 130 60 gpm
37 98- 3 gpm
73 164 20 gpm
46 114 35 gpm

Elevation

40-60 orifices 2250°'

1850" -

1700"

1700"
est.2000" -

2080

2000

1575

Use Other thormationA'

Spa Believed to be hot

- water convection
- system with subsf,

None\\temp.,ISOOC;

Heats house Believed to be

and pool " hot water con-

' vection system .
subsf, temp 140 C

" Pool Geochemb indicates
- 114-135%C,
None * o
None
None Several orifices

in bank of Salt
Creek, Geochem
shogws subsf, of
81°c (D, Hull,
personal comm. ).

Spa - Resort built

: over spring.
orifice,.

8T
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\FIGURE'IQ; Foley Springs, generél-vfeb,'on Horse:Cfeek drainage,
about 4 miles eastsoutheast of McKenzie Bridge, Lane County.

FIGURE 13._Clbseivieu of Foley Springs shouihg'the,cdarse
volcanic breccia from which the spring issues. '



20

estimated to be about 900 gpm from about 40 orifices. Belknap

Springs (Figure 14) is the next largest uith'a'dischérge of
about 75 gpm.

FIGURE la{'Vieu'oF'Belkhap_Springs--the main spring——Uhich issues
from volcanic breccia about 15 feet above low water on the fMcKenzie
River. Several other smaller vents exist right at stream level,
It is reported that at very low water additional hot spring vents:
can be detected in the river bottom., Bedrock here 1s volcani¢ breccia
with fragments to about a foot in diameter,

Rider Hot Spring (Figure 15) also issues From volcanic breccia,
but is unusual in that it comes from fairly high up the wall of a
tributary valley (Rider Creek) to the South Fork of the McKenzie.
The ‘South Fork here is now flooded as part of Cougar Reservoir, but
it is estimated that Rider Spring is about 400 feet above the old
valley floor of the adjacent South Fork. All these hot springs come
out within a feuw hundred feet, one way or another of the 1800 foot
contour, The significahce of this is ndt knoun, but it may represent
a regional water table.
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FIGURE 15. Close view of Rider Hot Spring, located near Rider
Creek, a small tributary on the west side of the South Fork of
the fMcKenzie River., S ring is about 400 feet above valley floor
of nearby South Fork of Mckenzie River (before area was Flooded
‘by Cougar Reservoir).

One of the questions in regard to these springs ié_uhether
they are more‘or less directly over their heat sources, or: do
'they perhaps‘rebresent isolated vents here ‘and there which, from
distances of several miles, are carrying up hot waters from
geothérmal’systems which may lie to the east of this line of .
hot springs, and ,are related to the volcanism which has given rise _
to the High Cascades? A third possibility is that the entire region
is one of high heatflow, and uwhere the Cascades have been most
deeply incised by erosion is where this geothermal system 1s léaking.v
No hot sprihg'could reasonably be expected to occur in the plateauA
area of the High.Cascades as it is underlain by young, relatively
unueathered vaolcanic rocks, many of uhich are 3 '3 flous, hlghly
‘pordus and permeable. Surface drainage here is vxrtuall/ non=-
éxistent.‘Any hot waters caming up into this volcanic complex uoﬁld
be diverted'laterally through permeable zones and‘ultimately mixed

with cold surface waters (rainfall here in excess of 80 inches, and

snow persists into late June and garly July many places). Accordingly,‘
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such hot waters would not sorvive to the surface. It is remarkable,
in Fect,'that.eny hot waters reach the surface, even in the valley
areas, given the thick, moist, weathered cover, and the cold
streams (McKenzie River is 46°9F),

‘ The volcanic rocks of the Cascades fill a broad north- -south
trendlng downwarp. Alterat;on by weathering .and.other means of the
Western Cascades has resulted in what appears to be a complex
uhioh for the moet part is relatively_impermeable, and uouldiact
as a fairiy effective seal on any hot water systems (or steam)
“which mioht lie beneath, The abundance of silicic ash, relatlvely
eaSLly yleldlng silica to solution, might suggest that it ‘would
be possible at some critical depth and temperature to have formed.
a silica roof over a geothermal system, and that the true nature
of the hot water and/or steam systems in this area at depth is not

evident from the surface indications. "The hot springs which we:
know now at the surface may. simply be recirculating relatively
near- surface waters, and may be more or less sealed off From

maJor geothermal systems at depth,

Or. Paul Hammond and his students, in their studies in the -
.Breltenbush area have suggested that the Western Cascades _
,ueathered volcanics do indeed act as a glgantlc seal on .whatever
geothermal systems exist here, and we are 1ncllned to agree with
thls.observatlon. Uhen one examines the hlghly altered nature of
"many of these'volCahics, it appears that it would be only a very
special oircumstance—-oerhaps'a very persistent fracture-~-which would
allow hot uater to.come up through this ssal.

In the McKenzie River drainage; which includes a number of
hot springs (Foley, Belknap, Deer Creek, and other reported but not
recorded springs), no uwells deeper thana few hundred feet appear
to have been drilled for any purpose, and no heat flou information‘i?:
avallable from any of these. We have" v1rtually no .subsurface data of.
any klnd This general situation also exists elseuhere in the reglon,’
‘under consideration, and therefore lnltlatlon of a heat" Flou
drilling program will be a major advance 'in gaining a vieu of the
geothermal potential of this area.

Under:any circuhstances, ue'presently know so little:about'the;
~heat flow and possxble hot wuwater systems in the- Cascades, and the

volume of volcanics, some as vouna as 700 vears old, is so areat.
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that it obv1ously is an attractxve and worthuhile area in uhlch to

conduct. exten51ve geothermal anBStlgathﬂS, of which thlS

heat flow study is but an 1n1t1al step.

REGION SUBDIVISIONS

In part because of the differing geology, and in part
due to the geography and the‘uay in which the KGRA's have been
designated for purposes of this report we have recognized six

subd1v1510ns of the region .under ConSLderatlon.AThese are shouwn.

in rough sketch form on Figure 16 (next page) and are desxgnated

from north to south as'

BREITENBUSH AREA
'BREITENBUSH TO SANTIAM AREA
BELKNAP AREA

WEST NORTH FORK AREA

SOUTH FORK MCKENZIE-NORTH FORK OF
MIDDLE FORK OF WILLAMETTE AREA

KITSON-MCCREDIE AREA

‘We recommend that at least one heat flow hole be.drilledv,;
in sach of these areas. We have shoun thesententatively recommended
lobationsvby an asterisk (*) on Figure 16. These sites are briefly
described here,'uith specific suggestions as to whets (by legal
descniption) these heat flow hales might be‘iocated.

'RECOMMENDED DRILLING LOCATIONS

- Breitenbush location. This area has already been designated
a KGRA, Industry information which we believe to be reliable, as
well as USGS data (Circular 726 in particular) indicate that this is
one of the hottest heat flow anomalies in the region under study.
Because ‘it has already been declared a KGRA and therefore is nou a
competitive leasing situation, no individual company is likely to
spend money test drilling the area befare leases are issued. This
clearlyiseems to be a place.uhere'an-agency like the Oregon State
Department of Geology and Mineral Industries could make a sidnificant
contribution by driiling at least”one hole, and berhaps two heat
Flnu ‘holes. The valley floor proper u:thln a mlle more or less of

Breltenbush ‘Hot Springs is recommended as a location,. Interest in .

.thls area being as considerable as it lS, another hole mlght be

justified, and this could be a mlle or two east northeast. or
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subdivisions of this region"which we have established,

25

"south of. Breitenbush Ualley.”‘Ample aécess and good drill sites

exist; especially south of the Breitenbush Hot Springs area.

Another reason for pUtting~tuo'hdles‘dogn in this area is the

relatively good geological information we have here, As a .
result of the work of Dr. Paul Hammond and his étudents,'this

area is .the most thoroughly studied geologically of any of the

A general.

view across the Breitenbush Valley, looking to the northeast, is

shoun in Figure 17. A close vieu of some of the terrain south of
Breitenbush is shown in Figure 18.

DNy

'FIGURE“17, General vieu looking northeast across the valley

of the Breitenbush River, The Breitenbush Hot Springs area prober
lies slightly to the left (west) of the margin of the photograph,

: Specifically; ve recommend looking at a_éité in-the south
part of section 28, T 3 5, R.7 &, and/or in section 16, or 21 of
the same tounship for one of the locations,
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FIGURE 18. Vieuw of terrain, looking southeast, about

'3 miles southsouthuest of Breitenbush Hot Springs.
Santiam Junction. This is an area of quite‘recehtvvolcanism. 

It is relatively undissected with the result that little is krown

about the geologic section here as exposures in depth are limited.

However, the several fracture systems of the area and the attendant

volcanic activityAhere are impressive., The area is also geograph--
ically situated so as to complement information which would be
‘obtained ‘from a hole recommended to be drilled east of Sand

Mountain (see next location). It also is almost_directly on a

hq:th-sduth line between Breitenbuéh Hot Springs and the'hot
'sp:iﬁgs knoun in the southern portion of the North Fork of the
McKenzie River. We recommend a location in the vicinity of A
‘section 36, T 12 S, R 6 E. The south center of this section
would be satisfactory, as would the N} section 1, T 138, R 6 E.

General vieuw of this area is shoun in Figure 19, Big Nash
Crater'is'the prominence in the middle right (east) of the
photograph. Photo taken locking northuest from Sand Mountain,

The area of interest lies in the middle distance aver the left’(ueét)

flank of Big Nash Crater in this photo. As shoun on Figure 1, the

area would be saoutheast about 1% miles from South Pyramid Mountain.
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FIGURE 19, Vleu looklng narthugst From qand Mauntain.
Big Nash Crater in right middle distance. Peak on  left
horizon is Crescent Mountain~~a large volcanic center
which has been breached by erosion (probably glaciation

in part), or explosion, or comblnatlon oF both on the
east side,

sand fountain. Sand Mountain is a linear series of
cinder cones along a north ~south fracture (See Figures 21 and

22). Volcanic activity in this area is generally less than

5000 years old, and includes such volcanic centers as Hoodoo

Butte, Hayrick Butte, Sand Mountain (several craters), and

- Big and Little Nash craters. A location in the shallow topographic
baéin just east of Sand Mountain is recommended. View of this -

area from Sand Mountain is shown in Figure‘ZG A Falrly detalled

map ShOulng direction of flow movement and the vents oF this area
is shown on Figure 22.

‘A map of the Santiam Junction-Sand Mountain area, taken from
Howel Williams (1957) is shown on Figure 21, There is in this area
an. impressive amount of Holocene volcanism, Drilling here, houeuer,
is subJect to the general problem that these young volcanlcs are

highly permeable and porous and would allouw water to circulate
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FIGURE 20. View northeast from Sand flountain, with Hoodoo

Butte the pointed peak in the middle skyline, and Hayrick

Butte the flat-topped prominence to the right and slightly

farther away., Basin in foreground is a cinder-ash covered

"plain, with a recently burned stand of jackpine (all the

grey, barkless dead tree trunks——mostly stlll standlng). Access
to all of this area is very good. '

thraugh themQ There 1is the,question of how thick these porous

young volcanics are. In some places even fairly extensive fields

"of these High Cascades volcanics prove to be.Fairly thin uhen

seen in canyon wall eiposures. This area is near the margln of
the High Cascades volcanic field and the flous might not be
particularly thick. In any case, at saome place these lava
fields with their attendant Holocens vents should be drilled,

and the Santiam Junction-Sand Mountain area would seem to be
a logical place.

The less than 5000 year age date on the volcanism in the

Sand Mountain area makes it an interesting site to test. Most -

available 1nf0rmatlon suggests that these basaltic volcanlc

centers derlve their heat and materlals From Falrly deep in the
Earth's crust, and_rlse through narrow dike-like .wvents. ngh heat
Fiou here would be significant, although it should be noted that
a low heat flou might not be conclusive as to the depth.oﬁ the‘

magma chambers for, as noted, there is a question as to the-



- ' ‘ . 29

fierth sonder Peak

—— A”’
. ' South Cmdcr Peak-
o B
P
{
i
'
e :
T"‘/\ A Pyromids LO
,"Soum Pyromig
‘N Thres .Firiqued Jock .
— (1 Thaw) o
< .
> ' R R
. . : T \ .
B QTbo ‘ N o Q ‘bo- )
~ Crescent Min | \ @ o o Aovnd Loke
! wo P Lost Lake . 7 OSquau Lake
{ : . o . e (3 ( Long Loke
. . ’ LA ) ‘ Nash . ” 20
. ‘. Crater Lo .
— , . o / S ) e _
X N . ) . o ° ‘.' ' .
QYhe ® . ’{a/] \ . .
S l Cochs Min
xng
— Mt tj’ o @ L
q 8 .
W\ Clear Loke (‘K‘r / S ‘
- WA oTbo . . ' o
Jyb
p— QTbo
s QTv
= ML Washinton
; ) tee re02) N
: - e T ‘ Fourmile Bulte
- i
; . . ., O
oy e ‘ . s s
Sa - PRI . . - . N y .
, PR , AN f ‘ i} o B . - SIS}
'.«" ! . : \\'.""’:“ [
v GO(DQMH o e O ) CONG e e .
. AMG W, . o : , N Ty
T N . : A Vo
T v & Block Croter /’ o L]
i : N . B 4 0] 4
NN coT b 0Tbo_@ /A
™ .¥ LANE CO , . . . Millscan Grater s’ T Lo
- B o, . Sco\t er\ 0 A " Troul Creex
et N L', % Butte 10
S ek o L . . AN . Lo
W NG
N N .
— DT . R NS
At beal Mg o . _
B . -OTbu‘ ) \ ) .
- au o ¥ \:
R el ¢
Colllar Cone . * N ' 9{'""'
Brother 'W’" e \ Ly
[Ob¥idian E Matvin
nns,\ﬁv}\':ﬁ at uuneQ)Q.,\ 4
o LA ST ,
G ag s Yk G JHORTH SISTERL. S . ] peam s \ '
NP (U [{ART.TT YT Y ‘' '
27 7 : ) \ .
. Thise - o
C AMIDDLE L SISTER rh Grear 3, \
Daly ‘
; {oy T oL Butte ‘
‘ : . \\-_
- 2 e E oTbe LN
. Morsepasture <" . . Husband St .
« Horsepasture . ! é
) {\ - LorE e —

.- Awmmin’,
| R

FIGURE 21. Map of Santiam Junction-Sand Mountain area, and
P o Belknap Plateau area, map taken from Williams (1957).



A

I

30

| Corvallis

Albany -

Portiand - _ ' o ' :
Sol

em:

&2 _ Little Nash Crater
<f

| § i Mile 8.9
- Base mop from USGS, 1959 0 | 2 : 3 Miles Geology by E.M. Toylor 1967 -

- FIGURE 22. Flow directions and vents in Sand Fflountain area,
~ map from Taylor in Dole, '

1968.




ArA"

L)

reliability of data in these relatively permeable.aﬁd.

. pOTOuUS young volbanics.-Nevertheless, this Sand NdQntain
‘area in ‘the midst of so much very young volcanism seems a

- prime ‘area in which to drill at least one heat flou holé;

Most anyuhére in the shallow basin east of Sand M0untain

would be satisfactory. Access is excellent,

Two Buttes., This area lies at the southern end of what
we have called the Belknap Plateau, so named because the '
flows from Belkhap Crater dominate much of the. area. Tuwo
Buttes are relatively young (but somewhat disSectedj volcanic
cones, and adjacent Deer Butte is pérhaps slightly older
(see Figure 21 for locations of these féatures), This
recommended drill site represents the closest praétical drill
location in this region to the Three Sisters volcanic area
of relétively :ecen£ activity. A view of this Two Buttes
area<From-écross the ‘North Fork of the McKenzie River near
Friééell Point is shown in Figure 23. The large valley in
the foreground is that of Scott Creek. Deer Butte lies in
line with the south base of the Middle Sister, and Two Buttes
are the .tuo small peaks to the north (left) of Deer Butte.

A location perhaps in E£% section 9, or W} section 10, T 16 S,

R 7 E is suggested. This entire plateau would afford numerous

sites for geothermal plant locations. There are no identified
.disﬁinctive recreational features of this region., It is
‘'undergoing extensive logging and recently a well deﬁeloped
~system of logging roads has been developed here. A view of a
.recent‘shelteruood'cut, showing somé'qf the~terrain 6? the

plateau, is present in Figure 24. Photograph was takén in

section 3, T 15 S, R 7 E.

Deer Creek-Belknap area. This area has a number of

hot springs af which only Belknap shous on the preliminary

- map by Bouwen and Peterson. The springs show a marked north-

south alignment, in agreement with the general trend of hot

springs 1in this region., There is a hot spring about ZOO'yards

dowunstream frdm the mouth of Deer Creek, along the west bank of

the North Fork of the McKenzie River. This is about six miles

north of Belknap Hot-Springs. ‘A location is suggested betueen

‘these two springs, and in fact a good site exists., It lies just
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FIGURE 23, View af Belknap Platead from west, locking across

valley of North Fork of McKenzie River. Large valley in right

foreground is that of Scott Creek. Deer Butte is single peak
in line with south base of Middle Sister, and Two Buttes are.
the two small buttes to the north (left) of Deer Butte.

FICURE 24, " Shelterwood cut NW$ section 3, T 15 S, R 7 £, Linn
County, on mid-portion of Belknap Plateau. Ample sites exist in
this area for geothermal plants if resource can be found.,

32
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“west of the bridge over the North Fork aof the NcKenzie'RiVer on

the Frissell Point road. This location is in NE4 section 2,
T 16 S, R 6 £, Lane County, A second location in this general
area might be on the private land of John Bigelow who has 160

acres a short distance uestioF Belknap Springs. He has tentatively

-offered his.acreage for a drill hole site. Again, as in the case.

of B;eifenbush, this Belknap Springs ‘area has been designated a
KGRA. The State Department.of Geology and Mineral Industries is
a logiCal vehicle. for doing heat flow drilling here, and it

would be useful to have such data available before any KGRA sales

- are. decided upon, or held.

. Foley Sprihgs; This is a fairly hot spring (174°F) and is-

‘part of the Belknap area KGRA., General view of this spring. is shown

in Figure 12, page 19. A number of lease applications have'beeh

. filed in the vicinity of Foley Springs and adjacent foley Ridge.

A location someuwhere betueen the springs and. the ridge'is éuggestedé
perhaps in E£4 section 28, or W} section 27, T 16 S, R 6 £, The,
location should be as far north as possible to get between Faoley

Springs and foley Ridge., Note, however, that topography here ip“the‘

. Horse Creek Valley will be somewhat of a problem and will limit

location possibilities.

Kitéoﬁ-MCCredie area. Ihis geotﬁermal,area, at the éouthern
end of our study region, is somewhat isolated from the rest of
the fhermal areas, and as such it provides a significant point
geographically‘for a heat flow map of this region, It includeéA

not only Kitson and McCredie hot springs, but also a warm spring
in the valley of UWall C:eek, tributafy to Salmon Creek. With the
McCredie Springs designatéd as- a KGRA and with three thermal
springs in this area, it is worthy of a heat flow hole. Ue
recommend the easily accessible Mclredie Springs area, which .is
alsonthe area of the hottest of the three springs. Numerousg g;ill

sites exist within a mile or two of these springs which emerge from

 three'or four fairly closely spaced vents in a volcanic breccia

along the north edge of Salt Creek, about 50 yards south from -
State Highway 58 (Willametts Pass highuway). ' ‘
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SUMMARY OF SUGGESTED DRILLING LOCATIONS
" In total,

we have suggested seven locations which are,
in summary: ’ '

-1, Breitenbush area, sectidns-lB 21, or 28, T 9 5, Rd7 L.
2. Santiam Junction, south center section 36 T 12 S,’R”6 £,
or N4 section 1, T 13 S, R 6 E. -

3. Sand_mountain,:just east or northeast of Sand MountainlA

which is a few miles southeast of Santiam Junction.
4. Tuo Buttes, E4 section 9, or W) section 10, T'l6.S,'R 7 E.
S. Deer Creek-Belknap area, NE+ section 2, T 16 §, R'6 E,
with another possible location on property of'John
Bigelow, west of- Belknap Springs. Blgelou s property
.is in section 10, T 16 S, R 6 E,
6. Foley Springs, E2 sectlon 28, or W sectlon 27, T 16 S,
'R 6 £, Topography limits locations.
7. Kitson-McCredie area, within a mile or so of McCredis
AHnt Springs which are in NW3 section 36, T 21 S,
R 4 &, Lane County.

To brlng this total to elght the following possibilities are
offered' '

1. Drill an additional hole in the Breitenbush area, with
one being put in the valley proper, and one in the
surrounding hills, preferably sguth.

2, Drill the addltlonal hole recommended in the Desr Creek—

Belknap area. » _ ‘ .
3, Drill one of the mineralized zones shouing hydrothermal
‘ act1v1ty in the past such as up Christy Creek (off North

Fork of Middle Fork of Willamette River), or in the
Uuartzv1lle Creek area near Detroit.

ORILLING PROBLEMS AND .QUALITY OF RESULTS

It is evident that much drilling will be done largely through suc

volcanic debris. as shouwn in Figure 25, Difficulty may be encountered

if some of these boulders or angular debris rotate or cave irto the

. hole during drilling. A bridge or stuck bit could result. Houever,
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FIGURE. 25, Volcanic debris in Tertiary mudflow, along Horse
Creek road, southeast of Foley Springs. Tremendous volumes of

this same general sort of materlal characterize much of the
UBstern Cascadss,

much of this material is rather highly lndurated and thls problem’
caould prove to be mlnlmal

The questioh of whether or not shallow subsurface cold water
flows will erase any heat anomalies present hasibeen considered
frequently during our field investigationé, In general, the holes
‘will be located so that at total dépth they are'likely to be in

Western Cascade volcanic materials, These are relatively impermeable

as far as we can determine., Where water does emerge it appears to
come from local pockets or trains of relatlvely unweathered materials
~‘in contrast to most of the rock materials in the'section.'There is
no general sheet flou evident through these volcanlcs in their
presently weathered form, We are inclined to the vieu that there u111

be no problem of any large scale erasure of heat Flpuuanomalies by
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near-surface cold water flow in Western Cascade volcanics.
Seme such problems could occur, houevef,vin the younger or'High

Caécade':0cks, For-example,.stfeéms ofﬂuéter-emerge from what Tayior

‘(ig Dols, 1968) has identified as thin High Cascade diktytaxitic

flows -in the lower High Cascades volcanics in a road cut at Trail
Bridge Reservoir (Figure 26),

FIGURE 26. Road cut and emerging uater streams from thin dlktytax1t1c

‘flows in the lower High Cascade volcanics, in road cut at Trail

Bridge Reservoir, North Fork of the McKenzie River,.

Itvis_recommended that, where possible, the louést topographic

point consistent with a good bedrock location and avoiding shallow

subsurface water flow be utilized for the drill site. Also, a

fairly detailed local geological study should be made of each
area befare final drill site determination is made. -

All things conéidered, many suitable heat flouw drilliné sites

appear to exist, well located geologically and geograbhically, in

the region under consideration, Geological conditions suggést that
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the quality of information which might_be obtained from SDDsfoot
holes should be quite good, and we believe implementation of the
drllllng program as outlined here will be a 501entlflcally efficient

use of funds, and will result in a significant contrlbutlon to

_knouledge of heat flow, and of probable geothermal potentlals of

this reglon.

SUMMARY AND CONCLUSIONS

The Western Cascades and the High Cascades, in total
represent a volume of 1gneous rocks which can be measured in:
many thousands of cubic miles, Geological evolution of this
region 1nvolved the activity of many hundreds if not thousands
of volcanic cehters,,great and small, and the details aof stratlgraphy
are very complex in detail. Ghly in a broad way can the stratigraphy'
be.defihed and outlined at present. Pyroclasticsand eepecially
mudflouw breccias on a very large ecale make up more than half the
volume of materials of this region. Numerous volcanic oenters can still

be clearly'identified. ~Steep dips and large quantities of huge

‘clastic debris indicate that the region was one of high relief

as it developed-during the Tertiary.

Far from being strictly a basaltic province,'andesite_appears
to be a common rock type, and other even more silicic rocks exist

in some abundance. In a few places rocks which approach granites in:

“texture and composition exist, as, for example, the so-called

Nimrod Granite on the McKenzie River drainage. Fragments af granlte

exist in the tuFFaceous mudflow which is the abutment on the east

side of Hills Creek dam. The source of this granite is not now knoun.

In general the Western Cascade volcanics are more hlghly
ueathered and..otheruwise altered than are the ngh Cascade rocks.
These Western Cascade rocks, in their altered form, appear now to

act as a ‘huge and quite effective aeal on any geothermal systemo
uhlch may exist at depth.

The reg1on, for purposes of this report has been d1v1ded lnto

six subprov1nces, based in part on geology, but also on the KGRA
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designations, and the geography. Satisfébtory drilling sites.exist

in all these subprovinces, and specific locetionsvand comments‘about

each recommended site have been made,

Drllllng through the debris- Fllled mudflous could cause

gproblems, although much of thls material is rather hlghly

indurated. Some problems may be encountered in drllllng through the
highly permeable,and porous young volcanics of the High Cascades.

In the Western Cascades, where most of the drilling will be done,

' .large scale erasure of heat anomalies by sheet flow of shallou

subsurface waters is not considered very likely, and, given
proper diligence in locating the particular drill sites, good
quality results can be expected In the case of the High Casoade
rocks, some subsurface cool water flouw mlght be expected and could
affect results, This .could prove to be a substantial problem or

it could be quite modest One or two holes will not be conclusive

but we do reoommend that some such holes should be drllled in -this

initial program (Santiam Junction, Sand Mountain, and Tuo Buttes

locations'are'High‘Cescade volcanic sites).

Implementation of this drllllng program should greatly increase
our knouwledge of the geothermal potential of this region, and point
the way to uhere'addltlonal and more detailed studies .are likely to:
yield‘Further significant scientific and also economically important
results, Ue do knouw, from persconal conversations, that this central
Uestern end.Hign Cascades area is regarded by a number of industry
and academic geologists and geophysicists as "ane of‘the‘prime
geothermal targets 'in the United States." As such 1t deserves

early and exten51ve 1nvestlgatlon, of uhloh this. drllllng program
would be a 51gnlfloant step.

X KKK KK
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Position and prognosis for geothermal leases in Willamette
National Forest, |

At the present time (November,»1975) the situation
with regard to the federal lease applications for geothermal
resources in- this Forest is ‘as follous.

; An overall land use plan is being evolved for the UNF
public-hearings are. currently being held,

and

The Forest Service expects but is by no means certain that it
will have all the hearings completed and a decision made by
early '1976~~-perhaps February or March,

An environmental impact statement for geothermal for the

Breitenbush area has been prepared by Allen Prigge, Foresterp

with WUNF, and is now on the desk of the District Ranger in |

_Detr01t Orsgon, |

anCll draft of the geothermal env1ronmental 1mpact statement

for the rest of the Forest has been prepared by Mr. Prigge,,

but he proposes to go no further with it untll the Breitenbush
statement has been approved in final form, Then Nr. Prigge
plans to use that foremat for the environmaental statement for

"'the rest of the forest. ' S

The WNF states (John Alcock, Forest Superv1sor) that no mave on

‘ geothermal envrronmental statements will be made until the

overall land use plannlng program lS finalized (February ar
March, 1976, maybe).

Possibly by March 1976; the environmental impact statement for

geothermal on the Breitenbush area may come to public hearing.

This might be concluded by May. The statement for the rest of

the WNF could then perhaps be completed in preliminary form,
_heard, and then finalized by June or July (relatively optimistic
| time,schedule). ' o '
"Aﬁter.the Forest Service has completed its work on these
environmental statements; they'are sent on'to ‘the BLM in Portland,

It takes the‘BLM in non-competitive lease appllcation 51tuatlons,

;about Four months to. process the papers and attach the proper
environmental statements and restrictions to the various leasse

applications and forward them on to the applicants for acceptance
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or‘réjection. Adding up all these times, it seems unlikely that any
leases will be issued to applicants before late summer or early

fall 1976. This uopld'seem to be the very earliest possible timej;

if any difficulties arise during public hearings on these

Envirdnmental.statements, or if the'stétementé simply move‘slouly
through administrative‘channels,'this date could well move back
inte 1977, |

XKW H K
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FRONTISPIECE, NORTHWEST SIDE OF BROKEN ToP VOLCANO., CENTRAL MASS CONSISTS OF INTERBEDDED AGGLOMERATE AND LAVAS

CUT BY SILLS, DIKES, AND A LARGE PLUG.
ANDESITE,

SURROUNDED BY HOLOCENE MORAINES AND RIDGES OF GLACIATED BASALTIC
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GENERAL GEOLOGY OF BROKEN TOP AND VICINITY

The 7.5-minute S.W. Broken Top quadrangle is bounded by 44° and 44°7'30" north lat-
titude and by 121°37'30" and 121°45' west longitude in the vicinity of Broken Top vol-
cano, 30 km west of Bend (Figure 1). The quadrangle is covered by Pleistocene and Holo-
cene calc-alkaline volcanic and volcaniclastic rocks similar to those near the crest of
the Cascade Range, approximately 10 km to the west. Basalt, basaltic andesite, andesite,
dacite, and rhyodacite rock types are represented in a variety of forms including compo-
site volcanoes, volcanic domes, lava flows, cinder cones, tuff cones, ash-flow tuffs,
intrusive plugs, and dikes.

Pliocene Volcanism and Subsidence

Stratigraphic and structural records of Pliocene volcanic and tectonic activity are
obscured in the S5.W. Broken Top quadrangle by a thick overburden of younger rocks. How-
ever, certain inferences can be drawn from rocks of Pliocene age exposed in areas to the
north and east. Within the Deschutes Formation, northeast and east of Broken Top, there
is abundant evidence that a great volume of volcaniclastic material was delivered to the
eastern slope of the central Cascades (Taylor, 1973) during an interval that began at
least 12 million years ago and was abruptly terminated approximately 3 million years ago
(Armstrong, Taylor, Hales, and Parker, 1975). This material was produced from a north-
south belt of Pliocene Cascade volcanoes. Remnants of the eastern slope of the Pliocene
volcanic belt are now preserved in Green Ridge north of Sisters and in other outcrops
between Sisters and Bend (Peterson, Groh, Taylor, and Stensland, 1976); none of the
Pliocene Source volcanoes is exposed in the modern High Cascade Range.

Extensive crustal subsidence occurred within the central Cascade volcanic belt
approximately 2.5-3.5 million years ago. A complex, elongate, north-south basin was
probably formed and was bordered on the east by a set of normal faults whose total dis-
placement exceeded 1000 meters. Remnants of a north-south 700-meter fault escarpment are
exposed north of Broken Top along upper Metolius River and a southern extension probably
exists in the subsurface beneath Broken Top. Normal faults of northwest trend and smal-
ler dlsplacement were also produced at this time; the best preserved example is the
Tumalo Fault between Bend and Sisters.

-

Construction of a Pleistocene High Cascade Platform

The late Pliocene Cascade depression was flooded (perhaps during subsidence) by
basalt and basaltic andesite lavas of the early Pleistocene High Cascades. Eventually,
a broad platform of overlapping shield volcanoes filled the depression and spread through
low parts of the eastern escarpment; one of these shield volcanoes (Bald Peter) formed
against the escarpment 2.1 million years ago. The oldest lavas along the western edge
of the platform are 2.0-2.5 million years old (Armstrong and others, 1975).

The central High Cascade platform continued to develop during Pleistocene time.
Ancient volcanoes of the Pliocene Cascades were completely buried and basaltic andesite
volcanoes such as Three Fingered Jack, Mount Washington, North Sister, Broken Top, and a
host of lesser cones and shields were constructed on the top of the platform. Volcanism
of this type has persisted until recent times; for example, Bachelor Butte and associated
cinder cones south of Broken Top were active 6600-12,000 years ago and Belknap Crater
last erupted only 1400 years ago. The remarkable north-south alignment of volcanic vents
seen in many parts of the High Cascades is probably a result of magma ascending through
buried fault zones in the Pliocene rocks beneath the platform.

Faults have not been recognized within the central High Cascade platform. However,
faults of small displacement and northwest trend were active northwest of Bend during




FIGURE 2. TAM McARTHUR RiM SOUTHWEST OF THREE (REEK |AKE., RHYODACITE LAVA CAPS RIM ON
LEFT AND IS OVERLAIN ON RIGHT BY BASALTIC ANDESITE LAVAS FROM BROKEN Top. .

FIGURE 3. LAYERS OF ALTERED RHYODACITE PUMICE IN SILICIC TUFF CONE EXPOSED IN CANYON OF
NorTH Forxk TumaLo CREEK. } '
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the Pleistocene. Parts of the Tumalo Failt were reactivated and some east-flank Cascade
lavas and ash-flow tuffs were displaced. These faults appear to form a northwest exten-
sion of the Brothers Fault Zone.

A Pre-Broken Top Highland of Silicic Volcanoes

In the vicinity of S$.W. Broken Top quadrangle, magmas of high-silica andesite,’
dacite, and rhyodacite composition reached the surface intermittently during early Plei-
stocene time. A broad highland of volcanic domes, silicic lavas, and ash-flow tuffs was
formed on the east margin of the predominantly mafic High Cascade platform. The north-
eastern margin of this highland can still be seen in the steep mountain front west of
Bend. Three Creek Butte, Melvin Butte, and the summits of 9 other partly buried silicic
domes, together with silicic lavas in the canyons of Squaw and Tumalo Creeks are the best ' .
exposed parts of the early Pleistocene highland. In S.W. Broken Top quadrangle, the -
much-eroded remnants of dacitic Todd Lake Volcano and the dacite lavas exposed in lower o
cliffs of Tam McArthur Rim probably represent the highest and youngest parts of the high- )
land. ‘

Silicic volcanism in the Broken Top area appears to have abated for a time during
which basalt and basaltic andesite continued to erupt, adding to the High Cascade plat-
form and inundating parts of the silicic highland. It was at this time that the eastern
slope of the Cascades between Broken Top and Bend was extensively covered by flows of
mafic ‘lava. Remnants of numerous cinder cones which mark source vents are found on the
eastern slope and in the mountains. Examples are the Triangle Hill group of cones and
the cone near Rim Lake, east and north of Broken Top, respectively.

Development of Broken Top Volcano

Broken Top is a complex and magnificently exposed composite volcano of basaltic
andesite composition. A cone of scoria and ash accumulated near the vent and was repeat-
edly invaded by dikes and sills which served to strengthen the structure and probably fed 3
numerous streams of a surrounding lava cone. .The scoria, dike rocks, and lavas were all :
of uniform composition, crowded with phenocrysts of plagioclase, olivine, two pyroxenes,
and magnetite. Silicic magmas continued to reach the surface through Broken Top vents so
that andesite, dacite, and rhyodacite lavas, ash-flow tuffs, and pyroclastic~fall depo- i
sits were interbedded with basaltic andesite flows and agglomerates, from the lower
flanks to the summit of the volcano.

In mid-development, the summit crater of Broken Top was enlarged to a diameter of :
0.8 km, probably by subsidence. The resulting depression was filled by thin flows of ;

‘basaltic andesite and most of the summit cone was eventually buried beneath a shroud of

thin, vesicular lavas. Finally, after the lava conduit attained a width of 0.3-0.5 km,
the magma congealed to form a central plug of micronorite. The plug and adjacent rocks
were then subjected to an episode of mild hydrothermal alteration. Crowe and Nolf (1977)
have recently published a similar interpretation of the development of Broken Top.

Latest Pleistocene Volcanic Activity

A 10-km aligmment of rhyodacite domes extending from Devils Hill on the south to
Demaris Lake on the north, was erupted during late Pleistocene time. These domes were
partly buried by andesite lavas from South Sister vents.  Although many additional sili-
cic vents were active at this time in the vicinity of Three Sisters, only one small
rhyodacite dome erupted east of the South Sister. It appeared at the northwest base of
Broken Top; its associated air-fall pumice deposits are Stlll preserved on the nonglaci-
ated crest of Broken Top northwest ridge.

A northwest-trending chain of six cinder cone and lava vents erupted between Tumalo
Mountain and Broken Top. Each vent produced lava similar to the glomeroporphyritic
basaltic andesite of Tumalo Mountain; probably all were developed from the same magma at



F1Gure 4, CROOK GLACIER CIRQUE ON SOUTHEAST SIDE OF BROKEN ToP. APRONS OF TALUS AND
HOLOCENE GLACIAL DEPOSITS MANTLE LOWER SLOPES. CIRQUE WALLS ARE CHIEFLY COMPOSED
OF THIN BASALTIC ANDESITE LAVA FLOWS AND INTERBEDDED AGGLOMERATE.

FIuRe 5. DACITIC IGNIMBRITE IN SOUTHWEST WALL oF CROOK GLACIER CIRQUE, BROKEN ToP.
WHITE BASAL ZONE OF NONWELDED PUMICE IS OVERLAIN BY AN ORANGE POORLY WELDED ZONE
WHICH-PASSES- UPWARD TO BUFF-AND-BLACK LAYERS OF NONWELDED PUMICE,
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FIGURE 6. NORTHEAST WALL OF CROOK GLACIER CIRQUE, BROKEN ToP. INCLINED LAYERS OF RED
AGGLOMERATE AND SCORIACEOUS LAVA OF EARLY SUMMIT CONE(RIGHT) ARE IN CONTACT WITH

HORIZONTAL LAVAS WHICH FILLED A SUBSIDENCE CRATER(CENTER),  IRREGULAR SURFACE OF
CENTRAL CONDUIT PLUG 1S EXPOSED ON THE LEFT.
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FIGURE 7. SOUTHWEST WALL OF BEND GLACIER CIRQUE ON NORTH SIDE OF Broken Top,

CUTS DIAGONALLY ACROSS BASALTIC ANDESITE LAVAS AND INTERBEDS OF OXIDIZED AND PALA-
GONITIZED SCORIA, SOUTH SISTER IN BACKGROUND. '
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. about the same time.

Basaltic magma reached the surface south of South Sister to form a set of palagoni-
tic tuff cones which'were soon buried under fresh cinders and lavas of Talupus and Katsuk
Buttes. Only the lower parts of these volcanoes were eroded by latest Pleistocene
glaciers.

Pleistocene Glaciation
Late Pleistocene glaciers covered all of the S.W. Broken Top quadrangle except the

summit area of Tumalo Mountain and the northwest ridge crest and other prominences near
the summit of Broken Top. Evidence of multiple glaciation is obscure. Pleistocene -

"glacial deposits shown on accompanying geclogic maps are probably equivalent to Suttle

Lake drift of Scott (1977) and were deposited during the last episode of glaciation,
ending some 12,000 years ago. Cirque basins were carved into the sides of Broken Top,
Tam McArthur Rim, Todd Lake Volcano, and into the east side of Tumalo Mountain. Large
tracts of striated bedrock are exposed above 7000 feet elevation; most of the debris from
glacial erosion was deposited as moraines and outwash at lower elevations north,- east,
and south of the - quadrangle. There is no evidence that eruptive activity was initiated
beneath a thick cover of ice. However, some of the palagonitic tuff cones such as Tala-
pus Butte suggest intimate and locallzed contact between ascending magma and ground or
surface waters during the Pleistocene.

Holocene Volcanic Activity

After final retreat of Pleistocene glaciers a north-south chain of basaltic cinder
cones developed south of Todd Lake and basaltic lavas moved 3 km west to Katsuk Butte.
At about the same time, nearly identical magma produced Cayuse Cone and related flows
from a vent 2.5 km north of Todd Lake. Still later, but before the appearance of Mazama

-ash from Crater Lake 6600 years ago basaltic andesite erupted to form a small shield

volcano on the north side of Bachelor Butte. The last eruption of mafic magma in S.W.
Broken Top gquadrangle also occurred at the north base of Bachelor Butte. A cinder cone
over 150 m in height was formed and basaltic Zndesite lavas spread broadly to Sparks
Lake basin, 5 km to the west.

Rhyodacitic ash and lapilli from eruptions of Rock Mesa at the southwest base of
South Sister fell over the entire S.W. Broken Top quadrangle 2300 years ago. At a
slightly later time similar material was erupted from a chain of vents on the east side
of Devils Hill and frem another chain of vents extending from the southeast to the north-
east base of South Sister. All of these vents are now marked by domes and flows of
rhyodacite, some of which moved into the west part of Broken Top quadrangle. It is clear
that both mafic and silicic volcanism have continued into Holocene time and that future
eruptions in this area are not unlikely.

Neoglaciation and Modern Erosion

Minor Neoglacial advances are recorded by fresh moraines and outwash fans in cirque
basins on the south, east, and north sides of Broken Top summit. Outwash from Neoglacial
Carver, Prouty, and Lewis Glaciers on the east flank of Middle and South Sisters is
widespread in the northwest part of the Broken Top quadrangle. Some of the Neoglacial
moraines are mantled by 2300-year-old rhyodacite pumice; others were formed after the
pumice was deposited.

Talus- aprons and talus ramparts have formed on over-steep glaciated mountain slopes
and alluvium is currently accumulating in the Green Lake and Sparks Lake area. A Neo-
glacial moraine in the east cirque of Broken Top was breached in 1966, abruptly releas-
ing part of a small lake (Nolf, 1966). Erosional and depositional effects of the
resulting flood are still obvious over the 9-km length of affected drainage.



F1GurRe 8, RHYODACITE LAVAS OF HoLOCENE NEWBERRY FLOW AND GOOSE CREEK CHAIN OF DOMES,
NORTHWEST RIDGE OF BROKEN TOP ON SKYLINE,

FIGURE 9. SoUTHWEST SIDE OF Broken Top voLcano. Cavuse CoNE oF HoLoceNE BASALT(RIGHT) :
AND TERMINUS OF NEWBERRY RHYODACITE FLOW(LEFT).




Ficure 10, Cavuse CONE ON SOUTHWEST SLOPE OF BroKEN Top. ToDD LAKE VOLCANO DACITE
PLUG IN BACKGROUND WITH BACHELOR BUTTE ON SKYLINE.

F1GURe 11. MORAINE-DAMMED LAKE ON EAST SIDE OF BROKEN Top, DIMINISHED IN SIZE FOLLOWING
: EROSIONAL BREACH IN 1966, BALL BUTTE AND TUMALO MOUNTAIN IN BACKGROUND, EXHAUSTED
FIELD ASSISTANT IN FOREGROUND,
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GEOLOGIC MAPS OF §.W. BROKEN TOP QUADRANGLE

The 7.5-minute S.W. Broken Top quadrangle has been divided into nine 2.5-minute
rectangular areas and consecutively numbered according to the pattern shown in Figure 12.
Distribution of mapped volcanic and nonvolcanic deposits within these areas is represen-
ted on the following geologic maps, Figures 14 through 22. Unit symbols are explained in
the text; other symbols are given in Figure 13.

Representation of Mapped Units

In.this report, symbols representing mapped volcanic rocks convey four categories of
information: age, composition, occurrence, and unit number. For example, "HoDaLa3"
designates the third-numbered unit of Holocene dacite lava and "PsBsPt4' designates the
fourth~-numbered Pleistocene basaltic tuff cone.

Age

It is unlikely that rocks older than one million years are exposed in the S.W.
Broken Top quadrangle; most are younger than a few hundred-thousand years. - Therefore, a
paleomagnetic indication of rocks older than 700,000 years is of limited utility. Mazama
ash (6600 years, Rubin and Alexander, 1960) is of widespread occurrence but few rock
units within the quadrangle are younger. Most rock units in the central High Cascades
can be assigned without ambiguity to either Holocene (younger than 10,000-12,000 years)
or Pleistocene (10,000-12,000 to 2-3 million years) on the basis of their relationship
to glaciated surfaces and glacial deposits.

Ho: Holocene deposits. Includes Neoglacial deposits, alluvium, and volcanic and
volcanlclastlc rocks less than 10,000-12,000 years old.

Ps: Plelstocene deposits. Includes glac1al deposits, alluvium, and volcanic and
volcaniclastic rocks older tham 12,000 years but léss than 2 million years.

Composition

At this writing, there is no universally accepted and precisely defined nomenclature
applied to calc-alkaline rocks. Because many calc-alkaline Cascade rocks cannot be char-
acterized adequately without chemical data, and because silica is a significantly vari-
able, abundant, and .easily determined constituent, it is probably the most suitable com-
positional parameter for classification. There is ample precedent relating an increase
in silica content to the names basalt, basaltic andesite, andesite, dacite, and rhyoda-
cite (Williams, 1942; Peck and others, 1964{ Greene, 1968). 1In this study, five weight
percent increments of silica content are assigned to basalt (48-53), basaltic andesite
(53-58), andesite (58-63), dacite (63-68), and rhyodacite (68-73+)*. These values
closely follow the silica subdivisions used for calc-alkaline volcanic rock series by
S. R. Taylor (1969), Wise (1969), and Mackenzie and Chapell (1972); they are not in
serious conflict with previously published petrographic names of rocks from the central
High Cascades (Williams, 1944).

Bs Basalt, 48-53 weight percent $10,, H20—free.

BA Basaltic andesite, 53-58.

*Many High Cascade rocks contain more than 73 percent silica but none should be desig-
nated "rhyolite" unless it also contains more than 4 percent potash. Rocks that contain
less than 48 percent silica might best be called "melabasalt,'" but they are virtually
unknown in the High Cascades.

1
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An  Andesite, 58-63.
Da Dacite, 63-68.
Rd Rhyodacite, 68 or more.

Occurrence of Volcanic Deposits

Volcanic and volcaniclastic rocks in the S.W. Broken Top quadrangle occur.in the
form of intrusive dikes, sills, and plugs or as extrusive lava flows and volcanic. domes,
ash-flow deposits, ash-fall deposits, near-vent agglomerates, cinder cones, and tuff
cones.

La Lavas. 'Includes volcanic domes, single flows, and composite flows in which
pyroclastic material is subordinate.

Pc 'Coarse pyroclastic deposits. Includes mafic and silicic scoria and agglomerate
of cinder cones and parts of composite volcanoes in which pyroclastic material is predo-

minant; also includes pumice ramparts adjacent to volcanic domes.

Pt Tuff cones and tuff cone remnants. Includes altered (palagonitic) and fresh

mafic and silicic varieties; .also includes palagonitized deposits of bedded ash and la-

pilli .in composite volcanoes.

Pf Fine-grained pyroclastic—fall deposits. Includes surficial blankets of mafic
or silicic ash, generally far removed from the source vent.

Pi Ignimbritic deposits. Includes all welded and nonwelded deposits of pyroclas-
tic-flow origin.

Id,s,p Intrusive dikes, sills; and plugs.

Occurrence of Nonvolcanic Deposits

Mapped nonvolcanic deposits are represented by symbols which designate age and
occurrence only. Unit numbers are given to these deposits if they possess characteris-
tics that require separate description.

Al Alluvium. Includes well-sorted glacial outwash, flood deposits; silt, sand, and
gravel of stream and lake beds.

Gd Glacial drift. Includes till of terminal, latteral, and ground moraines, and
some poorly sorted outwash near terminal moraines.

Ta Talus. Includes extensive aprons of talus, talus ramparts, and blockfields.

Sn  Glacial ice, '"permanent' snowfields.
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Ho Holocene

Geologic contacts,
Ps Pleistocene dashed where covered

: Basalt '
; Bs : / Direction of flow
: BA Basaltic Andesite / / of Holocene lavas
| An Andesite J
‘. Da Dacite // Dikes, sills
|
f Rd Rhyodacite
La Lava (/ Rim of craters
i | / '
3 N
3 Pf Fine pyroclastic deposits
. . Trace of subsidence
Pc Coarse pyroclastic deposits crater in Broken Top
summit cone
Pt Tuff cone deposits

!d,s,p Intrusive dikes, sills, plugs Highest stand of

/
// / Pleistocene glaciers

Pi Ignimbritic deposits ,k
g P -
Al Alluvium
30° Strike and dip of strata
Gd - Glacial drift A ,
Ta Talus
54 Location and number
Sn - Snow fields, glaciers ) » : of analysed sample

Topographic base maps from U.S. Geological
Survey, 1959. Contour interval 40 feet
(12.2 meters). Geology by E. M. Taylor.
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DESCRIPTIONS OF MAPPED UNITS

Salient features of mapped units are summarized below in consecutively . numbered age-
composition groups. Each unit is numbered on the geologic maps and appropriate geologic
map numbers are included in each description. Consequently, a description of ‘any given
mapped unit is easily found and the mapped locations of each type of deposit are readily
identified.

Petrographic characteristics were determined through study of thin sections, usually
of fresh, nonvesicular glassy samples taken from widely separated parts of.each unit.
Phenocryst proportions were measured using standard point-counting techniques and are
reported as volume percent of solid rock, excluding void spaces. Compositions of plagio-
clase are reported as mole percent An and were determined by measurement of extinction
angles according to the method of combined albite and Carlsbad twins,; the a-normal
method, and the Michel-Levy method,. in that order of preference. Charts published by
Tobi (1963), Von Burri (1967), and Shelley (1975) for volcanic plagioclase were used in
support of these methods, respectively.

A silica content is given for each described unit as well as the sample numbers of
pertinent chemical analyses and calculated averages. All analyses are listed consecu-
tively by sample number in Appendix 1, corresponding to Appendik 2, sample locations
and geologic map numbers. Each sample site is also identified by number on the appropri-
ate geologic map. Analytical values are expressed as weight percent oxides of the eight
principal cations Si, Al, Fe, Ca, Mg, K, Na, and Ti. All iron is expressed as FeO. Each
analysed sample was split from at least 0.5 kg of uniform rock powder and was converted
to an anhydrous condition. A lithium borate fusion technique was used to prepare samples
for x-ray emission spectrometry for Al, Fe, Ca, K, and Ti. This was followed by a silico-
molybdate colorimetric method for Si and atomic absorption spectrophotometry for Mg and
Na. All determinative procedures were calibrated to a set of U.S. Geological Survey
analysed rock standards.. Replicate analyses have established that results are reprodu-
cible to within 0.5, 0.5, 0.1, 0.1, 0.1, 0.05, 0.1, and 0.05 of the respectively tabu-
lated values. Analyses were performed by E. M. Taylor with able assistance from Mrs. R.
L. Lightfoot.

Units of Holocene Nonvolcanic Deposits
HoGd1l Terminal and lateral Neoglacial moraines (HoGdl) in the vicinity of Broken Top

HoGd2 and Three Sisters which are overlain by fragments of pumice and obsidian from
2300-year-old Rock Mesa eruption, and Neoglacial moraines (HoGd2) which are not.

Units of Holocene Basalt

HoBsLal Olivine basalt lavas from Cayuse Cone. Silica 49-51. Cone of red and black
HoBsPcl scoria 200 m high, breached on S.W. side by lavas which moved in two lobes,

4.5 km S. to Sparks Lk. and 1.3 km W. to Fall Cr. Black to gray scoriaceous
aa surface with lava levees, gutters, and hummocky terrain. Phendcrysts of 01 (10-12%;
up to 2.0 mm) and sparse microphenocrysts of Plag.. Groundmass Plag An60-65. Not glaci-
ated; overlain by pumice from Devils Hill Chain of Domes, Rock Mesa (2300 C-14 yrs), and
Mazama ash (6600 yrs). Terminus of main lobe is buried in alluvial deposits of Sparks
Lk. basin. Analyses 7, 20, 21, 22, 23, 30; average Cayuse lava, 1000. Maps 4, 7.

HoBsLa2 Olivine basalt lava and two small cones 0.2 and 0.5 km N.W. of Cayuse Cone.
HoBsPc2 Silica 51-52. Narrow lava flow, 1.2 km long, issued from S.W. base of N.W.

cone. Surface features, composition, mineralogy, and probable age similar to
.Cayuse lavas and cone. Analysis 24. Map 4.

;
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HoBsLa3 Olivine basalt lava and chain of c1nder cones S.W. of Todd Lk. Silica 50-52.
HoBsPc3 Hummocky black and gray lava surfaces composed of aa fragments. Very large,

coherent, tipped blocks along flow margins. Phenocrysts of 01 (11-12%; up to
1 mm) with sparse microphenocrysts of Plag. Pilotaxitic groundmass of An 65-70 Plag
microlites in subophitic 1ntergrowth with Cpx. Tworkm N-S alignment of 4 cinder cones
with remnants of 5 vents. Black and red cinders, spatter, and bombs. Partly exposed
flows from these cones probably exist in the basaltic andesite lava fields to the W. but
are mapped separately only along E. side of Sparks Lk. Cones and lavas not glaciated;
overlain by pumice from Rock Mesa and ash from Mazama. Also overlain by basaltic- ande-
site lavas from Bachelor Bu. and from cone at N. base of Bachelor Bu. Analyses 259, 261,
262; average, 1001." Maps 7, 8.

Units of Holocene Basaltic Andesite

HoBALal Basaltic andesite lavas which extend from source cone at N. base of Bachelor
HoBAPcl Bu., 4.5 km W. to Sparks Lk. Silica 54-55. Hummocky, scoriaceous, black and

gray lava surfaces with lava levees, blocky near source. Microphenocrysts of
Plag and 01 (both <1%). Groundmass pilotaxitic intergranular, Plag microlites An 40-45.
Cone of red and black cinders and spatter was breached on N.W. side. Lavas and cone not
glaciated; overlain by Rock Mesa pumice and Mazama ash. Terminus of flow is partly
buried in alluvium of Sparks Lk. basin and alluvium has been deposited on the lava field
S. of Todd Lk. Lavas and cone rest on lavas from Bachelor Bu. Analyses 44, 45; average,
1002. Maps 7, 8, and Quad. S.

HoBALa2 Olivine- and clinopyroxene-bearing glomerophyric basaltic andesite lavas S.W.

and W. of Dutchman Flat, not mapped separately. Silica 54-57. From adven-
tive shield at 7800' elev. on N. side of Bachelor Bu. Flow surface black to gray, blocky
to aa with pressure ridges. Phenocrysts and glomerocrysts of Plag (12-15%; partly resor-
bed with normal oscillatory zones from An 75 core to An 45 rim; up to 2 mm), Ol and Cpx
(both approximately 27Z; up to 1 mm). In some flows olivine is surrounded by narrow
jackets of granular pyroxene. Groundmass Plag An 40-45; hyaloophitic to intergranular.
Not glaciated; overlain by Rock Mesa pumice, Mazama ash, and lavas from cone at N. base
of Bachelor Bu. Rests upon lavas and cone chain S.W. of Todd Lake. Analyses 47, 258,
260; average, 1003. Maps 7, 8, 9 and Quad. S. .

. Units of Holocene Rhyodacite

HoRdLal Orthopyroxene-bearing rhyodacite lava and pumice deposits'from Newberry vent.
HoRdPcl Flow 3 km long, 1.5 km wide. Blocky surface with extensive pressure ridge

system. Blocks composed of black, flow-banded obsidian and white, partly
inflated crust. Spherulitic in part. S.W. 1/4 of flow contains mixed red and black
glass. Phenocrysts of Plag (7-9%; An 35-45, normally zoned and extensively resorbed; up
to 3 mm), Opx (0.5-1.5%; very small), Mag and fresh Hb (both sparse and very small). Not
glaciated; Newberry flow rests upon early pumiceous deposits from Newberry vent and from
Rock Mesa (2300 C-14 yrs.). Overlain by pumice from nearby Goose Cr. chain of domes.
Analyses 26, 28, 271, 446; average Newberry, Goose Cr., Devils Hill chains of domes,
1004. Maps 1, 3, Quad. W. :

HoRdLaZ2 Orthopyroxene-bearing rhyodacite lava and pumice deposits from Goose Cr.
HoRdPc2 chain of domes. Silica 72-73. Five domes, 10 vents, 2.0 km long, aligned

N.10W. Surface of domes and marginal crumble breccia composed of gray,
partly inflated blocks. Plag phenocrysts up to 127; otherwise mineralogy and texture
identical to Newberry flow. Pumice ramparts on W. side of domes; elsewhere overlain by
domes and lava flow. Goose Cr. pumice rests upon Newberry flow and is underlain by
pumice from Rock Mesa. Analyses 269, 445, 447; average Newberry, Goose Cr., Devils Hill
chains of domes, 1004. Map 4 and Quad. W.

HoRdLa3 Orthopyroxene-bearing rhyodacite lava and pumice deposits from Devils Hill
HoRdPc3 chain of domes. $i0y 71-72. Four domes, 5 vents, 2.4 km long. aligned N.3W.

Lithology and mineralogy 1dent1cal to Goose Cr. chain of domes. Pumice depo-
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"PsBALa2: Olivine~ and clinopyrgxene—bearing basaltic andesite lavas and dike on ridge
PsBAId2 east of Golden Lake. Silica 55-56. Platy, gray to pink. Phenocrysts of

PsBALa3 Orthopyroxéne—bearing basaltic andesite lavas N.W. of Park Meadow. Silica

sits thicker and more extensive. Pumice rampart E. of domes is up to 50 m thick, composed
of poorly sorted white-to-gray lumps and- “breadcrust bomb fragments up to 0.5 m in diame-
ter. Collapse of steep-sided pumice ramparts probably contributed small pyroclastic

flows to the pumice blanket in lower Goose Cr. valley Domes, lavas, and deposits rest
on pumice from Rock Mesa (2300 c-14 yrs ), but probably was produced at about the same
time. Analyses 381, 448; average Newberry, Goose Cr., and Devils Hill chains of domes,
1004. Maps 4, 7, and Quad. W. ’ : g

Units of Pleistocene Basalt

PsBsLal Olivine- and clinopyroxene-bearing basalt lavas in vicinity of Ditch Cabin,

‘ not separately mapped. Silica 52-53. Dark gray glaciated lavas from 7000’
elev. S.W. of Ball Bu. to 6600' elev. on E. rim of Soda Cr. canyon. Phenocrysts and
glomerocrysts of Plag (15-30%; An 50-60; up to 1 mm; larger crystals contain up to 50
close-set oscillatory normal zones ranging over approximately 10 An), 01 (6-8%; up to
1.5 mm), and Cpx (2-3%; 0.5 mm). Groundmass plag An 45. Flows 1.3 km S. of Ditch Cabin
are coarse diktytaxitic microporphyries with phenocrysts of Plag (38%; An 70-80; up to 8
mm), 01 (17%; 2 mm), and Cpx (4%Z; 1.5 mm). Normal paleomagnetic polarity. Analyses 111,
295, 299, 300; average Ditch Cabin basalts, 1005. Maps 5, 6, 8. : -

PsBsLa2 Olivine-bearing basalt lava from.small glaciated cinder cone remnant, 1.0 km

PsBsPc2 S.E. of Ball Bu. Silica 52-52.. Dark gray glaciated lava extends 3.3 km

S.S.E. from source cone at 7200' elev. to 6200' elev. in Middle Fork Tumalo
Cr. canyon. Phenocrysts and glomerocrysts of Plag (10-12%; An 55-65; up to 3 mm). Lar-
ger crystals contain normally zoned An 65-55 cores surrounded by repeated sets of An 60-

65 oscillatory zones and rim zones to An 45. 01 (8-10%; up to 4 mm) and Cpx (<1%;

small). Analysis 303. Maps 6, 9.

PsBsLa3 Olivine—bearing\basalt lavas from Talapus and Katsuk Buttes. Silica 51-52.
PsBsPt3 Dark gray interior, black to red scoriaceous surfaces. Principal flows were

_ produced from a vent in saddle between Talapus and Katsuk, and from a vent
on the S. side of Katsuk. Lavas have been moderately glaciated, especially at lower
elevations. Phenocrysts and small glomerocrysts of Plag (17-19%; An 60-65 in cores,
normal zoned to An 45 rims; up to 2-mm; larger crystals possess extensively resorbed
cores) and 01 (5-7%; up to 1 mm). Groundmass Plag An 40-45. Talapus Bu. cinder cone was
constructed on a large palagonitic tuff cone whose glaciated flanks are now occupied by
Devils Lk. Bedded hyaloclastites are best exposed in roadcuts near Devils Lk., on the N.
side of Talapus, and along the E. margin of the Talapus-Katsuk lava field. Overlain by
lavas from Bachelor Bu. Analyses 264, 265,.266, 525, 526; average Talapus-Katsuk ba-
salts, 1006. Map 7 and Quads. W, SW, S.

Units of Pleistocene Basaltic Andesite

PsBALal - Basaltic andesite lavas between Golden, Green, and Corral Lakes, not mapped

separately. Dark to light gray, blocky, glaciated. Lavas between Golden
and Green Lks: Silica 53-54. Very fine grained with sparse microphenocrysts of An 50- j
55 Plag. Groundmass Plag An 40-45. Between Corral and Green Lks: Silica 53-57. Pheno-
crysts of Plag (5-12%; An 65-70 in cores with normal zones to An 50-55 rims; up to 4 mm),
01 and Cpx (both <1%; -up to 0.5 mm). Overlain by Broken Top basaltic andesites and
dacites. Analyses 117, 193, 198, 272. Averages 1007, 1008. Maps 1, 4.

Plag (18-20%; An 70-75 in cores;with delicate oscillatory normal zoning to
rims of An’ 55; up to 4 mm), 01 (4~5%; rounded with rims of granular Mag, up to 0.5 mm),
Cpx (1-2%; up to 3 mm). Groundmass Plag An 45-50. Glaciated. Analysis 364. Maps 1, 2.

56-57. Glaciated remnants of pressure ridges. Gray to brown, scoriaceous
to platy. Phenocrysts of Plag (27-29%; An 35-55, osc1llatory normal zones; up to 2 mm),
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Opx and microphenocrysts of Mag.(both 1-2%). ‘Sparse phenocrysts of large resorbed Plag’
with patchy zoning; glomerocrysts of Plag, Opx, and Cpx up to 6 mm. Groundmass Plag An

35. Overlain by andesite lavas from S. Sister. Analysis 210. Maps 1, 2, and Quad. N.

F.

PsBALa4 ~ Olivine-bearing basaltic andesite lavas and remnants of glaciated cones in
. PsBAPc4 Park Meadow area. Silica 54-55. Red to black scoriaceous lava and red

cinders. Phenocrysts of Plag (24-26%; An 70-80, normal zones; up to 3 mm)

~and 01 (2-3%; 0.5 mm). Groundmass Plag An 60. Analysis 366. Map 2.

PsBALa5 Glaciated basaltic andesite lavas and remnant of glaciated cinder cone E. of

PsBAPcS Rim Lake. Silica 54-56; unusually high Fe, Ti. Lavas gray in blocky-to-
platy interior, brown on scoriaceous surface. Cinders red. Microphenocrysts

of Plag (reverse zoned from An 50 to An 60 in cores, surrounded by thin rim of An 50, up

‘to 1.5 mm in length) with 01 and Cpx (up to 1 mm), all €1%. Very fine-grained groundmass

with Plag An 50. Glaciers carved deep circular pit in N:. flank of cone. Glacial debris
and striations to summit. Analyses 146, 147, 148, 149, 202, 359; average, 1009. Maps 2,
3.

PsBALab Clinopyroxene-bearing microporphyritic basaltic andesite capping ridge at

7600' elev., 1.3 km S. of Tam Lk. Silica 57-58. Black vitrophyric to brown
holocrystalline, blocky. Microphenocrysts of Plag (16-18%; reverse-zoned cores An 55-65
surrounded by a thin rim zoned normally to An 55; up to 1 mm), Cpx (1-2%; 0.5 mm), and
Mag (<1%). Some of the Plag crystals are extensively resorbed. Glaciated and overlain
by basaltic andesite lavas from Broken Top. Analysis 380. Map 2.

PsBAPc7 - Glaciated remnant of basaltic andesite cinder cone 2.6 km N.W. of Three Cr.
Lk. Silica 56-57. Red and black scoria. Phenocrysts of Plag (<1%; up to 2
mm) and Cpx (<1%; 0.4 mm). Analysis 150. Map 3.

PsBALa8 Basaltic andesite lavas in cliffs of Tam McArthur Rim and Snow Creek cirque,
PsBAId8 not mapped separately. Overlain by lavas of Broken Top. Lavas on upper

shelf S.iof Three Cr. Lk: Si02 55-56. Thick blocky flows, gray interior
with reddish-brown crust. Phenocrysts of Plag (16-17%; An 70-75 in core, rim =zones of
An 40; up to 4 mm), 01 (<1%; rounded and embayed; 0.5 mm), and Cpx (<1%; 0.4 mm). Normal
paleomagnetic polarity. Analyses 152; 153; average, 1010. Map 3 and Quad. E. Lavas in
Tam Mac Rim and Snow Cr. cirque: Silica 54-58. Thick blocky flows, light gray and flow
banded. Sparse phenocrysts of Plag (generally <1%; An 60-65; in two habits within same
rock - short and broad with reverse zoning in resorbed cores, and narrow prisms 1-2 mm
long without zoning or evident resorption), Cpx, Opx, and Mag (all <1%; small). Ground-
mass commonly pilotaxitic intergranular with An 40 Plag. Normal paleomagnetic polarity.
Analyses 158, 171, 176, 346, 349, 350, 352; average including dikes, 1011l. Maps 2, 3.
Dikes: Silica 54-56. Gray to black, generally 2-3 m thick and irregular in trend.
Phenocrysts as in basaltic andesite lavas of Tam Mac Rim and Snow Cr. cirque. Analyses
173, 348. Maps 2, 3. ‘

PsBALa9 Basdltic andesite lavas on lower shelf S. of Three Cr. Lk., not mapped sepa-

rately. Interbedded with dacite lavas of PsDala5. Lavas on E. side of
shelf: Silica 53-54. Brown to oxidized red, platy.. Phenocrysts of Plag (15%; An 70-75,
zoning oscillatory but indistinct in most crystals, rim zone An 45; up to 5 mm), 01 (1%;
rounded, enclosed in rim of granular Mag; 0.5 mm), Cpx (<1%; small). Normal paleomag-
netic polarity. Analysis 1. Lavas on W. side of shelf: Silica 55-56. Gray to brown,
platy. Phenocrysts of Plag (1-2%; An 40, zoning indistinct; up to 1.0 mm), 0l and Cpx
(both <1%; up to 1.5 mm). Normal paleomagnetic polarity. Analysis 342. Map 3.

PsBALalO Glaciated basaltic andesite lavas and cinder cone on crest of Broken Top E.

PsBAPclO ridge, 1.2 km S.W. of Tam McArthur Rim. Silica 53-54, high Al. Lavas

blocky, gray to red. Phenocrysts of Plag (20-22%; cores of diffuse oscilla-
tory zoning from An 80 to An 85 with rims zoned normal to An 50; some crystals extensively
resorbed; up to 4 mm) and 01 (1%; 0.5 mm). Unusual abundance of well-formed volcanic
bombs mixed with red cinders of cone. Lavas and cone are overlain and underlain by basal-
tic andesite lavas from Broken Top.. Analyses 124, 355; average 1012. Maps 2, 3, 6.
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PsBALall Orthopyroxene- and olivine—bééring basaltic andesite microporphyries of’

PsBAPcll Broken Top volcano, not separately represented. Silica 54-56. Gray, black,
PsBAIpll and red vesicular flows, usually 5-10 m thick, from dike, sill, and plug
PsBAId1l sources in the summit cone and from dikes on the lower slopes. The basaltic

andesite lavas of Broken Top contain 25 to 60% phenocrysts, glomerocrysts,
and microphenocrysts of Plag, 01, Opx, Cpx, and Mag, usually in that order of abundance,
suspended in a hyaloophitic to intergranular groundmass. Two generations of phenocrysts
are commonly represented, often in the same rock. The prominent, and presumably earlier,
generation consists of olivine crystals (up to 2 mm; often rounded, embayed, and partly
converted to red alteration products) and plagioclase crystals (up to 4 mm; éores as
calcic as An 85 but more often An 60-70, surrounded by a broad band of An 50-60 oscilla-
tory zones which grade to a thin rim normally zoned to An 45). Irregular blebs of glass
tend to be concentrated in the oscillatory band, but are sometimes distributed uniformly.
The second generation consists of stout prisms of fresh orthopyroxene (up to 0.5 mm) and
plagioclase (short tablets up to 1 mm long, with oscillatory zoning from An 60 to 45 in .
some rocks and continuous normal zoning in others). The plagioclase is usually honey-
combed with irregular inclusions of glass. The chief variation in mineralogy and texture
of Broken Top lavas lies in the relative proportions of these two generations of pheno-
crysts. Crystals of the first generation predominate in early Broken Top lavas; inter-
mediate stages leading to a complete replacement of the first generation by the second
are best represented in later lavas from higher levels in the volcano.

1

Broken. Top dikes.and sills vary.from 1 to 5 m in thickness.,and correspond to the
lavas in phenocryst composition, texture, and variability. The centraloplug-of.Broke

Top, however, is approximately 0.3 by 0.6 km _in diameter .and varies from a fine-grained
platy margin to a blocky -interior of altered hypidiomorphiczgranular.micronorite. It is
composed of Plag (78-80%; An 55 cores normally zoned to An 30 rims; av. 1-3 mm), Opx (12-
14%; 0.5-1 mm), Cpx (5-6%; 0.5-1 mm), Mag (2-3%; up to 0.5 mm), and 01 (<1%; up to 1 mm;
often altered to serpentine). '

Broken Top basaltic andesite lavas were deposited on a glaciated platform of many
separate basaltic andesite volcanoes, are interbedded with small andesitic, dacitic, and
rhyodacitic lava flows and ash-flow tuffs, and are overlain by basaltic andesite lavas of
the Tumalo Mtn. chain of volcanoes and by rhyodacite pumice and andesite cinders from
Pleistocene vents on the N.W. ridge. Broken Top volcano has been extensively glaciated
on all but- the highest ridge crests. Paleomagnetic polarity was determined in nine sepa-
rate lava flows representing high, intermediate, and low stratigraphic positions in
Broken Top; all were normal. Analyses: (lavas) 106, 107, 108, 109, 110, 113, 114, 116,
118, 122, 156, 161, 195, 199, 203, 274, 360, 361, 363, average 1013; (dikes) 112, 119,
121, 125, 167, average 1014; (plug) 81, 101, 102, average 1015. Maps 1, 2, 3, 4, 5, 6.

PsBALal2 Olivine- and clinopyroxene-bearing basaltic andesite lava west of Ball

Butte. Silica 55. Light gray, blocky. Phenocrysts of Plag (10-11%; deli~-
cate oscillatory zoning throughout cores of An 75-80, narrow rims zoned An 75-45; up to
1.5 mm), Cpx and 01 (both 2% and up to 0.5 mm). Probably the NW member of a glaciated
chain of cones which extends from Tumalo Mtn to Broken Top. Analysis 301. Map 5.

PsBALal3 Clinopyroxene- and olivine-bearing basaltic andesite lava and pyroclastic
PsBAPcl3 deposits of Ball Butte. Silica 56-57. Lavas red to brownish gray, fine

grained, blocky. Abundant microphenocrysts with sparse phenoérysts and
glomerocrysts of Plag (12-13%; An 55-60, delicate oscillatory zoning of very limited
compositional range; up to 3.0 mm), Cpx and 01 (both 1-27% and up to 1.0 mm). Olivine is
embayed and surrounded by granules of Cpx and Mag. Some of the glomerocrysts are associ-
ated with an altered amphibole, minute shreds of biotite, and anhedral alkali feldspar.
Groundmass intergranular with Plag An 45. Red cinder cone is approximately 200 m high,
nearly buried beneath lavas from summit vents, and has been extensively glaciated. Ball
Bu. lavas are overlain by basaltic andesite lavas from glacijated center 0.8 km NW (PsBAlLa
12). Analysis 302. . Maps 5, 6.

PsBALald Basaltic andesite lavas exposed in ravine north of Soda Creek, W. Sec. 6,

not mapped separately. Silica 54-58. Thick units of red flow breccia and
gray lava containing phenocrysts of Plag (2-3%; An 70 without zoning, An 45-60 with nor-
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mal zoning; both types up to 1 mm), Ol .and Cﬁk'fboth <1%; small). Underlain by thinner
flows of porphyritic basaltic andesite and palagonitic breccia interbeds. Entire se-
quence rests upon lavas from Todd Lake volcano. Analyses 285, 288, 290. Maps 5, 8.

PsBALal5 Clinopyroxene— and olivine-bearing basaltic andesite lavas from glaciated
PsBAPcl5 cinder cone remnant, 1.5 km S.E. of Ball Butte. Silica 55-56. Light gray

glaciated lavas extend from source cone at 6700' elev., 1.5 km S. to appro-
ximately 6700' elev. Phenocrysts and glomerocrysts of Plag (8-12%; cores of An 70-55
with normal and reverse sets of oscillatory zones surrounded by narrow rims zoned normal
to An 50; up to 2 mm), 01 (1-3%; up to 0.5 mm), Cpx (1-2%; up to 0.5 mm). Mag in glome-
rocrysts with Plag and Cpx. Groundmass intergranular,.pilotaxitic in part, Plag An 45.
Analyses 139, 296, 307; average 1016. Maps 5, 6, 8, 9. - .

PsBALalé6 Basaltic andesite lava flow, 0.5 km long, from small glaciated cinder cone
PsBAPcl6 north of upper North Fork Tumalo Creek. Silica 55. Lavas gray to black,

vesicular; cinders black and red. Sparse phenocrysts of Plag (An 35-40,
resorbed; up to 1.0 mm; accompanied by crystals of An 55~60, not resorbed; up to 2 mm),
Cpx and 01 (both <1%; up to 0.5 mm) in a fine pilotaxitic intergranular groundmass.
Analysis 129. Map 6. -

PsBALal7 Basaltic andesite lavas of Happy Valley; not mapped separately. Silica 56-

57. TFine grained, platy, black to gray where fresh, tan to yellow where-
altered. Phenocrysts of Plag (An 55) and Cpx (both <1% and <1 mm). Exposed best in
glaciated cliffs and on floor of Happy Valley E. of Map 6. Analysis 128.

PsBALal$§ Basaltic andesite lavas of upper North Fork Tumalo Creek, not mapped sepa-

rately. Silica 53-54. Glaciated flows, gray to black, blocky. Phenocrysts
of Plag (4-6%; An 65 cores normal zoned to An 35 rims; up to 4 mm), Cpx (<1%; up to 0.5
mm), and sparse Mag. Small outcrop in center of Happy Valley contains partly fused pumi-
ceous xenoliths. Analysis 135. Map 6 and Quad. E. !

PsBALal9 Olivine-bearing basaltic andesite microporphyry in canyon between north and

middle forks of Tumalo Creek. Silica 54-55. Black to gray scoriaceous
flows, generally less than 10 m thick. Phenocrysts of Plag (40-45%; An 50-55, indistinct
zoning; clouded with minute inclusions of mafic silicates and blebs of dark glass; up to
3 mm), 01 (5%; up to 1 mm), and Opx (<1%; up to 0.5 mm). Groundmass hyaloophitic with An
35 Plag. Interbeds of palagonitic brécéia are common. Overlain by rhyodacitic lava of
upper N. Fork Tumalo Cr. Analysis 306. Map 6 and Quad. E.

PsBALa20 Glaciated basaltic andesite lavas (not mapped separately) and remnant of
PsBAPc20 glaciated basaltic andesite cone in vicinity of Bare Lake. Silica 57. Ho-

locrystalline lavas are gray and platy to blocky, but black and less platy
with increasing glass content. Red, scoriaceous flow crust near vents. Phenocrysts of
Plag (<2%; An 60-70; up to 1 mm), Cpx (<1%; 0.4 mm), and traces of Mag. Some flows are
nonporphyritic and some contain as much as 1% xenoliths of fine and coarse two-pyroxene
dacite lavas and plug rocks. Beds of red scoriaceous agglomerate are exposed in cliffs
0.3 km W. of Bare Lk. Rests on rhyodacite lavas S. of Todd Lk. and is overlain by dacite
lavas of Todd Lk. volcano. Normal paleomagnetic polarity. Analyses 8, 11, 12, 15, 16;
average, 1024. Map 8.

PsBAPc21 Glaciated remnants of basaltic andesite cinder comes 1.0 km S. of Todd Lake

PsBAPc22 and 0.7 km W. of Dutchman Flat. Silica 56-57. Red spatter and scoriaceous
oxidized lava. Cone near Todd Lk. contains less than 1% microphenocrysts

of Plag and two pyroxenes. Cone near Dutchman Flat contains only sparse microphenocrysts

of Plag. Analyses 43, 46. Map 8. .

PsBALa22 Clinopyroxene-bearing basaltic andesite lavas 1 km W.N.W. of Tum Lake.

Silica 55-56. Gray to black, blocky. Phenocrysts of Plag (30%; An 75
cores, normal zoned to An 45 rims; up to 3 mm), Cpx (2-3%; euhedral; up to 2 mm), 01 (<1%;
rounded; up to 1 mm), Mag (<1%; up to 0.5 mm). Sparse glomerocrysts reach 4 mm in dia-
meter. Groundmass intergranular with An 40 Plag. Glaciated, overlain.by lavas from cone
N.W. of Tumalo Mtn.. Analysis 141. Map 9. o
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PsBALa24 Glomeroporphyritic olivine—_aﬁd clinopyroxene—beariﬁg basaltic andesite

PsBAPc24 lavas, intrusive rocks, and.tuff cones associated with Tumalo Mountain and
PsBAPt24 three cones N.W. of Tumalo Mountain.. Silica 55-56. Surfaces of nonglaci-
PsBAIp24 ated lavas above 7000' elev. on W. flank of Tumalo Mtn. are black and scori-

PsBAId24 aceous. Elsewhere, the glaciated interior of lava flows is gray and blocky.
: Phenocrysts and microphenocrysts of Plag (23-26%; An 60-75, commonly zoned
in two or more sets of oscillatory normal zones surrounded by a reverse zone which passes
into a thin rim zoned normally to An 45; up to 2 mm), Cpx (5%; up to 1 mm), Ol (1%;. 0.5
mm), and rare Opx. Glomerocrysts of Plag, Cpx, and Ol commonly reach 6 mm in’ diameter
and make up 3-7% of the rock. Tumalo summit cone is composed of red and black cinders,
bombs, and spatter with glomerocrysts of Plag, Cpx, and 0l. Fragments of white fine-
grained rhyodacite up to 3 cm are included within the cinders. Glaciated eastern face of
summit cone contains a small central plug with associated radial dikes and remnants of an
. early-formed palagonitic tuff cone. Of the cones N.W. of Tumalo Mtn., the southernmost
was glaciated up to approximately 6900' elev. but still retains a breached summit crater.
The middle cone was glaciated over all but the summit area; no crater survived. The
northernmost cone was extensively giaciated and stands as an irregular resistant butte of
thin lava flows and interbedded scoria. Normal paleomagnetic polarity. Analyses 42, 48,
74, 140, 143, 144, 145, 308, 309, 310, 311, 312, 313, 314, 315, 319, 320; average Tumalo
Mtn., 1017. Maps 8, 9, and Quads E., S.E., S. }
PsBALa25 Glaciated basaltic andesite lavas exposed in vicinity of Tum Lake. Silica
56. Gray, fine grained, blocky. Phenocrysts and microphenocrysts of Plag
(0.5-1.0%; An 70 cores, An 45 rims; up to 1 mm; anhedral with irregular margins grada-
tional to groundmass), Opx, Cpx, Mag (all <0.1% and less than 0.1 mm). Groundmass inter-
granular with An 45 Plag. Overlies remnant of palagonitic tuff cone. Analysis 142,
Map 9.

Units of Pleistocene Andesite

PsAnLal Glaciated two-pyroxene andesite lavas from South Sister volcano, not mapped

separately. Silica 59-63. Units exposed in Broken Top quadrangle possess
gray to black, platy, flow-banded interiors with blocky vitrophyric margins. Phenocrysts
of Plag (5-20%, most units contain 11-13%; cores An 50 normally zoned to An 35 in some
units, reverse zoned from An 50 to 60 and surrounded by a narrow rim zoned to An 35 in
other units; up to 3 mm). Pyroxenes total 2-4%. Cpx exceeds Opx by a factor of 1 to 4.
Cpx is surrounded by narrow rims of granular pyroxene. Mag from 0.8 to 1.5%, up to 1 mm.
Sparse crystals of apatite with dark pleochroic inclusions are as long as 0.5 mm in some
units. In Broken Top quadrangle, these andesites overlie rhyodacites E. of Chambers Lk
and basaltic andesites near Golden and Green Lks. -"Analyses 191, 192, 204, 250, 362, 365,
456, 458; average 1018. Map 1 and Quads. W., N.W., N.

PsAnPc2 Glaciated remnant of andesite cinder cone and included dikes at 7000' to
PsAnld2 7700' elev. on N.W. ridge of Broken Top. Silica 61. Red to black cinders,

coarse spatter, and thin flowrock cut by several short dikes less than 1 m
wide. At high levels in cone deposits, cinders are interbedded with lumps of white
rhyodacite pumice of ridge-crest unit PsRdPc4. Cinder cone overlies N.W. margin of ba-
saltic andesite lava: from Broken Top. Analysis 196. Map 1.

PsAnLa3 Glaciated andesite lava on shelf at 7000' elev., head of Snow Creek cirque.

Silica 62-63. Black vitrophyre at margins, gray platy interior. Phenocrysts
and glomerocrysts of Plag (6-7%; An 45, some much-resorbed cores of An 55 contain patchy
zoning; up to 1 mm), Cpx, Opx, and Mag (all <1%; 0.5 mm). Sparse olivine crystals occur
separate from glomerocrysts and are rounded and embayed. Analysis 351. Maps 2, 3.

. I

PsAnldé Three east-west andesite dikes 1.3 km S. of Rim Lake. Silica 60-61. Gray
= . to white, blocky, J3=lézmzwide.. Microphenocrysts and small glomerocrysts of
Plag (2-3%; An 50-55; up to 1 mm), Cpx and Mag (both <1%; up to 0.5 mm). Mineralogy,
texture, and composition are distinct from andesite dike and lavas of units PsAnLa5 and
PsAnLa6, only 0.2 to 0.5 km S. Analysis 170. Map 2.
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PsAnla5 Glaciated clinopyroxene-bearing andesite lavas at 7400' elev., 1.4 km S. of
PsAnP¢S Rim Lake and probable andesitic source cone at 7480' elev., on S.W. edge of

Snow Creek cirque. Silica 60-61. Lavamottled and streaked in black, gray,
and red. Red andesitic scoria incorporated into, base of flows; small xenoliths of basal-
tic andesite common throughout. Phenoérysts of Plag (4-5%; An 47; up to 1 mm), Cpx (1-
2%; up to 0.5 mm), Opx and Mag (both <1%; <0.5 mm). Sparse crystals of apatite and small
xenocrysts of resorbed olivine. Groundmass of light-colored, coarser, pilotaxitic
streaks in dark-colored, finer, intergranular matrix. Cpx within light-colored streaks
is surrounded by granular rims. Cone is composed of black cinders and brown pumice.
Analyses 169 (lava), 358 (cone). Map 2.

PsAnLab Glaciated clinopyroxene-bearing andesite lavas, not mapped separately and
PsAnIdb6 S.W.-N.E. dike, 7600 to 8000' elev. on S.W. side of Snow Creek cirque. '

Silica 61-63. Phenocrysts of Plag (7-8%; oscillatory normal zones over range
of An 40-45; up to 2.5 mm), Cpx (1%; 0.5 mm), Opx and Mag (both <1%; <0.5 mm). Approxi-
mately 10% of Plag phenocrysts are extensively resorbed, but are of same composition and
zonation pattern. At lower E. end of outcrop is a flow unit which is slightly more mafic
and contains only 1-2% Plag phenocrysts with minor pyroxenes and Mag. Mineralogical and
chemical compositions of the dike are similar to the lowermost flow and it is probably a
feeder. Interbedded with basaltic andesite lavas from Broken Top. Analyses 165, 356
(upper flows), 160 (lower flow), 159 (dike); average lower flow and dike, 1019; average
upper flows, 1020. Map 2.

PsAnLa7 Glaciated andesite lavas west of Corral Lake not mapped separately. Silica
62-63. Gray to pink, close-set platy joints. Microphenocrysts, phenocrysts,
and glomerocrysts of Plag.(5-7%; An 45-50 with poorly developed normal zoning; up to 1

‘mm), Cpx, Opx, and Mag (all <l%; very small). Cpx is surrounded by jackets of granular

pyroxene. Groundmass hyalopilitic to intergranular. Analyses 27, 275; average 1021.
Map 4.

PsAnLa8 Glaciated clinopyroxene-bearing andesite lavas at head of ravine, 6400' elev.,
W. Sec. 6, N. of Soda Creek, not mapped separately. Silica 62-63. Flows

gray to black, platy, up to 20 m thick. Phenocrysts and glomerocrysts of Plag (5-6%;

An 45-50; up to 2 mm), Cpx (1-2%; 0.5 mm), Opx and Mag (both <1%; <0.5 mm). Analyses

286, 287; average 1023. Map 5.

PsAnla9 ‘Glaciated andesite lava at 5600' elev. on lower Fall Creek. Silica 59-60.
Gray to tan, platy. Phenocrysts of Plag (11-12%; cores oscillatory zoned

An 85-90 surrounded by broad rim zone An 40-45; up to 4 mm), Cpx (<1%; granular Cpx rims;

up to 0.5 mm), 01 (<1%; altered; 0.5 mm), and Mag (<1%; up to.0.2 mm). Groundmass Plag

An 40. Analysis 276. Map 7. :

Units of Pleistocene Dacite

PsbhalLal Clinopyroxene-bearing dacite lava interbedded with basaltic andesite flows at
7600' elev. in cliffs 1.5 km S. of Golden Lake. Silica 64-65. Platy, dark
gray to brown. Microphenocrysts of Plag (3%; An 45-50 with indistinct zoning), Cpx (1-
2%; 0.5 mm), and Mag (<1l%; up to 0.2 mm). Overlain by lavas from Broken Top; rests on
lavas similar to Broken Top lavas but of uncertain affinity. Analysis 200. Maps 1, 2.

PsDala2 Glaciated dacite lava E. of Squaw Creek, 1.0 km E. of Park Meadow. Silica

64. Platy, light gray to pink. Phenocrysts of Plag (6-7%; An 35 in two
broad normal zones of less than 5 An range; up to 3 mm), Cpx (0.4-0.5%; up to 0.5 mm;
mostly converted to granular pyroxene), Opx (0.5-0.6%; up to 1 mm; no granular rims), and
Mag (0.7-0.8%; up to 0.5 mm). Opx and Cpx commonly .form parallel crystal aggregates.
Sparse but unusually large apatite crystals (up to 0.25 mm). Analysis 367. Map 2.

’

PsDala3 East-west dacife dike at 7800' elev., 1.8 km S. of Rim Lake. Silica 66-67.

Gray interior, black glassy margins, 0.5-1 m wide. Phenocrysts of Plag (5-
7%; An 35-40, normal zoning over small compositional range; up to 1 mm), Opx,. Cpx, Mag

(all <1%; <0.5 mm). Part of a multiple dike set dominated by basaltic andesite
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(PsBAId1l). Analysis 168. Map 2.

PsDaPi4 Dacite welded tuff of Snow Creek cirque. Silica 66-67. Small outcrop ex-

posed on W. side of Snow Cr. at 7360' elev. Yellow to light brown, glassy,
poorly welded eutaxitic matrix contdining fragments of pink rhyodacite and gray andesite,
partly collapsed black pumice lumps, and 1-2% of small Plag phenocrysts (An 45-50, normal
oscillatory zones). Other phenocrysts include Cpx and Mag, both less than 1%. Much of
the unit has been removed by erosion; maximum exposed thickness is only 8 m. -Overlain by
andesite lavas of PsAnLa5. Analysis 354, Map 2. -

PsDaLla5b Glaciated dacite lavas S.W. of Three Creek Lake and W. of Little Three Creek

Lake, not mapped separately. Silica 64-68. Gray to brown, platy. Pheno-
crysts of Plag (9-11%; An 25-30, patchy zoning in cores surrounded by oscillatory normal
* zones; up to 4 mm); Opx, Cpx, and Mag all <17; 0.5 mm). Lavas from approximately 6800 to
7000' elev., 0.7 km S.W. of 3 Cr. Lk. are low-silica dacites in which phenocrysts of Plag
(An 40-50), 2 pyroxenes, and Mag are all <1%. Unit includes some of the oldest lavas
exposed in the Tam Mac Rim area. Normal paleomagnetic polarity. Analyses of high-silica
dacites, 175, 341, 347; average 1025. Analyses of low-silica dacites, 162, 174, 343;
average 1026. Map 3 and Quad. E. :

PsDaldé6 East-west dacite dike at base of main protrusion of Tam McArthur Rim, 1.0 km

W.S.W. of Three Creek Lake. Silica 63-64. Gray interior, black glassy
flow-banded margins, dike 2-3 m wide. Phenocrysts of Plag (An 50) and Cpx are sparse and
very small. Chemically and mineralogically similar to higher- elevatlon, low-silica
dacite lavas of PsDala5, 0.5 km S.W. Analysis 177. Map 3.

PsDala? Glaciated clinopyroxene-bearing dacite lava between Goose Creek and Fall
Creek. Silica 64-65. Black, glassy, columnar-jointed margins and gray to
pink, holocrystalline, platy-~jointed interior. Phenocrysts and glomerocrysts of Plag
(7-9%; An 40-45, normal zonation in resorbed cores surrounded by reverse oscillatory
zones and a thin normal rim;'up to 3 mm), Cpx (0.5-1.5%; <0.5 mm; surrounded by jackets
of granular pyroxene, Opx and Mag microphenocrysts both <17. Sparse prisms of apatite up
to 0.3 mm long. Overlies andesite W. of Corral Lk. and is overlain by Goose Cr. chain
of Holocene domes. Normal paleomagnetic polarity. Probably from a vent near S. Sister.
Analyses 29, 263, 268; average 1027. Maps 4, 7, and Quad. W.

PsDaLa8 Glaciated clinopyroxene-bearing dacite from buried vent above 7800' elev. on

S.W. side of Broken Top. Silica 63-64. Flow exposed on crest of Broken Top
S.W. ridge down to 6200' elev. Gray, platy, and holocrystalline interior with black,
blocky, and glassy margins. Microphenocrysts, phenocrysts, and glomerocrysts of Plag
(5-6%; An 40-50; up to 1.5 mm), Cpx (1-2%; surrounded by jackets of granular Cpx; 0.5 mm),
Mag (<1%; 0.5 mm). Apatite prisms up to 0.5 mm long are commonly enclosed within pheno-
crysts and occur free in the goundmass. Groundmass hyalopilitic to intergranular w1th
Plag An 35. Analyses 115, 273; average 1022. Maps 4, 5.

PsDaPi9 Dacite welded tuff of Broken Top summit cone. Silica 64-65. Interbedded
with basaltic andesite lavas at 8600' elev. in the W. wall of Crook Glacier
~cirque. Outcrop approximately.8-9 m thick and 0.2 km long. White, clay-rich, poorly
welded lapilli tuff in the basal three meters is composed of dacite pumice, devitrified
glass shards, and particles of black and red basaltic andesite scoria. It is overlain
by a zone of orange, very poorly welded, hydrated dacite pumice which contains increasing
amounts of large black and glassy dacite bombs toward the top. The orange zone grades
upward to 1-2 meter gray-to-black band of pumiceous lapilli and ash which contains abun-
dant black glassy bombs. In places, a thin orange layer can be seen at the top of the
deposit. Approximately 5% of plagioclase phenocrysts with minor orthopyroxene and magne-
tite occur in the pumice and in the glassy bombs. This unit was deposited from a small
ash flow which was produced at a near-summit vent and probably moved only a short dis-
tance down the S.W. flank of Broken pr. Analysis 103. Map 5.

PsDaldl0 East-west dacite dike at 6060' elev., in raviné, W. Sec 6, N. of Soda Creek.

Silica 64. Gray interior, black glassy margins, 1 m wide. Phenocrysts of
Plag (1-2%; An 40 normally zoned to thin rims of An 35; up to 1 mm) with Cpx, Opx, and
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Mag (all <1%; up to 0.5 mm). Cuts basaltic andesite lavas and breccias of PsBALal4.
Analysis 289. Map 5.

PsDalall Orthopyroxene- and clinqpyroxen?—bearing dacite lavas, interbedded ejecta,
PsDalpll and central plug of Todd Lake volcano. Silica 63-66. Brown to gray platy

lavas with yellow to orange scoriaceous interbeds and flow tops. -Pyroclas-
tic breccias and palagonitic ejecta near source vent. Microphenocrysts, phenocrysts, and
glomerocrysts of Plag (18-23%; An 40-55). Llarge crystals up to 4 mm are resorbed and
reverse zonéd from An 40 core through oscillatory zone sets to An 55. Thin tim zones are
normal oscillatory to An 45. Smaller crystals up to 1 mm are zoned normal An 50-45 and
are not resorbed. Also phenocrysts of Mag (2-3%; up to 0.6 mm), Cpx (1-2%; 0.5 mm), and
Opx (0.5-1.5%; 0.5 mm). Stout prisms of apatite are enclosed within all phenocrystic
phases. Lower level flows (especially in Soda Cr. valley) contain oxidized hornblende;
higher level flows (especially near summit of Todd Lk..volcano) contain olivine within
glomerocrysts. Lavas and ejecta surround a gentral conduit.plug,o0.4.km in.diameter,
exposed in S. wall of Soda Cr. canyon, 1.5 km N.W. of Todd Lk. (Characterized.by=platy:
margins _and a blocky.dnterior which is gray where fresh and yellow where deuteric altera-
tion is advanced. Except for coarser groundmass, mineralogy and texture of the plug are
similar to associated lavas. Todd Lk. volcano overlies basaltic andesites near Bare Lk.
and rhyodacites S. and E. of Todd Lk. Overlain by basaltic andesites of PsBALal4, 15,
Paleomagnetic polarity of 7 flows on W. side of volcano all normal. Analyses 10, 277,

278, 279, 280, 281, 282, 283, 291, 292, 293, 294; average 1028. Maps 5, 7, 8.

Units of Pleistocene Rhyodacite

PsRdlal Glaciated rhyodacite dome and flows E. of Chambers Lk. and between two
branches of South Fork Squaw Creek. Silica 73. Marginal rocks are black,

brown, and red, flow banded, glassy, and spherulitic in part with phenocrysts at center

of spherules. Interior of flow is gray to pink, very fine grained, contains well deve-

loped platy jointing, and grades into a gray-to-white, coarser-grained, porous core.

Plag phenocrysts make up less than 0.17% and seldom exceed 1 mm. They are rounded, re-

sorbed, and embayed. Secondary silica is common in cavities. Probable source vent under-

lies thickest and highest part of mass just E. of Chambers Lake. Overlain by andesite

lava from S. Sister. Analyses 206, 207, 208; average 1027. Map 1 and Quads. W., N.W., N.

PsRdLa2 Glaciated rhyodacite lava on N.W. bank of West Fork Park Creek, 2.5 km W. of

Park Meadow. Silica 72-73. Gray to pink, vitrophyric to holocrystalline
with contorted spherulitic flow bands. Phenocrysts of Plag (10-11%Z; An 35-40 in broad,
diffuse sets of normal oscillatory zones; up to 2 mm), Opx and Mag (both <1%; 0.5 mm).
Sparse crystals of fresh Hb up to 0.1 mm in length and minute crystals of zircon also
occur. Probably the exposed flank of a volcanic dome, elsewhere overlain by andesite
lavas from S. Sister. Analysis 209. Map 1. ’

PsRdLa3 . Glacjated rhyodacite lava W. of Green Lake. Silica 71-72. Pink-to-gray,
platy, holocrystalline interior with black, glassy, blocky margins. Occasion-

al lithophysae and spherulites, flow banded throughout. Phenocrysts of Plag (9-10%;

cores of diffuse oscillatory zones reverse from An 25 to 35, surrounded by a broad rim

zoned normal An 35 to 25). Some Plag crystals are deeply embayed while others of the same

composition are sharply euhedral; whole crystals up to 3 mm, many crystals broken. Opx

and Mag (both <1%, 0.5 mm). Rare Hb and zircon. Probably the exhumed east margin of a

glaciated volcanic dome which was buried during growth of S. Sister volcano. Analysis

25. Map 1. :

PsRdIp4 Glaciated rhyodacite volcanic dome and pumice deposits on Broken Top N.W.
PsRdPcé4 ridge. Silica 68-69. Dome, at 7150' elev., has been reduced by glaciation to
] level of feeding conduit, 0.05 km in diameter. Conduit filled with dacite,
black and glassy along margins with xenoliths of intermediate and mafic rocks, passing
into a gray hypocrystalline interior with minute spherulites. Phenocrysts of Plag (6%;
An 35; up to 1 mm), Cpx, Opx, and Mag (all <1%; 0.5 mm). Source of rhyodacite pumice on
broad crest of Broken Top ridge from 7720 to 7960' elev., 1 km S.E. Deposits are crudely
bedded, up to 3 m in total thickness, and contain pumice bomb fragments up to 0.5 m in
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diameter. Protected from glaciation by'high—standing position. Overlies Broken Top ba-
saltic andesite lava and is mixed with andesitic cinders of cone unit PsAnPc2. Analyses
194, .197; average 1030. Map 1.

PsRdLa5 Glaciated rhyodacite lava'S. of Tam Lake and E. of Upper Squaw Creek. Silica
70-71. Platy, light gray to tan. Phenocrysts of Plag (3%; An 30-35; up to

1 mm), Opx and Mag (both <1%; 0.5 mm). Overlain by andesite lava of PsAnLa5, 1.2 km S.

of Tam Lk. Analysis 201. Map 2. » . “u

PsRdLab Glaciated rhyodacite lavas with associated coarse and fine pumice deposits
PsRdPc6 and feeder dikes on summit of Tam McArthur Rim, S.W. of Three Creek Lake.
PsRAP£6 Silica 68-69. Glassy lavas are red, black, and flow banded; holocrystalline

PsRdId6~= lavas are white. Phenocrysts of Plag (<l%; An 40-45; rounded and resorbed

' with patchy zoning in cores; up to 1 mm), Opx and Mag (both <1%; 0.4 mm).
Abundant cristobalite in vesicles. E=W_feeder dikes are exposed in cliffs of Tam Mac.
Rim. They are 2-7 m wide, white.and gg%%%gﬁgg in the center with black glassy margins,
and can be traced directly into flowrocks. Lavas occur in two separate flows. Eastern
flow is smaller and is overlain by a much larger western flow which also crops out on the
E. side of Smow Cr. valley, 1.5-2.0 km to the W. and N.W. Both lavas rest on deposits of
. near-vent pumice (PsRdPc6), up to 10 m thick, containing yellow, brown, and black bread-
crust bombs. Pumiceous spatter is welded in part. Rhyodacite lavas and pumice are under-
lain and overlain by basaltic andesite lavas from Broken Top. A thin layer of pumiceous
rhyodacite ash (PsRdPf6) is interbedded with Broken Top ldvas near the center of Sec. 21.
Normal paleomagnetic polarity. Analyses 154, 155, 157; average 1031. Map 3.

PsRdLa7 Glaciated rhyodacite lava of Tam McArthur Rim S. of Three Creek Lake. Silica

68-69. Lavas black and glassy to holocrystalline pink, platy, and lithophy-
sal. Remnant of associated pumice cone stands at N.E. edge of flow, 0.8 km E. of E.
boundary of Map 3. Phenocryst mineralogy and texture as well as bulk rock composition is
nearly identical to rhyodacite 1 km to the W (PsRdLa6). However, Broken Top lavas that
underlie RsRdLa6 overlie this unit. Analysis 151. Map 3 and Quad. E.

PsRdAId8 em East-west rhyodacite dike, 0.15 km long, at 6760' elev., 0.4 km S.W. of Three
Creek Lake. Silica 68-69. White, vesicular, blocky; 2z4=m wide. . Nearly
identical in mineralogy, texture, and bulk-rock composition to dike feeders of Tam Mac
Rim rhyodacite (PsRdId6), 0.4 km to the S.W., but direct connection to flowrocks has beeén
removed by glacial erosion. Normal paleomagnetic polarity. Analysis 172. Map 3.

PsRdLa9 Glaciated rhyodacite lava between Holocene rhyodacite flows of Newberry and

Goose Creek Chain of Domes. Silica 72. White to gray, lithoidal to glassy,
flow banded. Platy interior. Phenocrysts of Plag (3%; An 35; rounded by marginal resorp-
tion; up to 1 mm), Opx and Mag (both <1%; 0.3 mm). Abundant crystallites in glass. One
of many outcrops of rhyodacite on S. slopes of S. Sister. Analysis 270. Map 4 and Quad.
W. ‘

PsRdLal0 Glaciated orthopyroxene-bearing rhyodacite lava of Devils Hill. Silica 73-

74, Gray to white, glassy to holocrystalline, flow banded, spherulitic.
Pumiceous crust preserved near summit. Phenocrysts of Plag (7-9%; An 35; up to 1 mm),
Opx (1-2%; up to 0.4 mm), and Mag (0.5%; up to 0.2 mm). Remnant of large volcanic dome.
Normal paleomagnetic polarity. Analyses 449, 529; average, 1032. Maps 4, 7, and Quad.
W. |

PsRdPtll Glaciated remnant of an orthopyroxene-bearing rhyodacite tuff cone on upper
' North Fork Tumalo Creek. Silica 68-69. Beds in tuff cone are 0.01 to 1.0 m
thick, composed of white-to-yellow devitrified pumice with obsidian and rock fragments.
Dip of beds in well-exposed N. part of cone is approximately 30°W. Near the top of the
tuff cone sequence and best exposed on the S.W. flank, are several layers of silicic
spatter 0.2 to 3 m thick which contain collapsed pumice bombs, clots of dense rhyodacite,
obsidian, and accidental fragments of other volcanic rocks in a welded matrix. Pheno-
crysts of Plag (10-15%; An 35-40; small angular fragments) and Opx (<1%; small) occur in
a largely devitrified, flow-banded glassy matrix. Within an area of approximately 0.25
km? S.W. of the tuff cone, bedded tuffs, welded spatter, and coarse pyroclastic breccia

34



have all been hydrothermally altered to clay and opaline silica. The deposits are over-
lain by lavas from Broken Top, Ball Butte, and a small cinder cone along the tuff cone
N.W. margin. Analyses 126, 305; average, 1033, Map 6.

PsRdLal2 Glaciated aphyric rhyodacite lavas of upper North Fork Tumalo Creek. Silica
: 69. Black, dull-luster obsidian crusts with gray, lithoidal, platy interior.

Spherulitic in part. Rare microphenocrysts of Plag in a trachytic groundmass of An 20-25

microlites. Source dike exposed in S. wall of N. Fork Tumalo Cr. at 7100' elev. Over-

- lain by lavas from Ball Butte. Normal paleomagnetic polarity. Analyses 134, 136, 137;

average 1034. Map 6,

PsRdLal3 Glaciated orthopyroxene-bearing rhyodacite lavas E. of Todd Lake, not mapped
separately. Silica 68-69. Gray to pink where platy and holocrystalline,
black where glassy and columnar jointed. Phenocrysts of Plag (2-7%; reverse zoned cores
An 35-45, surrounded by a broad, diffuse rim zoned normal An 45-35; up to 3 mm with
rounded and embayed margins), Mag (1-2%; up to 0.4 mm), Opx (1%; 0.6 mm), and Cpx (<1%;
in resorbed laths up to 0.6 mm long). Several distinct flow units from overlapping vol-
canic domes. Overlain by basaltic andesite lavas of Bare Lk. volcano, dacite lavas of
Todd Lk. volcano, and basaltic andesite lavas from cones N.W. of Tumalo Mtn. Normal
paleomagnetic polarity. Analyses 4, 5, 41, 297, 298; average 1035. Maps 8, 9.
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APPENDIX 1

Chemical Analyses of Rocks from S.W. Broken Top Quadrangle
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APPENDii I (continued)
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0.95
99.15
113
55.6
19.1

1.05
98.80
112
54.4
19.7

7.2

0.90
99.20
111

6

52.
16.

0.80
100.15
55.2
18.2

110

Si02
A1203
FeO
Ca0

~ ™M
T
N~

~ O
. .
M~~~

6.7
3.6

6
.8
.1

0.65

7.
7

6
.3
.3

7.
7

8.0
4

9
.8
.3

8.
7

7.0
7.7

1.35
99.75
128
56.2

“17.
10.1
1.85
100.45
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1
4
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15
3
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7.
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.90
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7
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100. 00
136
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38
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99.50
2
9
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7
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.8
8.
5.0
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.9
3
.65
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0.50
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6
99.30

1.8
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19.
1.
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69.0
14
"3
0.

5.0
0.90
3.8
0.95
98.75
.2
8.0
0.85
99.70
.7
6.4

3.2
0.95

4.6
1.80

7
100.25

118
55.4
18.0
129
55.
17
10.6

MgO0
K20
Na20
Ti02
Total
Si02
Al1203
FeO
Ca0
MgO
K20
Na20
Ti02
Total
Si02
Al1203
FeO
Ca0l
MgO
K20
‘Na20
Tio2
Total
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bl ]

145

148
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15
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55.
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56 55.
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55.0

3

17.8
7

55.3 .0

5102
A1203

15.
11

19.7
8.0
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Ca0
MgO
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Na20
Ti02
Total

1.95
99.50
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99.45
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100.50
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99.35
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100.05
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Ti02
Total

162 165 167
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54.
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. 160

159
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158
56
15
10
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2 .3
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.0
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FeO
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7
7
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.00

5.3
1.45
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—
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7
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2
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2.65
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Na20
Ti02
Total

.05

1
99.55

1.45 0.80 0.95 .05
98.40 99.60 99.05

99.20

50
99.05

175

174
64 .
16

170 171 172 173
58. 68 55

169

168
66

1.

.6

.2

5
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17.

$i02
A1203
FeO
Ca0

16.6

15.9

16.1

7
7.8
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15.
2

15.

.1

9.8

6.7
3

.9

.0

.5
2.8
1.35

7 8
4.9

5.
2

.3
7
.15

6.1

1

6

3.
1.

7
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6.0

0.

.5

0.7

0.9

MgO .
K20

2.65

35
.9

1.
4

70

.15

2
5.

0.95

6

6.0

5

Na20
Ti02

0.65
99.50

0.85
98.65

25

1.
99.00

0.50
99.65

1.45
98.60.

1.40

99.15

25

99.15

~0.95
100.10

Total
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5i02
Al1203
FeO
Cal
MgO
K20
Naz20
Ti02
" Total

S5i02

A1203

FeO
Ca0
MgO
K20
Na20
Ti02
Total

Si02
Al203
FeO
Ca0
MgO0
K20
Na20
Ti02
Total

Si02
Al1203
FeO
Ca0
MgO
K20
Na20
Ti02
Total

APPENDIX:1 (continued)

176 177 191 192 - 193 194 195 196
Sh.4 63.5 59.1 758.5 53.4 68.1 54.7 61.0
15.9 16.0 17.0 16.9 18.3 15.7 18.2 17.4
10.5 6.8 8.0 8.0 8.8 4.1 8.0 6.6

7.2 3.3 5.9 6.1 8.3 2.0 7.9 3.9

4.2 1.5 3.0 3.2 5.6 0.8 5.8 2.0

0.95 2.15 1.50 1.45 0.70 2.65 0.85 1.60

4.5 5.7 4.9 4.6 4.0 5.8 3.9 6.0

1.70 0.90 1.35. 1.35 1.15 0.75 1.10 1.35
99.35 99.85  100.75  100.10  100.25 99.90  100.45 99.85
197 198 199 200 201 202 203 204
68.5 54.3 54,2 64.8 70.2 55.6 53.7 60.0
15.7 16.5 18.2 15.9 15.1 16.5 19.0 16.8

3.6 10.7 8.5 4.9 3.3 10.0 C 7.4 7.8

2.0 6.9 7.8 3.7 1.3 6.8 8.1 5.2

0.8 3.6 4.6 1.5 0.3 3.7 5.4 2.5

2.40 0.90 0.90 1.80 2.60 0.95 0.80 1.60

5.7 4.8 4.3 5.6 6.2 5.0 4.0 5.1

0.70 2.20 1.35 1.40 0.45 1.80 1.05 1.50
99.40 99.90 99.85 99. 40 99.45  100.35 99.45  100.50
206 207 208.. 209 210 250 258 259
73.4 73.0 73.0 72.5 56.8 63.9 57.5 52.4
14.3 14.2 14.9 14.6 17.6 16.2 17.3 16.3

2.8 2.1 2.8 2.2 8.0 5.2 7.0 8.7

1.5 1.5 1.5 1.5 6.8 3.9 7.2 8.7

0.3 0.3 0.3 0.3 4.0 1.5 4.1 7.9

2.90 2.95 2.90 ©2.95 1.20 2.05 1.15 0.50

4.9 4.8 4.8 5.1 4.6 5.2 4.0 3.4

0.25 0.25 0.30 0.35 1.25 1.00 1.05 1.25

100. 35 99.10  100.50 99.50 ° 100.25 98.95 99.40 99.15
260 261 262 263 264 265 266 268
57.0 52.5 49.7 64.9 52.4 50.8 51.9 64.3
17.5 15.8 16.5 15.8 18.4 17.2 17.3 16.1

7.2 8.8 10.2 5.2 9.0 9.0 9.0 5.1

7.2 8.7 8.8 3.9 7.7 8.6 8.7 3.9

4.3 8.8 9.2 1.7 5.3 8.0 7.6 1.7

1.20 0.65 0.35 2.10 0.50 0.70 0.30 1.90

3.9 3.4 3.1 5.4 3.8 3.3 3.7 5.3

1.05 1.30 1.55 1.05 - 1.30 1.50. 1.40 1.05
99.35 99.95 99.40  100.05 98.40 99.10 99.90 99.35
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$i02
A1203
FeO
Ca0
MgO
K20
Na20
Ti02
Total

$i02
A1203
FeO
Ca0
MgO
K20
Naz20
Ti02
Total

Si02
Al1203
FeO
Ca0
MgO
K20
Na20
Ti02
Total

$i02
A1203
FeO
Ca0
MgO
K20
Na20
Ti02
Total

e,

APPENDIX 1. .(continued)

43

361 362 363 364 365 366 367 380
55.0 62.0 56.0 55.5 61.3 54.4 63.8 57.6
17.8 16.3 17.6 17.3 17.6 18.6 16.8 16.7
7.5 6.0 7.2 7.3 6.1 7.4 4.9 9.4
8.3 4.7 7.9 8.4 5.1 8.6 3.8 6.4
5.1 2.5 4.7 5.7 2.4 5.0 1.3 3.3
0.5 1.80 0.8 0.8 1.80 0.7 1.8 1.0
4.2 4.8 4.2 3.8 4.8 4.2 6.1 4.6
1.05 1.00 0.90 0.95 1.05 1.00 0.95 1.45
99.50 99, 99. 30 99.75 100.15 99.90 99.50 100.45
381 445 446 447 448 449 456 458
71.7 72.9 72.3 72.3 71.6 73.2 63.0 62.7
14.9 14.2 14.9 15.0 15.0 14.2 16.0 16.5
2.9 2.5 2.4 2.6 3.0 2.3 6.3 6.4
2.1 2.0 2.0 1.9 1.9 1.4 5.1 5.2
0.8 0.5 0.4 0.5 0.8 0.3 L2.0 1.8
2.9 3.1 3.0 3.1 3.0 3.1 1.7 1.9
4.6 4.3 4.2 4.2 4.3 4.3 4.5 4.2
0.30 0. 0.35 0.35 0.30 0.30 1.10 1.10
100.20 99. 99. 60 99.95 99.90 99.10 99.70 99.80
525 526 529 1000 1001 1002 1003 1004
52.1 52.5 74.3 50.7 51.5 54.3 56.2 72.2
17.7 17.6 14.6 17.2 16.2 17.4 17.6 14.9
10.1 9.7 2.5 8.9 9.2 9.4 7.5 2.5
7.7 7.7 1.4 8.8 8.7 8.2 7.5 2.0
5.1 4.8 0.1 8.6 8.6 4.7 4.9 0.6
0.5 0.6 2.6 0.6 0.50 0.7 1.1 3.05
3.6 3.8 4.0 3.3 3.3 3.9 3.9 4.4
1.50 1. 0.25 1.05 1.35 1.40 1.05 0.30
98.30 98. 99.80 99.20 99.35 100.05 99.75 99.95
1005 1006 1007 1008 1009 1010 1011 1012
52.1 52. 53.9 55.0 54.9 55.2 55.6 53.9
18.3 17. 17.4 17.0 16.0 18.1 16.8 20.3
8.4 9. 9.8 9.0 10.6 8.4 9.3 7.2
8.2 8. 7.6 7.3 7.1 7.6 6.7 8.1
5.9 6. 4.6 4.3 3.7 3.9 3.7 4.2
1.00 0. 0.8 0.8 0.9 0.9 1.00 0.90
3.5 3. 4.4 4.5 4.7 4.3 4.6 4.2
1.45 1. 1.65 1.45 1.80 1.10 1.55 1.00
98.85 98. 100.15 99.35 99.70 99.50 99.25 99.80
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APPENDIX l’(continued)

1013 1014 1015 1016 1017 1018 1020
54.7 54,2 54.8 55.1" 55.2 61.3 61.2 62.5
18.4 19.6 18.5 18.6 18.1 16.7 15.3 17.2
7.6 7.6 7.6 7.6 7.6 6.7 8.0 - 6.2
7.9 7.6 7.7 7.6 8.2 5.2 4.1 3.5
5.2- - 4.6 5.2 4.6 5.0 2.4 1.8 1.1
0.75 0.75 0.85 0.95 0.90 1.75 2.00 "2.00
4.ob 4.2 3.9 4.1 3.8 4.8 5.3 5.7
0.95 0.90 " 0.90 1.10 1.00 1.20 1.45 1.10
99,90 99.45 99,45 99.65 99.80 100.05 99.15 99.30
1021 1022 1023 1024 1025 1026 1027 1028
62.5 63.2 62.2 57.0 67.5 64.5 64.5 64.1
16.6 15.5 16.0 16.4 15.9 16.0 16.1 16.2
6.6 6.5 6.7 8.6 4.1 5.8 5.3 5.5
4.1 3.7 4,4 7.2 2.2 3.0 3.9 3.7
1.4 1.6 1.9 3.5 0.6 0.9 " 1.6 1.6
1.65 0 1.90 1.65 1.10 2.25 1.95 2.10 2.15
5.5 5.6 5.4 4.3 6.2 6.0 5.4 5.0
1.45 1.30 1.35 1.30 0.65 0.90 1.05 1.05
98.40 99. 30 99.60 99.40 99.40 99.05 99.95 99.30
1029 1030 1031 1032 1033 1034 1035

73.1 68.3 68.4 73.8 68.2 69.0 68.4

14.5 15.7 15.9 14.4 15.9 14.8 16.2

2.6 3.9 4.0 2.4 4.2 3.9 3.6

1.5 2.0 1.6 1.4 2.2 1.8 1.9

0.3 0.8 0.5 0.2 0.6 0.3 0.6

2.90 2.55 2.65 2.90 2.15 2.60 2.40

4.8 5.8 6.0 4.2 6.0 6.1 5.8

0.25 0.75 0.55 0.30 0.70 0.50 0.55

99.95 99.80 99.60 99.50 - 99.65 99.00 99.45
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APPENDIX 2
Locations of Analysed Rocks, S.W. Broken Top Quadrangle

Platy lava at 6620' elev., corner sec 14,15,22,23, 0.1 km S. of 3-Ck. Lk. Map 2.
Platy lava in cliffs of E. Tam Mac Rim at 6800f elev 0.1 km E. of E. edge of
Map 3. v

Columnar-jointed glassy margin of glaciated lava in cut of 3-Cr. Lk. Rd., 0.1 km
N. of boundary sec 8,5. Map 8. i

Platy lava at 6560' elev, S. of 3-Cr. Lk. Rd., N. center sec 8. Map 8.

Terminous of Cayuse flow, roadcut at Soda Cr. and Century Dr. Map 7.

Top of platy lava in cliffs at 6320' elev, 0.6 km E. of Bare Lk. Map 8.

Ldva from ridge crest at 6650' elev, 0.6 km N.W. of Todd Lk. Map 8.

Base of platy lava in cliffs at 6200' elev, 0.5 km S.E. of Bare Lk. Map 8.

Lava at top of S.E.-facing cliffs at 6490' elev, 0.4 km S.E. of Bare Lk. Map 8.
Lava from ridge crest at 6920' elev, 0.9 km W. of Todd Lk. Map 8.

Platy lava at 6380' elev, S.E. side of ridge N.W. of Todd Lk. Map 8.

Thin vesicular lava from summit of hill, E. Tam Mac Rim, W. center sec 23, 0.2 km
W. of Map 3. '

Cayuse flow at 5480' elev, Soda Cr. Tr. in N.E. corner sec 11. Map 7.

E. margin Cayuse flow at 5760' elev, 0.6 km N. of Soda Cr. Map 4.

Center of Cayuse flow, 1.0 km downstream from Cayuse Cobne. Map 4.

Lava from head of Cayuse flow in gutter at S. base of Cayuse Cone. Map 4.

Lava from head of flow at 67Q00' elev S.W. base of small source cone 0.5 km N.W.
of Cayuse Cone. Map 4.

Margin of black vitrophyre, 6680' elev, 0.5 km W. of Green Lk. Map 1.

Glassy lava from E. margin of Newberry flow, 0.6 km W. of Green Lk. Map 1.
Platy lava at 6200' elev, S5.E. side of Fall Cr. opposite S. tip of Newberry flow.
Map 4.

Spherulitic lava from S. tip of Newberry flow. Map 4.

Glassy lava from 6120' elev, 0.35 km S.W. of junction, Moraine Lk. and Green Lk.
Trails. Map 4.

W. margin of W. lobe of Cayuse flow at 5760' elev. Map 4.

Lava at waterfall, 0.2 km downstream from outlet of Todd Lk. Map 8.

Glaciated lava from cut at spring near 0ld Century Drive Rd., 0.8 km S.E. of Todd
Lk. Map 8. ‘
Cinders from E. side of glaciated cinder cone, 1.0 km S§. of Todd Lk. Map 8.

Lava from W. margin of N.E. lobe from cinder cone on N. slope of Bachelor Bu.

Map 8. '

Lava, 1.0 km S. of Bare Lk., center sec 18. Map 8.

Cinders from E. side glaciated cone, N. sec 20, 1.0 km N. of Bachelor Bu. Map 8.
Lava in Century Drive roadcut, W. end of Dutchman Flat. Map 8.

Glaciated lava at W. base of Tumalo Mtn., S.E. end of Dutchman Flat. Map 9.
SE-trending dike at 7680' elev, S.E. ridge of Tumalo Mtn. Map 9.

Fresh, coarse block from Broken Top summit plug, W. base of Crook Glacier cirque.
Map 5. '

Platy margin of Broken Top summit plug, W. base of Crook Glacier cirque. Map 5.
Platy margin of Broken Top summit plug, N.E. base of Crook Glacier cirque.

Map 5.

White pumice lumps from base of welded tuff at 8600' elev, in W. wall of Crook
Glacier cirque, Broken Top. "Map-5.

Lava from lowest exposed flow in W. wall of Crook Glac1er cirque, Broken Top.

Map 5.
Oxidized lava from lowest exposed flow in E. wall of Crook Glacier cirque, Broken
Top. Map 5.

Lava from 7800' elev on crest of Broken Top S.E. ridge. Map 5.

Glaciated lava at 7650' elev, 1.0 km N. of Ball Butte. Map 5.

Glaciated lava from 0.2 km N. of Ball Butte. Map 5.

Lava from Creek bed at 7000' elev, 0.5 km S.W. of Ball Butte. Map 5.

Lowest of 3 dikes beneath cinder cone remnant at 7600' elev, crest of Broken Top
S. ridge. Map 5. ’

Lava from prominence at 8050’ elev, Broken Top S. ridge. Map 5.
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APPENDIX 2 (continued)

Lava at 8100' elev, crest of Broken Top S.W. ridge. Map 5.

Glassy crest of glaciated lava at 7520' elev, Broken Top S.W. ridge. Map 4.
Thin flow at 7400' elev, S. §idé Broken Top N.W. ridge. Map 1.

Glaciated lava from knoll, 0.1 km S. of Green Lk. Map 4.

Lava at 6960' elev, 0.3 km N. of Cayuse Cone. Map 4. .

Dike at 8200' elev, between N. and E. arms of Bend Glacier, Broken Top. :Map 2.
S.W. end of dike at 8280' elev in saddle of Broken Top N.E. ridge. Map 2. .
Lava at 7080' elev, crest of Broken Top E. ridge. Map 2,

Cinders from cone at 7700' elev, W. sec 21, 1.3 km S.W. of Tam Mac Rim. Map 3.
N.W.-S.E. dike at 7440' elev, upper N. Fork Tumalo Cr. Map 6.

Pumice bomb from W. side of silicic tuff cone at 7320' elev, upper N. Fork Tumalo
Cr. Map 6.

Platy lava from base of cliffs at 6840' elev, S.E. corner sec 27, N. side Happy
Valley. Map 6. i

Lava from cinder cone at 7350' elev, N. central sec 28, upper N. Fork Tumalo Cr.
Map 6.

Obsidian from base of flow exposed in cliffs at 7160' elev, S.W. bank of N. Fork
Tumalo Cr. Map 6.

Lava at 6800' elev, N. bank of N. Fork Tumalo Cr. Map 6.

Spherulitic glass from top of flow at 6600" elev, center of N. boundary sec 3.
Map 6. :

Base of flow at 6600' elev, center of N. boundary sec 3. Map 6.

Platy lava at 6200' elev in bed of N. Fork Tumalo Cr., 0.3 km E. of Map 6.

Lava at 7240' elev on N.W. side of glaciated cone, 1.0 km S. of Ball Butte. Map 5.
Lava at 7000' elev, N. end of glaciated cone, 3.3 km N.W. of Tumalo Mtn. Map 9.
Glaciated lava, 0.5 km W. of corner sec 3,4,9,10, 1.2 km N.W. of Tum Lk. Map 9.
Lava from cliffs 0.1 km S.S.W. of Tum Lk. Map 9.

Glaciated lava in S.W. sec 10, 0.8 km S.S.W. of Tum Lk. Map 9.

Cinders from N. rim of cone 2.0 km N. of Tumalo Mtn. Map 9.

Cinders from summit of cone in S.E. corner sec 9, 2.6 km N.N.W. of Tumalo Mtn.
Map 9. ;
Platy lava from base of cliffs at 7200' elev, 0.2 km S. of lake, center sec 16.
Map 3. '
Lava at 6950' elev, W. side of Snow Cr. Valley, N.E. sec 17. Map 2.

Platy lava at 6900' elev, N. center sec 16. Map 3.

Oxidized lava at 7040' elev, saddle of ridge, N. boundary of sec 16. Map 3.
Cinders from glaciated cone at 6720' elev, center sec 9, 2.8 km N.W. of 3-Cr. Lk.
Map 3. : . . i
Lithophysal lava at 7120' elev, E. Tam Mac Rim, 0.8 km S. of 3-Cr. Lk. Map 3.
Lava from glaciated shelf at 7000' elev, E. Tam Mac Rim, 0.6 km S. of 3-Cr. Lk.
Map 3. .

Lava from glaciated shelf at 7200' elev, E. Tam Mac Rim, 0.7 km S. of 3-Cr. Lk.
Map 3. .

Glassy top of flow at 7400' elev, N. center sec 22, Tam Mac Rim. Map 3.

Glassy margin of E. end of dike at 7240' elev, in face of Tam Mac Rim, N. center
sec 22. Map 3.

Lava from flow below cap of Tam Mac Rim in center of sec 22. Map 3.

White lava at 7660' elev, 0.2 km S. of summit of Tam Mac Rim prominence in N.W.
sec 22. Map 3.

Glaciated lava at 7450' elev, E. side Snmow Cr. cirque, N.W. sec 21. Map 3.

N.E. end of dike at 7520' elev, S.W. Snow Cr. cirque. Map 2.

Platy lava at 7740' elev, head of Snow Cr. cirque. Map 2.

Lava from W. summit of Tam Mac Rim, S. center sec 16. Map 3.

Platy lava at 6760' elev, on S.E. slope of hill, 0.6 km E. of 3-Cr. Lk., 0.8 km E.
of Map 3. :

Glassy margin of platy flow at 7950' elev, S.W. head of Snow Cr. cirque. Map 2.
Center of platy dike at 7900' elev, S.W. head of Snow Cr. cirque. Map 2.

Dike at 7780"' elev, S.W. head of Snow Cr. cirque. Map 2. :

Red and gray streaked lava at 7460' elev, W. Snow Cr. cirque. Map 2.

Center of E.-W. dike at 7280' elev, W. Snow Cr. cirque. Map 2.
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APPENDIX 2 (continued)

171. Blocky lava at 7280' elev, S. central sec 17, W. of Snow Cr.- Map 2.

172. Center of E.-W. dike at 6760’ elev, 0.3 km S. w of 3-Cr. Lk. Map 3.

173. E. end of irregular dike at 6800' elev, below Tam Mac Rim, 0.4 km S.W. of 3-Cr.
Lk. Map 3.

174. Platy lava at 6900’ elev, 0.5 km S.W. of 3-Cr. Lk. Map 3.

175. Platy lava from ridge crest at 6800' elev, 0.5 km S.W. of 3-Cr. Lk. Map 3.

176. Lowest exposed lava at N. base of main protrusion of Tam Mac Rim, 0.9 km W. of
3-Cr. Lk. Map 3.

177. Glassy margin of E.-W. dike at 7100' elev at base of main protrusion of Tam Mac
Rim, 1.0 km W. of 3-Cr. Lake. Map 3.

191. Glaciated lava at 6960' elev, 1.3 km N.W. of Golden Lk. at junction of Park
Meadow and Green Lk. Trails. Map 1. ' .

192. Lava from cliffs at 6760' elev, 0.2 km N.E. of Green Lk. Map 1.

193. Lava from cliffs at 7050' elev, 0.5 km N.E. of Green Lk. Map 1.

194, Fresh pumice from deposit at 7750' elev, crest- of Broken Top N.W. ridge. Map 1.

©195. Lava at 7750' elev on crest of Broken Top N.W. ridge. Map 1.

196. Spatter from glaciated cone at 7640' elev on Broken Top N.W. ridge. Map 1.

197. Glassy margin of glaciated volcanic dome at 7150' elev, crest of Broken Top N.W.
ridge. Map 1. S : B .

198. Lava from shelf at 7020' elev, 0.6 km S.S.W. of Golden Lake. Map 1.

199. Llava from base of cliffs at 7480' elev, N. side of Broken Top N.W. ridge. Map 1.

200. Lava from middle of N.E.-facing cliffs at 7600' elev, 1.4 km S. of Golden Lk.
Map 1. : '

201. Platy lava at 7320' elev, 1.2 km S.S.W. of Tam Lk. Map 2.

202. Lava at 7480' elev on crest of S. ridge of glaciated cone, W. side of Snow Cr.
valley. Map 2. ;

203. Scoriaceous lava from center of sec 18, 1.5 km E. of Golden Lk. Map 2.

204, Glaciated lava at 7760' elev, ridge crest 0.7 km E. of Carver Lk. Map 1.

206. Platy lava from E, edge of E. Chambers Lk., 0.6 km W. of Map 1.

207. Spherulitic crust of glaciated volcanic dome, 0.2 km E. of E. Chambers Lk., 0.4 km
W. of Map 1.

208. Holocrystalline lava at 7400' elev, glaciated volcanic dome 1.5 km E. of E.
Chambers Lk. Map 1. ‘ .

209. Glaciated lava at 7000' elev, N.W. side of W. Fork Park Cr., 1.6 km E. of Carver
Lk. Map 1.

210. Platy lava at 6260' elev, center W. boundary sec 7, 0.5 km N. of Park Meadow.
Map 2.

250. Platy lava at 5650' elev, center sec 31, 2.5 km N. of Map 2.

258. Lava from S. margin of Dutchman Flat, W. center sec 21. Map 9.

259. Bomb fragment from S. rim of third cone from N. end of chain of cones, S.W. of
Todd Lk. Map 8. '

260. Scoriaceous lava from center of boundary sec 18, 19. Map 8.

261. Bomb fragment from E. side quarry in N. cone of chain of cones S.W. of Todd Lk.

. Map 8.

262. Lava from base of marginal block along E. shore of Sparks Lk., central S.W. 1/4
sec 1l4. Map 7. ]

263. Platy lava from roadcut of Century Drive, 0.4 km W. of Fall Cr. Map 7.

264. TFresh core of palagonitized bomb from roadcut in tuff cone at N.E. base of
Talapus Bu., 0.4 km W. of Map 7.

265. Lava at 5560' elev on glaciated shelf, N.E. 1/4 sec 22, S.W. of Sparks Lk. Map 7.

266. Lava at 5480' elev, N.W. edge of Sparks Lk. Map 7.

268. Lava at 6160' elev, 0.2 km N. of N.W. corner sec 2. Map 4.

269. Obsidian block from N.E. margin of Holocene lava, 0.5 km ‘N. of Moraine and Green
Lk. Trail junction. Map 4.

270. Lava from cliffs at 6800' elev between Newberrry Flow and Goose Cr. Chain of
domes. Map 4. ‘

271. Red and black banded obsidian at 6620' elev, S. margin of Newberry Flow. Map 4.

272. Glaciated lava from 6280' elev, 0.2 km N.W. of Corral Lk. Map 4.

273. Blocky lava at 6250' elev, 0.7 km S.E. of Corral Lk. Map 4.

274. Lava at 6300' elev, 1.0 km S.E. of Corral Lk. Map 4.
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APPENDIX 2 (continued)

Platy lava from cliff at confluence of Fall Cr. and Corral Lk. Cr. Map 4.
Lava from cliffs at 5680' elev, 0.4 km E. of Fall Cr. Map 7.

Lava at 5600' elev, W. slope Todd Lk. volcano. Map
Lava at 5760' elev, slope Todd Lk. volcano. Map
Lava at 5840' elev, slope Todd Lk. volcano. Map
Lava at 5960' elev, slope Todd Lk. volcano. Map
Lava at 6040' elev, slope Todd Lk. volcano. Map
Lava at 6120' elev, slope Todd Lk. volcano. Map
Lava at 6360' elev, W. slope Todd Lk. volcano. Map
Platy margin at 6500 elev along W. side of plug of Todd Lk. volcano, N.W. corner

sec 7. Map 8. : ' )

Platy lava at 6180' elev on ridge crest W. central sec 6, N. side of Soda Cr. :
Canyon. Map 5.

Blocky lava from base of waterfall at 6320' elev in ravine, W. sec 6, N. of Soda

Cr. Canyon. Map 5. .

Lava at 6400' elev, head of ravine, W. sec. 6, N. of Soda Cr. canyon. Map 5.

Gray lava from base of thick flow breccia unit at 6100' elev, in ravine, W. sec 6,

N. of Soda Cr. Canyon. Map 5.

Glassy margin of silicic dike at 6050' elev in ravine, W. sec 6, N. of Soda Cr.

Canyon. Map 5. _ S |
Porphyritic platy lava at 6000' elev below palagonitic beds in ravine, W. sec 6,
N. of Soda Cr. Canyon. Map 5. .

Top of thick lava flow at 5800' elev, base of rav1ne, W. sec 6, N. of Soda Cr.
Canyon. Map 5.

Lava from summit of Todd Lk. volcano, N.W. sec 7. Map 8.

Lava at 6700' elev, crest of Todd Lk. volcano N.E. ridge. Map 8.

Lava from saddle in ridge crest, 0.5 km N. of Todd Lk. Map. 8.

Coarse porphyry at 6720' elev on S.W. side of knoll, S.W. corner sec 5, 0.9 knm
N.E. of Todd Lk. Map 8.

Glaciated lava from S. —fac1ng shelf at 6760' elev, S. central sec 5, 1.4 km N.E.
of Todd Lk. Map 8. :

Platy lava at 6280' elev in cut of 3-Cr. Lk. Rd., 0.9 km E. of Todd Lk. Map 8.
Platy lava at 6840' elev on glaciated knoll S. of 3-Cr. Lk. Rd., N.E. corner sec 8.
Map 8.

Lava at 6840' elev in cut of Crater Cr. Ditch, 0.4 km E.S.E. of Ditch Cabin.

Map 5.

Lava at 6660' elev, N.E. corner sec 6, 0.5 km S.W. of Ditch Cabin. Map 5.

Lava at 7400' elev, lower S.E. ridge of Broken Top. Map 5.

Lava at 7480' elev, base of cliffs W. face of Ball Bu. Map 5.

Lava at E. base of small glaciated cinder cone in S.W. corner sec 33, 1.0 km S.E.
of Ball Bu. Map 6.

Fragment of welded spatter at 7160' elev, S. side of silicic tuff cone, upper N.
Fork Tumalo Cr. Map 6.

Scoriaceous lava in creek bed at 6400' elev, N.E. sec 3, 1.5 km S. of Happy
Valley. Map 6.

Glaciated lava at 6720' elev, S. base of knoll in S. central sec 5, 0.9 km N.E. of
Todd Lk. Map 8. X

Lava at 6700' elev, 0.4 km W. of glaciated cinder cone, center sec 9. Map 9.

Lava from cliffs at 6240' elev, E. bank of 0ld Century Drive road, center sec 17.
Map 8.

Lava from summit of glaciated knoll, 0.6 km S.E. of Todd Lk. Map 8.

Lava from top of cliffs at 6280' elev, E. side of creek, 0.9 km E. of Todd Lk.

~EEIEEE
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Glaciated lava from N. side Century Drive roadcut, S. center sec 17, 0.7 km W. of
Dutchman Flat. Map 8.

Lava at 6380' elev, W. center sec 16, N. side Dutchman Flat. Map 9.

Lava at 6360' elev, N.E. side Dutchman Flat:. Map 9.

Lava at 6450' elev, W.N.W. base of Tumalo Mtn. Map 9.

Lava from cliffs at 7080' elev, N. central sec 22, E. flank Tumalo Mtn. Map 9.
Spatter from small cinder cone, 0.8 km N. of Tumalo Mtn summit. Map 9.
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341, Platy lava at S.W. shore of 3-Cr. Lk. Map 3.

342. Platy lava at 6680' elev on knoll, 0.2 km S.W. of 3-Cr. Lk. Map 3.

343, Platy lava at 7040' elev, 0:6' km S.W. of-3-Cr. Lk. Map 3.

346. Blocky lava at 7160' elev below prominence of Tam Mac Rim in N. central sec 22.
Map 3.

347. Platy lava at 6960' elev on shelf, 0.3 km W. of Little 3-Cr. Lk. Map 3.

348. N.E.-S.W. dike at 7060' elev, 0.4 km W. of Little 3-Cr. Lk. Map 3. ‘

349. Blocky lava from top flow of 6 flows below vitrophyre in cliffs 0.6 km W. of

" Little 3-Cr. Lk. 'Map 3. »

350. Blocky lava from basal flow of 6 flows below vitrophyre in cliffs 0.6 km W. of
Little 3-Cr. Lk. Map 3.

351. Glassy base of glaciated lava at 7050' elev, 0.1 km W. of Snow Cr. Map 2.

352, Glaciated lava in bed of Snow Cr. at 7220' elev. Map 2.

354, Pumice bomb from base of welded tuff at 7360' elev, head of Snow Cr. Cirque.
Map 2.

355. N.W. margin of glaciated flow from cinder cone, 7660' elev in head of Snow Cr.
Cirque. Map 2. '

356. Platy lava at 7840' elev, S.W. head of Snow Cr. Cirque. Map 2.

358. Pumice from cone at 7460' elev, crest of ridge W. of Snow Cr. Cirque. Map 2.

359. Lava from E. summit of glaciated cone capping ridge W. of Snow Cr. valley, N.E.
sec 17. Map 2

360. Vesicular lava at 6060' elev, Park Meadow Trail, N.E. sec 7. Map 2.

361. Blocky lava at 6260' elev, Park Meadow Trail, center sec 7. Map 2.

362. Platy lava at 6560' elev in cliffs, W. side Park Meadow. Map 1.

363. Lava from cliffs at 6560' elev, 0.8 km N.N.E. of Golden Lk. Map 1.

364. Platy lava at 6600"' ‘elev on glaciated knoll, 0.6 km N. of Golden Lk. Map 1.

365. Platy lava at 6560' elev, 0.7 km N. of Golden Lk. Map 1.

366. Scoriaceous lava at 6320' elev between glaciated cinder cones, 0.6 km S. of Park
Meadow. Map 2.

367. Platy lava at 6520' elev in bed of Squaw Cr., 1.0 km E. of Park Meadow. Map 2.

380. Lava cap.on N.-S. ridge at 7720' elev, 1.3 km S. of Tam Lk. Map 2.

381. Large pumice lump from rampart at S.E. edge of S. dome in Devils Hill chain of

) domes. Map 7.

445. Pumiceous block from summit of N. dome in Goose Cr. chain of domes, 0.3 km W. of
Map 4. .

446. Glassy block from Newberry flow at 7260' elev, 0.5 km E. of source vent. Map 4.

447. Glassy block from S.W. margin of large central dome of Goose Cr. chain of domes,
0.2 km W. of Map 4.

448. Glassy block from N. margin of N. dome of Devils Hill chain of domes, 0.3 km W. of

i ‘ Map 4. ’
. 449. Spherulitic lava from W. wall of fissure, N.E. base of Devils Hill, 0.3 km W. of
Map 4. .
456. Lava from prominence at 7900' elev, S.E. side of S. Sister, 1.7 km W. of Green Lk.
Map 1.

! 458. 1Llava from cleaver at 8600' elev at base of Prouty Glacier, N.E. side .of §. Sister,
0.5 km W. of Map 1.

525. Spatter from S. rim of Talupus Bu., 0.6 km W. of Map 7.

526. Lava from glaciated cliffs at 5680' elev, N.W. side of Talupus, Bu., 0.6 km W. of
Map 7.

529. Lava from summit of Devils Hill, 0.7 km W. of Map &.

1000. Average Cayuse lavas. Analyses 7,20,21,22,23,24,30.

1001. Average of analyses 259,261,262 from Holocene lava and cone chain $.W. of Todd Lk.

1002. Average lava from cone at N. base of Bachelor Bu. Analyses 44,45,

1003. Average Bachelor Bu. Analyses 47,258,260.

1004. Average Newberry, Goose Cr., Devils Hill chains of domes. Analyses 26,28,269,271,
381,445,446,447 448, “ .

1005. Average Ditch Cabin basalt. Analyses 111,295,299,300.

1006. Average Talupus and Katsuk Bu. lavas. Analyses 264,265,266,525,526.

1007. Average Golden Lk.-Green Lk. basaltic andesite. Analyses 193,198,

1008. Average Corral Lk.-Green Lk. basaltic andesite. Analyses 117,272.
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1009.
1010.
1011.

1012.
1013.

. 1014,

1015.
1016.
1017.
1018.
1019.

1020.
1021.
1022.
1023.
1024.
1025.

1026.

1027.
1028.
1029.
1030.
1031.
1032.
1033.
1034.
1035.

APPEND: -
Average Rim Lk. basaltic andesite lavas. Analyses 147,148,149,205,359.
Average basaltic andesite, upper shelvesof 3-Cr. Lk. Analyses 152,153.
Average basaltic andesite.lavas and dikes.of Tam Mac Rim and Snow Cr. Cirque.
Analyses 158,171,173,176,346,348,349,450,352,
Average basaltic andesite from cone on Broken Top E. ridge. Analyses 124,355.
Average of 19 lavas from Broken Top volcano.
Average Broken Top dikes. Analyses 112,119,121,125,167.
Average Broken Top plug rocks. Analyses 81,101,102.
Average lavas from conme S. of Ball Butte. Analyses 139,296,307.
Average of 17 lavas, dikes, cinders from Tumalo Mtn. and associated cones.
Average andesites, E. side S. Sister. Analyses 191,192,204,250,362,365,456,458.
Average lower andesite flow and source dike, 7600' elev, W. Snow Cr. Cirque.
Analyses 159,160. .
Average upper andesite flows, 7800' elev, W. Snow Cr. Cirque. Analyses 165,356.
Average andesite W. of Corral Lk. Analyses 27,275.
Average dacite from S.W. ridge of Broken Top. Analyses 115,273.
Average andesite at head of ravine, W. sec 6, N. of Soda Cr. Analyses 286,287.
Average basaltic andesites from Bare Lk. volcano. Analyses 8,11,12,15,16.
Average high-silica dacite near 3-Cr. Lk. and Little 3-Cr. Lk. Analyses 175,341,
347.
Average low-silica dacite near 3~Cr. Lk. and Little 3-Cr. Lk. Analyses 162,174,
343.
Average dacite between GooseCr. and Fall Cr. Analyses 29,263,268.
Average 12 analysed lavas and 1 plug rock. Todd Lk. volcano.
Average rhyodacite E. of Chambers Lks. Analyses 206,207,208.
Average rhyodacite on N.W. Broken Top ridge. Analyses 194,197.
Average Tam Mac Rim rhyodacite. Analyses 154,155,157.
Average Devils Hill rhyodacite. Analyses 449,529,
Average silicic tuff cone of upper N. Fork Tumalo Cr. Analyses 126,305.
Average rhyodacite lava of upper N. Fork Tumalo Cr. Analyses 134,136,137.
Average rhyodacite lava E. of Todd Lk. Analyses 4,5,41,297,298.
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ABSTRACT

Mt. Hood, a composite andesitic volcano, located near Portland, Oregon,
is one of several large eruptive centers which dominate the Cascade Moun—
tains of the western United States. As part of a program of geologic,

geophysical and geochemical studies to examine Mt. Hood’s geothermal re-

source potential, samples of warm—and'cold—Spring_water, water from a -

geothermal test well in 0ld Maid Flat, fumarolic gases, and rocks_ were

collected and analyzed for major chemical constituents and trace elements.

The only warm-spring area on Mt Hood is. Swim Springs, located on the
southvflank.b Ofifices'at Swim were sampled repeatedly with little:overall
‘change noted in water chemistry between sﬁmmer< and winter. Oxygen and
hydrogeniisotope daté and mixing calculations based on anelyses.of Swim
Springs and numerous cold springs, indicate that a large componenp of the
warm water at Swim is from near-surface runoff. Chemical geothermometry
suggests that temperatures at depth in the Swim Springs system are within
the range 104-170°C; the temperature of unmixed hot water may exceed
200°c. Higher-than-background chloride contents and specific conductarces
of cold_springs'on the south flank of the modntain‘éuégest that there is a

small component of thermal water in these sources.

A geothermal model of Mt. Hood is proposed wherein snow- and glacier-

melt water. near the summit comes in close proximity to the hbt_eentral

"neck" of the mountain, manifested by the summit-crater fumafoles. The hot
water migrates down-slope, mixing with cold water along its path‘ a small

portion of the mixed warm water surfaces at Sw1m Springs.’

We were surprised to detect the platinum-group element, iridium in warm

and cold spring waters and in a sample of altered andesite. . Iridium is

' generally con31dered to be associated with basic to ultrabasic igneous.

“rocks; its association with an andesite volcano is belleved to be without

precedent..’
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I. INTRODUCTION

. Large volcanoes together with numerous smaller eruptive centers along

the Cascade Mountains frbm Northern California into‘Bfitish~Columbia (Figure

1) are evidence of a tremendous release of thermal énergy along this zone.

The geologic history of the Cascade Range indicates that eruptions and
mountain building have taken place over a long period, and continue into the

'preSeﬁt.'Modnt Hood, located 80 km east of Portland (Figure 2), has a

vvblcanic-history similar to many of the other Cascade volcanoes. It has

high—temperature'fumaroles near 1its summit and a warm spring area on the
south flank. These.reqognized thermal manifestations along With the moun-
tain’s acceésibility and proximity to Portland, Oregon’s main energy con-
sﬁming fegion, make it'a desirable location for the study and developﬁent of

geothermal energy.

Over the past -two years, a multidisciplinary study of the geologic, -

geoéﬁemical and geophysical features of Mount Hood that relate to the

- location of geothermal energy has been under the direction of the Ofegon

Department of Geology and Mineral Industries (DOGAMI) with funding from the

U.S. Departmént oﬁ Energy. Earlier studies (Wise, 1968; 1969) described

the geologic and tectonic framework of the regibn. Detailed geochemical
and geophysical investigations are being conducted in the same area. A

separate but relatéd‘prdgram of potehtial volcanic hazards of Mount Hood is

"-being conducted concurrently by the U.S. Geological Survey (USGS) under the

direction of -D. R. Crandell.

Technical suppbrt'of the geochemical studiés'of Mouﬁt'Hodd is supplied
by the Earth Sciences Division of Lawrence Berkeley Laboratory (LBL).
Geophysical studies consist of gravity and aeromagnetic surveys by Oregon

State University, aerial inffared surveys by the USGS, and electrical

’
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méaéurements by LBL (Goldstein and Mozley, 1978). . Sampling and chemical
analyses - of rocks, gases,: and ground waters in the area, including the
funaroles and the thermal_anﬂ cold springs, has been a joint project
between'DOGAMI,'USGS,'and LBL{ -Suites of rocks typical of the area, both
fresh and‘hydrothermally'altéréd, have been analyzed to discern possible
..changes produced By the alteration. Selécted water samples have been
anaiyzed for'oxygen'an& hydfogen'isotopeiratios to help determine the
pathways water takes from its meteoric origin into an& through the moun-

tain's hydrologic system.

Analyses of waters from geothermél areas have proven to be very effec-
tive exploration tools. Truesdell (1975), in a cdmprehensive review,
 innted out that several elements gave in@iéntions of minimum subsurface
reservoir temperétures. The ratios between sodium, potassium, and calcium
.(Fournier and Truesdell, 1974) along with the. silica .content of warm-spring
water may -be definitive. A knowledge of silica contents and témpetatures_of
colaiand warm spring waters may be used to determine the amount of mixing of

nonthermal waters and the reservoir temperatures before mixing.

" This répoft emphaéizes. the presentation of anaiyticél data obtained
prior to October'1978. .SinCe sampling and énaiysés have continued beyond
that time, interpretative comnénts in this report are necessarily brief and
should be conéidered'as prelininaty. ‘A more detailed interpreﬁation of the
data éwaits the results of continuing fiéldvsampling and laboratory- |

analyses.

A. Geologic Setting

- The fegional setting of Mt. Hood is shown in Figure 1. Mt. Hood is a
composite andesitic .stratovolcano rising approximately 2500 meters above
tné surrounding terrain.A It is«lafgely Pleistocene in age with the main
body of the cone comstructed prior to the onéet‘qf Fraser Glaciation, about

20,000 years ago (Wise, 1968). Renewed volcanism took_place about 12,000



.years ago with the extrusion of several domes near the summit (Crandell and
‘Rubin, 1977). <Further episodes of extrusions near the summit about l 600
_years ago produced a series of hot avalanches that culminated in- the

collapse of the south rim of the crater which then topped the mountain..

. The collapse of the south crater wall resulted in a large debris fan .that

covers the south flank of the mountain (Wise, 1968). The most recent major
eruption took place_ahout 220 years ago from the Crater Rock area. At_that
time 'a series of hot avalanches cascaded down the east and west sides of
the mountain, carrying incandescent debris several miles down the valleys
(Crandell and Rubin,. 1977). Historical eruptions were reported in 1859 and
1865 (Folsom, 1970).: | '

Mount Hood is located along a llnear trend with most of the other Cas—v
-cade volcanoes of Oregon and Washlngton. Thayer (1937) and Callaghan
(1933) have associated the lineation with a fault‘ zone they recognized
‘along the western edge of the High CaScades. Allen (1965) believes that
the volcanoes are concentrated in a grabenuformed by the Hood River-Green
Ridge faults on the east and the unnamed faults of Tha&er and Callaghan on
the west. The western fault has not been recognized in the Mount Hood area
but recent drilling on the west side of Mount Hood at 0ld Maid Flat shows
there is significant displacement of the Columbia River Basalt that may be

caused by'faulting.

‘The local geologic setting of Mount Hood is illustrated in Figure 3
.(Wlse, 1968). - The predominant surficial material 'is clastic debris, of
- andesitic character. A plug dome of ‘hornblende andesite, Crater Rock, was"
ektruded.about 2,000 years ago. The extensive lava flows which predated
»the clastic debris were predominantly hornblende andesite, while more
recent extrusions on the north and northeast flanks were of olivine basalt

and olivine andesite.
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B. Hydrologic Setting*

- Mt. Hood lies along the axisrof the Cascade'Range, and receives most-
of its precipitation during the fall and winter from storms that originate
in the north Pacific andgn0ve southward and eastward across the range. The
average annual precipitation is about 102 cm at Portland and increases to
-the east, to a makinum near the crest of the range. Records of the Nation—
al Weather Service show that at Government Camp (Figure 2) - the average is
about 230 cm. Precipitation decreases rapidly to the east and is only 25 cmA
within 50 km of the crest. '

Precipitation falling above an altitutde of about 1,500m on Mt. Hood 1s;
inferred. to be within a recharge area, and -ground water tends to move.
downward (Figure 4). The transition from recharge to discharge area 1is
manifested by a band around the mountain where springs tend to discharge,
and below which perennial streams are common. Above the band, many streams
are,intermittent; in smaller channels there is runoff only during spring,'

- from melting snow.

"~ At depths ranging to at least 250m in the vicinity of Tiﬁberline Lodge,
ground water occurs in perched zones between or within andesite flows. The
warm water emanating at Swim Snrings‘may have circulated deeper than
some of the perched zones, probably originating at elevations higher'than
Timberline Lodge. The water comes to the surface at Swim, where’there is- an
abrupt flattening of ‘the topographic slope (Figure 4); Mt. Hood andesite
lflows .tend to dip down the mountain, and some permeable zones may intersect
the land surface here. The Swim area also lies near a contact between Mt.
'Hood‘andesite floﬁs‘or andesite debris and pre-Mt. Hood andesite and basalts
(Wise, 1968); these older rocks are less permeable and may tend to direct

ground water to the surface.

* Written in consultation with James Robison, U.S. Geological Survey,
Menlo Park, California.



‘4 2ans1g

3} U0 jusWSAOW I93BM puUnoif peildjul

* pooH

112,000'

10,000’

8000"

6000’ }

4000’

2000

Springs

- Mt. Hood
Summit

.Crater Rock. /
fumaroles :

Timberline
Lodge .

‘Coid
: Spr_ings
Government
Camp "< =, _ |
« 0 R I 2
1 e
“« : MILES

Swim

v

Vertical exaggeration.2,5X

" XBL 791-8145



Distribution of runoff of streams draining Mt. Hood corresponds td
that dfvprecipitation. Records of a gauging station on Sélmoh_Rivér, 7
miles soﬁtheast of the summit of Mt. Hood (east of Trillium Lake near
highway U.S. 26) shoﬁ an average runoff of about 80 cm per year for. the
draiﬁage area above the gauge. Sandy Rivér has a runoff of 178 cm above a
-gauge 30 km west of the summit, and the West Fork of the Hood River has a
runoff of 203 cm above a station 26 km northeast of the summit. The
greatest runoff in the Mt. Hood area is reflected at a station on Bull Run
._River, 29 km northwest of the summit, where.the averége is more than 305 cm.
The component of any deeply-circulating ground water in most of the springs

is probably very small -because the runoff is large.
II. SAMPLING AND ANALYSES

Techniques used by LBL to sample waters and rocks and to analyze theﬁ
for major and trace elements have been detailed 1in papers by Bowman énd
ofheré; (1975), Hebert and Bowman (l§75), and Wollenberg (1975). 1In this
section we shall briefly deécribe-éhose techniques and the ‘techniques to’
dete;mine oxygen and hydrogen isotobe ratioé and constituents of fumarolic

gases.
A. Water

Water samples were collected ét the chations shown in Figure 3; loca—
tions are- referenced by latitude'and ldngitude in Table 1. Samples inclu-
. déd &aters from cold éprings and wells, the Swim - Warm Springs on the south‘
flank of the mountain (the distributidn pf orifices at Swim is detailed;;n
Figure 55, and the well drilled fof géothermal water. on the western flank
of Mt. Hood in 0ld Maid Flat. Samples‘wefe collected for laboratory
'fadiometfy,‘x—ray fluorescence, neutron activation; and maés—spectroﬁetric_
analyses.” For analyses of major and trace elements, sampling was ddné by

inéerting a 1/4~inch diameter tygon tube into a spring. The water was drawn

- 10



‘MH-1

MH-10
MH-11

- MH-12

MH-13

MH-14

MH-15
MH-16

. MH-17

MH-18
- MH-19

MH-20" .

Table 1

DESCRIPTION AND LOCATION OF WATER SAMPLES

Still Creek, crossing with Timberline Road O 4 mi N. of Highway

.26 junction. 45018.1°N, 121043.8°W. .

Spring, White River outwash, streambed strongly iron—stained.
45°018.2°N, 121040 4 W.

Ski Bowl, artesian well head. 45°18.1°N, 121°46.0°W.

Swim area, "Pipeline Spring." 45918.0°N, 121044.6'W.
Swim area, "Screen Spring." 45017.9° N, ©121044.5°W.
Swim area, east side of old swimming pool. 5°l7 9’N, 121044 6°W.

Swim area, cistern box upstream from pool. 45017.9'N,

. 121944.6°W.

Spring, swim area,fleOm upstream from cistern box. 45°18.0°N,

121044 6°W.

Swim area, northernmost Spring on west branch creek. 45018.1°N,

121044.7°W.

Robin Hood Quarry, small spring in central bench. 45920.1°N,
121°34.1°W. .

Spring,- roadcut on north side of Highway 35. 45018;6'N.,
121°39.6°W.

Spring, roadcut/quarry, north side of Highway 26, 1/3 mi. NW
:Trillium L. turnoff. 45°17. 4'N 121044 0‘W.

Spring, roadcut on Highway 26, above Laurel Hill Quarry.
45°18.4°N, 121949.6°W. '

" Spring, Mt. Hood Meadows below Timberline Trail. 45020.3'N;

121940.1°W.

Salmon River Canyon Springs. -45°1949'N, 121942.2°W.

Spring, White River Canyon. . 45020.1°N, 121941.9°W.

Spring, from andesite flow. = 45920.1°N, 121°942.9°W.

~"Pipeline Spring."  Same location as MH-4.

" Swim area, "Screen Spring." Same location as MH-5.

Swim area, "East side of Pool." Same location as MH-6.

11



MH~21
MH-22
MH-23

MH~24

MH-25

MH-28

- MH-29
MH-30
MH-31
MH-32

MH-33A

MH-33B

MH-35

MH-36

MH-37 .

‘MH-38
MH-39

MH-40

Table 1 (continued)

""Iron Spring" near bridge over Clear Creek. 45023.5°N,

121951.5°W.

Slightly artesian well, Clear Creek picnic ground. 45021.4’N,
121956, 2 We. ’ .

Spring area below Timberline Lodge. 4501819'N,-121042,9'W.
Spring at Camp Windyﬂ 45924.7° N, 121°932.8°W.
Clinger Springs. 45016.4°N, '121045.9'w.

Spring on Timberline Trail, 5700 feet elevation. 45920.0°N,

.121039 6°W.

‘Cold Spring. '45021:7°N, 121039.6°W.

Runoff, small lake in crater ‘area. 45022 .1°N, 121041.9’w.

Spring, base of lava flow, Aigzag Canyon. 45920.9°N,
121044 1°W. : ‘

Spring, base of Mississippi Head. 45921.2°N, 121°943.6°W.

014 Maid Flat, NWNG Co., test hole, artesian flow, 4 ‘days after-
cessation of drilling. 45°23.4°N, 121°948.5°W.

‘Old Maid Flat, NWNG Co. test hole, artesian flow, second sampling,

several days later. Same location as MH~-33A.

0ld Maid Flat, NWNG Co., test hole, artesian flow, sample after
well had been shut—in for ~1 week. Same'location as MH-33A.

Robin Hood Quarry, same spring as in MH-lO sample.

.Swim area, east side of large pool. Same location as MH-6.

Swim area, "Screen Spring." Same location as MH-S.

Swim area, "Pipeline Springa" Same location as MH-4.

Old Maid Flat, NWNG Co.; test hole, artesian flow foerB6 hours
following MH-35 sampling. Same location as MH—33A.
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through a.0.45 micron filter, using a hand—operated vacuum pump; -the appara-
‘tus is shown 1in Figure 6. . Most often, the water was introduced to the
filter directly from the spring, but occasionally conditions required that
sampleslbe_Obtained in bottles and then filtered by pumping-from the bottle
in the field or laboratory._ Generally, 500-ml "Nalgene" bottles were used
to'collect and store the samples. At the sampling,site the pH of the water
was measured uSingba eolor comparitor set and specific conductance measured
by a portable electronic unit. Cbloride contents were estimated on-site by

: immersing "Quantab" strips in spring or well waters.

‘ In the 1laboratory the water samples were evaporated in the original
collecting bottles at 80°C and aliquots of each were taken for both
neutron activation analysis and X-ray fluorescence analysis. 1In general,
the X—ray fluorescence measurements determined the major element abundances,
while neutron, activation was used for the trace ‘and minor elements. Some
elements were determined by both methods so that cross—-checks ~could be

made.

_ For neutron activation, evaporates from water samples were made into
pellets . and irradiated, along with a composite standard pellet, in the
TRIGA Research Reactor .at the University of California, Berkeley. Nearly
all elements in the samples have their counterparts in the standard, and
the ‘abundances are determined by comparing the gamma rays emitted from the

unknowns with the gamma-ray spectra of the standards. This methodvis

capable of ‘quantitatively analyzing nearly 50 elements in a sample.

The X-ray fluorescence technique used in this study was developed bv
Hebert and Street (1974). In this‘method the evaporates were mixed with
LiB02 and fused into glass discs. The major elemental abundances were
determined by comparing these samples (indirectly) with USGS standard -rock
DTS, spiked with MgO NaCl CaSO4 and K2C03.
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Figure_6.

‘The filtering apparatus and hand
in this study.
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Tﬁe precision of the neutron activation.method,depends mainly on' the
étatistics of gamma—ray counting of the activatéd samples; for most ele-
ments analyzed precisions were of the order of a few percent of the abun-
‘dance. Precisions and aécuracies of X-ray fluoréscéncevdeterminatipns of

major elements were also a few percent of element abundances.

Samples for laboratory determination of 222Rn were _usually collected

by'filling ﬁNalgene bottles Qith the spring water directly from thé pools.
This minimized radon loss which might oécur if the water were drawn thfough
the filtef sy;tém{ Bottles were immediately sealed, lids taped, and
samples transportéd_to the laboratory for'gamma—ray pulse-height analyses.
The time of sampling was, notéd”to accouﬁt for the radioactive dgéay of
2228n (3.8—day~ hélf—life) between saﬁpling. and gamma counting. With a
reasonably short interval between sampling and counting, the sensitivity of

this method is of the order of a few tens of pCi per liter of 222gnp.

Sampleé for oxygen and hydrogen isotope determinations were obtained
by fillihg 50 ml glass.bottles directly‘wiﬁh spring water., Thé botﬁles were
tightly capped, taped, and sent via the U.S. Geological Survey,'Meﬁlo Park
foice; to the analytical laboratories at Séclay, France, where oxygen-16/
oxygen-18 ratios and deuverium/hydfogen ratios were measured by mass

spectrometry.
B. Rocks

Rock types sﬁmpled iﬁcluded-altered and relétiveiy fresh andesite
and‘basalt from‘phe‘flanks of Mt. Hood, a felsic dike in the Hood Rivép“
Valley, and granodiorite and diorite from the Laurel Hill intrusive.
Locations are shown in FiguréA3, and listed in Table 2. Samples, each of
the order éf a.kilogram} furnished adequate matéfial_for gamma spectrome;rip
determinadtion of uranium-and :thorium. At several locations gamma-ray

counting rates were measured with a portable sodium-iodide crystal.
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‘Table 2

DESCRIPTION OF ROCKS AND LOCATION OF-SAMPLES'

Mount. Hood Rocks:

l.

2.

11.
12.

13.

Felsic dike, Robin Hood Quarry

iBasalt Robin Hood Quarry

Altered Mt. Hood andesite breccia

"Felsite dike, chloritized with sulfide minerals

(pre?) Mt.‘Hood andesite

Platy Mt. Hood andesite _

Granodiorite (7), Laurel Hill intrusive : .
Laurel Hill Quarry
Diorite (?7), Laurel Hill intrusive

Altered dio;ife (?), Laurel Hill-ihtrusivel

Pliocene horhﬁléﬁde andesite, Sandy River

Altered andesiﬁe, S;ndy River |

Microporphyritic oliviﬁe andesite, C#oud Caé

/

Pliocene hornblende andesite, Hood River Canyon (Polallie CampgrOund)~
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.Neutron acti?ation, and X-ray fluorescence ,technidﬁes for analysis of
rock samples have been described, respéctively, by Perlman and Asaro (1969)
and Hebert énd Street (l974)§ _'Crﬁshed.rbCk samples were pulverized énd
‘powders pelletized for reactor irradiation, and fused with lithium borate
into glass discs for X~ray fluorescencé. With these techmniques 25 to 30
elements were determingd with precisioﬁs of lesé than 5%; a number -were

_determined to better than 1%.
"C. Gases

"Gas samples were obtainéd from"fumaroies‘ in thé summit crater area
of Mt. Hood. Three fumaroles were:sampled, one of which was'most likely a
fumarolé sampled previously by Ayrés and Creswell (1951). The samples
were collected by inserting the end of an ’Vl.5m—lopg étainless-steel tube
into,thé fumaroles aﬁd alloﬁing the gas to pass into evacﬁated 300 ml glass
bottles con;aining mlOQ ml of 4N NaOH solution.. The filled bottles were .
transportéd to-thé laborétory_of Dr. A. H.. TrUesdéll, U.Se. Geoiogical
Survey, Menlo Park, California, where they were analyzéd by wet chgmical
methods for COp and H3S and by gas chromatography for 6ther constituents.
Sampling andAanaiytical pfocedurés have been described in detail by Trues-

dell and Nehring (1978).
III. RESULTS

Analytical data on water, rock, and gas samples are presented and

~preliminary interpretations discussed.

A. Water Analysés;

4

‘_l. Major and»Tface Elements .

For the purposes of this discussion, results of analyses of eleﬁent

contents of water are divided into two groups: those from the Swim Warm
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Springs and those from the predominantly cold—water sources elsewhere in
the Mt. Hood region. Three analytical laboratories are represented in this
study: the Lawrence‘Berkeley Laboratory, the Central Laboratory of the U.S.
Geological Survey, Denver, and.- the State  of Oregon’s Division of Environ-

mental Quality. o : - . S

~a. Swim Warm Springs

Results of chemical analyses from succe531ve samplings of Swiux Warm
Sprlngs are presented in Tables 3a and 3b. Locations of 1ndividual orifices
.are shown on the. map, Figure 5. Spring temperatures and the abundance of
.-maJor and trace elements generally follow a geographic distributlon, with
the southernmost.spring, "East side of pool,"-being warmest and having the
highest chemical contents. . Element abundancesvand temperatures . are prof
-gressively'lower in the "Screen" and "Pipeline" springs, which are respec-
tively up-slope. from the "East side of'pool" spring. - The up-slope decrease
of‘temoerature'and element content is repeated in-the sample sequence MH6
through MHQ, from orifices aiong the small stream entering the pool from
the northwest. The successive decreases of temperature and element content
suggest that the water at "East side of pool"”. is the least diluted by
mixing with near-surface cold waters. This suggestion is supported by data
shown in Figure 7; where major- and trace—eiement contents are plotted
,against-sodium. In most cases there is a linear relationship between
'"element'abundances, witd the warmer springsfhaving higher contents.
Least-squre linear regression coefficients exceed 0.96 for Na versus Rb,
Cs, Cl, Br and- K. The strong linear correlations indicate apprec1able
A'mix1ng between warm and near—surface cold waters. The geochemlcai mixing
~model, discussed more fully in section IIIfe, indicates that  over '90% of

the water emanating at Swim is near-surface cold water.
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Table 3a-

SWIM WARM,  SPRINGS

... Successive Samplings

Single Sampling

Spring =

"PIPELINE"

"SCREEN"". "E. SIDE OF POOL"
. Sample . MA-4 . MH-18 MH-39 MA-5 " . MH-~19. MH-38 -MH-6 MH-20 USGS - MH-37 MH-7 MH-8 MH-9
- Date 6/2/77 8/22/717 2/22/78 _ 6/2/77 8/22/77 2/22/78 6/2/77 . 8/22/717 8/22/77% 2/22/78 6/2/77 6/2/77 6/2/77
oH. 7.5 7.5 7.5, 7.5 7.5, 7.4 75,7 7.5 7.1 7.3 7.3 7.5 7.4 7.5
Temp. °C 22 ©21.8 21.6 - C25 23.5 25.5 26 24,1 26.5 26.2 20 ) 21 19
Sp. Cond. 820 ' . " 1000 1300 1160. i
o *(Robison)
wg/2 - .
B 2.0 1 0.5 1.0 -3 0.5 3.0 2 0.15 0.5« 1 -2 0.2-
Na- 92 84 92 95 101 105 120 114 . 120 .126 - 86 62 36
Mg - 34 36 38 36 30 43 40 : 40 51 -50 30 . 20 13
$10, 75 70 75 75 9 .18 80 71 92 88 .70 © - 80 60
S 54 54 58 62 - 65 ©72 63 68 ~80 74 52 1&§ 26
C1 110 - 110 . 102 120 ° 125 135 140 " 140 170 154 -95 80 25
K 7.5 6 7 8 .7 : 8 9.2 7.2 12 9 7.2 6.4 . 3.6
Ca. 50 52 53 55 62 60 60 58 - 64 64 42 41 19
ug/t
Mo <% 0.7 3 < . <4 © <3 <7 < . 50 <3, <6 Y <
Fe . 70 .35 (50 27 50 <12 47 . <50 220 <25 18 14 14)
Ba . 15 26 21 © 27 28, 22 37 24 27 17 X 21 11
‘Mo 4 <2 3 3 <.6 <5 4 <% <7 4 5 2
Rb 17 15 17 18. .19 20. 23 . 23 23 16 14 2
Cs 0.25 . 0.26 " 0.25 0.31 0.32 0.33 0.38 0.34 0.4 0.25 0.20 0.10
Co <0.03" <0.03 - <0.06 <0.03 - <0.06 <0.03 . <0.02 - <0.02 <0.02
Sb <0.05 <0.04 <0.06 <0.03 <0.03 <0.02 <0.03 ©<0.05 <0.1 . <0.03 <0.06 <0.02
.Cr <0.7 .3 - © <0.5 0.7 <0.5 <1 .7 <0.1 <5 .. <0.5 <0.5 <0.4
Zn <0 1.5 2 ‘<10 : 2. 3 <10 4 3 <10 ’ <5 <5
" Ag .06 <0.05 0.2 <0.06 <0.14 <0.1 <1 . 0.2 0.1 <0.1 <0.06 <0.03
Ce" " <0.6 - . 0.6 - <0.9 - <0.7 . <0,6 <0.3
Sm 0.087 0.03 <0.06 - <0.047 0.06 <0.06 0.105 0.139 <0.06 0.09 0.075 " 0.03
Eu <0.011 <0.004 <0.005 - <0.013." <0.006 <0.005 <0.014 <0.006 <0.006 <0.012 <0.015 <0.005
U - 0.87 0.8 1.1 ‘1.2 0.8 1.2 1.4, . 1.6 1.3 0.45 0.6 0.2. .
Ir <0.0013 <0.0001 <0.0010 <0.0015 <0.0001 <0.0014 <0.0012 <0.0001 0.007 <0.0013  <0.0012 <0.0003
"As ) <2 <5, - 3 <3 <5 <8 - <36 . <5 <8 - " <5 <3
Br 200 134 180 220 180 220 270 280 240 180 148 48
w - <2 <1 <2 <1.5 <1 <2 <A . <7 . <2 <1l <2 . - <1
Sc 0.02 -<0.01 0.022 0.02 .0.018 <0.009 0:03 <0.01 . 0 015 0.014 - 0.012 - 0.010
Hf <0.10 <0.05 <0.006 . 0,12 <0.03- <0.03 Q0.9 - .07 <0.03 <0.6 <0.06 <0.010
Th - <©.02. <0.02 . <0.005 .0.02 <Q.02 <0.015 <0.05 <0.04 <0.10 <0.012 <0.012 <0.010
222Rn (pilcocuries/t) |. 172 156 161 186
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Table 3b
" SWIM WARM SPRINGS

- (Analyses ih'milligrams per liter, by

State of Oregon, Department of Environmental Quality)

g ~ E. Side E. side W. side of stream
Location* Pipeline = .Screen . of Pool = of Pool 50'N of cistern
Date 12/2/76 12/2/76 - 8/13/76 - 12/2/76 - 11/4/75
pH - 7.3 7.3 8.1 7.5 7.4
T(C®) - 20 25 26.1 25.6 -
Conductance 871 1190 1265 , 1300 907
Alkalinity 116 157 74 179 121
(total as . : ‘ :
CaC03) )
Hardness - 253 310 357.0 357 258.2
(as CaCO3) : '
B - 0.28 0.40 0.32 ©0.32 0.3%
Na . 79.0 . 114.0 98.0 136.0 79.0
Mg - .+ 29.0 44,0 28.0 48.0 40.0
$i0, : 55.4 "71.6 65.5 72.3 52.1
S0, 149.0 193.0  227.0 205.0 181.1
cl : 103.0 139.0 160.0 161.0 . 90.0
K s 6.0 10.0 10.2 - 11.7 9.2
Ca : . 42,0 57.0 27.0 60,.0 46.0
Mn <0.05 <0.05 <0.05 <0.05 0.10
Fe : . 0.05 <0.05 0.2 <0.05 <0.05
(total iron) ’ o .
~As - . <0.005 <0.005 <0.005 <0.005 0.04
F ' ©0.15-  0.23 0.27 ©0.23 0.20
POy, 0.09 0.08 -~ 0.10 ©.0.09 0.12
(soluble ortho.). -
Al - <0.01 <0,02 <0.02 <0.02 <0.01
Nitrogen' 0.06 0.09 <0.01 0.05 0.03
(NH3) . ' : o
Nitrogen <0.02 . <0.02 <0.02. <0.02 <0.01
(nitrite) : . 4 . ' ‘
Nitrogen ©0.04 0.04 <0.02 0.03 0.01
(nitrate) ' - ‘
Li E 1 0.08 £ 0.12 0.12 0.13 0.09
HCO4 141 191 .90 218 148

- * Refer to map, Figure 3.
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The variation with time of element contents of three orifices at Swim is
illustrated in Figure 8. Significant winter increases were observed in Mg
and 5 at all three orifices, while Ccl, C1/B, Ca and Cs were greater ‘in the
winter at two of the orifices, and SiOjy, Na, Rb, and U were greater at
one (but not necessarily the same) orifice. There were significant winter
decreases_in B at all three orifices, and in Cl, Ba, U and Br at one or
another orifice. It'was expected that winter samplings would.yield higher
contents because the surface runoff would be diminished. However, this was
not substantiated because of the increase of some elements and.decrease.of

others in the winter, with respect to the summer samplings.'

~ The presence of the platinum-group element; iridium (0.007 ug/%), ‘in
the winter . sample from "East side of pool" is of interest, espec1ally
because it was not detected in the summer. samples from that orifice. There
were no. other differences of this order in trace element abundances between
summer and winter samplings. lridium_mas also detected, in lower concentra- -
.tiOns, in two cold-water sources: the iron-rich spring in White River
Valley (MH 2), and the outflow of the small lake in the summit crater (MH
30). Silver is present along with iridium in these and other springs, and
_in the summit crater lake. A search of geochemlcal literature reveals that
‘this is the firSt.evidence of a platinum—group element being detected in

geothermal or surface fresh waters.

b. Cold Springs and Wells

Results . of .specific conductance and chloride contents, measured in
the field, are shown on'Figure.9. _Springs and surface waters sampled in the
drainages of Still Creek,:Salmon River, White River and the spring-atht.
Hood Meadows have greater abundance’ of Cl, and higher specific conductance
than springs sampled to date on the north flank of Mt. Hood. Waters from
22 cold sources, 20 of them springs, were analyzed for major and trace
elements; results;of_analyses, pH, and temperature measurements are listed

in Table 4. With a few exceptions, the cold springs .issue from andesite;'

~
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0.007
0.02.
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Sample
Date
pH-.
Temp. °C

Na-

Mg
8i05

Cl

Ca

Fe
Ba

‘Mo

Rb

‘Cs

Co
Sb

Cr

Zn

- Ce-

Sm
Eu

Ir

As
Br

Sc
Hf
Th
Ta

MH-25
8/3/77

6.5
9.5

<0.01
<0.0001

0.1

0.013
<0.003
<0.002

MH-28
8/24/77

O
.

9, ]

A
WOOOOO OWERm®

b

.
NooO O =W
SN ON

0.048
0.005 -
<0.002

<0.005
<0.0001

<0.1"

0.011
<0.005
<0.004

| MH-29
8/25/77

7.4

9, ]

~

(%]

QO OON =

woooo s ONO N
EEoo

<0.04
.0.0036
<0.0014

0.027

<0.0001

4.8
<0.1
0.013

<0.008

<0.005

Table 4c

MT. HOOD WATER SAMPLES

MH-30

2/30/77

~Gg LT
2

0.4
<0.6

<0.0%

3.3

0.06

1.2
2400

0.79

234

0.37

. 0.08

0.063
0.0004

<1
0.8
0.11

MH~31

9/7/77
6.5
10

mg/ 2

1.1
0.02
. 0.06
0.06
"~ 0.23
13
0.06"
0.2
0.016
0.006
0.01
<0,0001

2.5
0.15 "~

0.026

0.013°

MH-32
9/7/17

© 6.5

4 -

A
~ O o
P

[N

[

o

.01
.02
.03
.20

.10

.0026
.004

.004 .
.0001

.06

0.007

)

.001

MH~-36
2/22/78

7.8

4

s
OO NSO

10

120,

<0
<0

<0

<0.

.053
.05
.007

<0
<0

o &N

.03
.003

.05
:0002

0ld Maid Flat Well

MH-33B

12/19/77

10-
9

.10

130
<1 -
40
23
135
<1
72

<40

0.15

<0.0008

<2
115
<0.4

0.06

<0.03’

136"

MH-35

'2/21/78
T 10.

6

<1
34
23
124
<0.2
11

<8
21
<4 - -
35

1.3
0.07 -
<0.03 "
0.05
<0.5
2
<0.1

<0.04
<0.003
0.12
<0.0004
<15

300
12

0.013
<0.02
<0.015

MH-40

2/22/78

10 .
11

132

e
- 31
25

123

<0.2
11 -

<7

<10

<2

37.

1.3
0.15

.<0.01
<0.4
<0.4 .
<0.07

<0.04
<0.004

' <0.0010

- <10

280
13
0.011

<0.015
<0.009



theiﬁ element abundances are lower than those.of the Swim Warm Springs.
Exceptions are the iron-manganese-rich épring, MH-2,-emanatingvfrom glacial
debris in the White River Valley, the Ca-Mg-rich water of the spring from’
basalt ih the Robin Hoo&-Quarry (MH 10), and Fe-Mn-rich water from the
outflow of a small~pqnd in the strdngly altered fumarolic area of the summit'
crater. In bo;h the Fe-Mn waters of the summit crater and White River
Valley spring there were identifiable contents of iridium, though in lower
aBUndance_than in the winter samﬁle from "East side of pool" at Swim. . (Fe
and Mn were‘both below detection limits in the sample from Swim). >Water
from a cold well in the Government Camp area (MH 3) is similar in character,
except for its highFZn content, to cold "andesite" waters. However, a cold
"well near Brightwood (MH 22), most likely producing from the Rhododendron
'Formation, has water low in Fe and Mn and relatively high in Na and Mg,
'contrast to a nearby cold spring (MH 21).

c. 01d Maid Flat Geothermal Test Hole

-vWatér sémpléé weée obtained from the artesian-flowing geothermal test .
hole in 0ld Maid Flat in December 1977 ahd,February 1978. It is expected
"~ that the water was flowihg from a depth of 450m°'total depth at that t1me
"was 550m. Since that time the hole has been deepened to 1200m. The
~ initial sample, taken only a few days followng cessation of drilling,
éontained.unusually high contents of S5i0p, Mn, Fe, Ba, and other coﬁsti-
tuents, indicating that the sample was contaminated by driliing fluid. - A
. sample taken 16 days later (MH 33b) contained considérably lower amountélof
these constituents but somewhat greater amounts of §Si0Op, Cl, Ca, Fe, and
Ba than samples obtained two months later (MH 35 and MH 40). It is possible
that water from the Old Maid Flat well was still slightly contaminated by,
drilling £luid. '
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d} Comparison of Water Chemistries

,To'facilitate compafison between thé chemistries of the’various water
sources, major- and trace-element- contents were plotted»genérélly in order
6f'increasiﬁg abqndan¢é in Figures 10, 11, 12, -and 13. Iﬁé'patterné on
these. figures afford qualitative assessment of significant differences or
‘Similarities between~w;ter types. Mean values and standard deviations of
élement contents of cold waters emanating from springs in andesite and of
waters from Sw1m Warm Springs are plotted on Figures 10 and 1l1. 1In Figure
10, which compares major elements, there is a "high" in sulfur and sodium in
the warm spring water, in contrast to the cold "andesite" water where 510,
‘1s relatively prominent. In the cpmparison of mean values of trgce—eleﬁent
contents in both water typeé (Figure 11),~ﬁranium istprominent with respect
to.its neighbors, Sm and Cs at Swim Warm Springs. Barium stands out among

the trace elements in the cold-spring waters.

Plots " of major-element conteﬁts in waters from the geothermal -teét
‘well in 01d Maid Flat (MH 40) and the cold spring in Robin‘Hood.Quarry (MH
10) comprise Figure 12. Similar diagrams of trace-element_contents in these
two ‘sources are shown in Flgure 13. The major-element pattern of the 0ld
Maid Flat well water has a Na-$S "high," sihilar to but considerablyvmore
accentuated than, that of the Swim Warm Spring waters (Figure 10). The
trace-element pattern of 0ld Maid Flat well water has a sharp "high" of Mo
‘with resbect to its neighbors on the plot; Cs and Rb; Br is élso accen-
tﬁated. The major’element‘patté;n of cold water emanéting from bésalt in
>Robin Hood‘Quarry accentuates S and Ca, in contrast to the cold "andesite"
waters Wheré §10, predoﬁinates. The trace eleméﬁt pattern of the Robin
Hood Quarry water has prominences of Mo and Ba; Ba is also relatively
prominent in the cold “andesite" water. Barium and calcium contents are
‘Vrelatively high in a sample of basalt from_Robih Hood Quarry (MHR-2, Table
'2), and a sample of felsic dike rock from the quarry (MHR-1) also has a

relatively high Ba content.
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e. Estimates of Subsurface Temperature

' Major-element analyses were used to calculate the water temperature
at depth within the Swim Warm Springs system.- The calculations uere based
on chemical geothermometers afforded by the Si0y° content of water and the
ratio of Na to K, corrected for Ca (Fournier and Truesdell, 1973). The
,temperature of water at depth was also estimated by the ratio of oxygen
isotopes in sulfate in the water (McKenzie and Truesdell, 1976), measured by
N. Nehring and A. H. Truesdell at the U. S. Geological Survey, Menlo Park,
california.

The temperature of hot water, unmixed with nearer-aurface cold water, .
and the proportion of mixed cold water in Swim‘Warm'Springs, were estimated
by applying the mixing model of Fournier and Truesdell (1974). In this;
model . simultaneous equations are  employed, incorporating as factors the
temperature’of warm spring water, the Si0j content of the warm spring
water, the temperature of the near-surface cold water, aud the silica

content of cold spring water.

The estimates of subsurface water temperature at Swim Warm Springsl
are summarized in Taole 5. The temperatures estimated by the Na-K- Ca
geothermometer and by the mixing model may be less reliable than those
estimated by the siliea and oxygen-isotope geothermometers, because surface
‘flowdat'Swim is low. The Na-K~Ca and mixing-model temperatures should uot‘
be diScounted however, because the mixing model indicates the large prooor-
tion of near- 8urface cold water intuitively expected at Swim. Therefore,
‘the .agreement between the silica and oxygen-isotope temperatures indicate -
that the temperature at depth is, at least, within the range of 100—125°C,f

the temperature may be 150° to over 200°C.

The samples from the 0ld Maid Flat hole may contain some vestiges

of drilling fluid. ' However, if we assume equilibrium conditions then the
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_ Table 5

‘Summary of Estimated Subsurface Temperature
' at Swim Warm Springs

Geothermometers
sio, 7 100-125°C
 Na-K~Ca (8 = 1/3) 152-154°C
3 l o
518O - SO4ﬂ S 108 110 C
Silica Mixing Model(a)
rempgrature of unmixed 192—240°C(b)
hot water
~ Fraction of cold water , 0.92

a) Fournier and Truesdell, 1974,
b) Questionable ‘because it is-a low—flowing system.
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silica and alkali-element ratio geotherﬁometers give consistent tempera-
- tures of 80-90°C. The temperature measured at 450m was 33°C; a measure-
ment of bottom-hole temperature, following completion of the ‘hole, was

819¢.

" f. Oxygen and Hydrogen Isotope Ratios-

A plot of isotope ratios of hydrogen and oxygen in cold and warm spring
waters comprises Figure 1l4. The ratios are expressed in delta values, given

in mils (°/00), and defined as:

R R |
5in ©/oo = (sample)  “(standard) . 44, (Hoefs, 1973),

R(standard)

where R repreSents‘the isotope ratios of deuterium to hydrogen and 18p/

16g; the standard is '"mean ocean water" (Craig, 1961). The points for
_wafm and cold springs fall close to the line for mgtéoric wateré, indicating
that the warm waters are much diluted by near-surface ruﬁoff. The warm
wa;er:points'would be shifted to the right of the meteoric wéter line 1if a
substantial component of the spring water had been in contact wi;h_rock at
depth. Hoﬁever, the grouping of the warm water points at more hegative
values indicates that the source of tﬁe. warm spring water is generally
higher on the mountain than'the:sourcés of most of the cold springs samplea;
Exceptioné are the cold springs at Mt. Hood Meadows (MH 4) and a spring in
Robin Hood Quarry (MH iO), which fa;l in the same range as the warm waters.
The grouping of the points indicates that the _cold-'waters have shorter
pathways betwaen.their sources and the springs, while a component. of the

warm water may circulate deeply enough in the mountain to come in proximity

to a hot central conduit system.
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"B. Rock Analyses

A limited number of samples of the igneoué rock types in the Mt. Hood
region were collected and analyzed. A more detailed investigation of the
petrology, mineralogy, and geochemistry of Mt. Hood’s extrusive rocks is

presently being COnducted by Craig White of-the University of Oregon.

Results of najor and trace-element analyses of 13 rock samples, together'
with brief sample descriptions, are listed in Table 6. Seven of the samples
are andesite, two (MHR 3 and 11) are of appreciably altered rock. The
' . major-element contents of the samples of relatively unaltered andesite are
fairly uniform, with silica contents in the range 58-63%, Al,04 17.4-
17.7%, Ca0 5.4-6.4%, NapO 3.7-4.3%, and K50 1.0-1.5%. There do not appear.
to be significant differences between chemistries of samples of Pliocene
andesite from the west and east flanks of Mt.. Hood (MHR 10 and 13), and the
andesite of the more recent flows on the south flank of the mountain
(MHR 5 and 6). This 1is supported by the small standard-deviations of mean :
values of rare- earth-element (REE) ratios (REE contents in sample/REE
contents in standard chrondrite) of the unaltered andesite (Figure 15). The
relatively higher Fe and Mg contents of the andesite from Cloud Cap (MHR 12)
are in keeping with the presence of olivine in that rock, in comparison with
other andesite samples where hornblende is the principal mafic mineral. The
altered Brecciated andesite sanple (MHR 3) from the south flank of Mt. Hood'
is sonewhet lower in MgO, but higher in K30 than the fresher sampies,
while ‘the strongly'altered andesite (MHR 11) from the west flank of the
mountain has considerably greater Mg0 and much less K,0 than a sample of
nearby, relatively unaltered andesite (MHR 10).- Both fresh and altered
andesite samples from the MHR 10 and 11 localities have identifiable iridium
'contents, in contrast to other rock samples where the abundance of that
elementlwas_well'below detectability limits. It is surprising to find Ir in
andesitic rocks;_ it is more normally associated with ultramafic. rocks:

peridotite,,pyroxenite,'end serpentinite.’
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(a) Analyses by x-ray fluorescence.

94,0

97.4

) - ) ) )
Table 6a
MT. HOOD ROCK SAMPLES
Major Elements .
(% by weight)

.. SAMPLE - 1 2 3 4 5 6 7 8 9 10 11 12° 13
Nazo(a? 4.0 2.2 3.2 3.8 4.1 4.3 5.2 3.8 2.7 4.1 2.6 4.0 3.7
mgo (2, 0.3 4.0 1.6 1.2 3.1 2.9 3.7 3,3 2.4 1.7 6.5 3.1 2.8
A1203("’_) 13.6 13.1 16.4 15.3 17.7 - 17.5 17.7 17.8 16.7 17.4 17.3 17.4 17.7
'_Sioz-(f") 1.7 50.3 59.3 64.9 60.4 © 61.5. - 58.1 58,0 62.3 62.8 54.8 58.3 59.8
.KZO(a) 3.7 1.2 2.4 3.0 1.5 1.3 1.2 0.9 1.3 1.3 0.3 1.0 1.3
cao'® 1.4 7.1 4.3 0.7 5.8 5.7 5.5 7.1 4.3 5.4 1.6 6.3 5.6
Tibz 1.4 7.1 0.8 0.7 0.8 0.7 0.8 0.7 0.6 0.5 1.0 0.9 2 0.8
MnoO 0.04 0.23 0.12 0.05 0.10 " 0.09 0.07 0.10 0.04 0.04 0.03 0.13 0.07
Fe0 1.8 13.2 4.6 3.3 5.7 ©5.7 3.9 5.4 3.7 4.2 5.1 6.3 5.2
cr,0, 0.00 0.04 0.02 0.01 0.03 0.03 . 0.02 0.02
“TOTAL 96.7 94.0 92.7 93.0 ©99.2 99.7 - 96.2 - - 97.1 97.4 89.2 97.0
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Table 6b

MT. HOOD ROCK SAMPLES

Trace Elements

(ppm)
SAMPLE - _1 3 4 5 6 7 8 9 10 11 12 13
Rb 120 40 65 20 20 30 20 .40 18- <%
cs 2 s .1 L a A a o a  a 2 s 0.5 .3
. Ba 600 640 - 300 460 350 300 250 200 240 300 120 350 300 7
N3 5.4 5.0 7.1 . 6.2 4.2 4 3.6 - 3.7 3.3 W 4.5 L]
cr 2 40 7 4 40 55 10 0 50 30. 65 - - 46 4L
o - 3 37 7.6 5.8 19 19 16 2 13 12.8 21 2 19
Nt <10 <30 <20 <10 30 30 <10 40 40 23 33 . % 25
sc - 2.3 . 377 10.5 9.6 13.9 . 13.3 19.4 17.2 12.8 9.0 18 15 15
Th 15 4.5 6.6 6.2 3.7 2.6 2.4 2.4 2.3 3.0 © 2.2 2.1 3.6
Ta 1.3 0.84 1.1 1.0 0.57 0.5 0.5 0.51 0.54 0.65 0.51 0.62  0.59
La s 23 25 19 15 10 1813 16 13 17.5 16.2
ce - 56 s2 . 58 53 45 . 33 29 s 27 36 29 40 35
Nd s 2 26 26 15 Y 15 20 o 16 16 20 18
sm 2.6 6.3 4.8 5.2 3.6 3.2 2.8 3.9 3.0 3.1 4.0 43 3.4
Bu 0.66 2.2 1.5 1.3 1.4 1.3 0.83 1.3 1.1 1.1 1.0 1.4 1.1
™ . 0.41 1.0 01 . 0.76 0.49 0.46 0.52 0.47 0.45 0:45 0.60 0.55 - 0.47
by . 2.5 7.9 4.9 4.9 7 3.2 2.9 3.7 33 3.3 2.5 4.4 3.8 3.0
» L7 3.7 - 27 2.6 1.6 1.5 21 1.8 1.6 0.95 2.1 1.9 1.4
Lu. 0.22 0.54 0.35 0.32 0.19 . 0.18.  0.24 0.27 0.21 0.14  0.27  0.25 0.19

. Ak .
U* 4.5 : 1.3 1.4 1.9 1.2 . 0.9 1.8 0.6 . 0.7 0.95 0.76 0.61 - 1.05

. . - <
* By y spectrometry - Ir s$0.02 0.003 <0.0010 <0.0010

*%* By neutron activation
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The relatively high barium contents of the samples of felsic dike
rock and basalt (MHR 1 and 2, resﬁectively),from the Robin Hood Quarry, are
reflected in the water sample from that locality (MH 10, Table 4a). The
basalt has higher rare-earth-element ratios than those of the andesite or of
_the intrusivé_rocks. Comparison of major- and trace-element contents of the
Robin Hood.Quarry basalt with éontents of Columbia River Basalt flowé (Asaro
~and.§thers, 1978) indicates strong similarities. An e#ample is shown in
Table 7, ﬁhere'sample MHR 2 1is compared with basalt of the Roza flow of

central WéshingtonQ

Major- and trace-element contents of thgl two sampleé of relatively
unaltered intrusive roqks, diorite-granodiorité, from the Laurel'Hill pluton
(MHR 7 gnd 8); are similar to contents of the unaltered andesite sampies..
‘This 1s illustrated by the similarity between REE patterns of.the andesite
" and intrusive rocks (Figure 15). A sample of altered intrusive rock frém
locality MHR 9 in the Laurel Hill pluton has markedly lower Naéd, MgO and
.Ca0, but higher §i0o than the uhalteredlsamples; The.similarity between
the chemistries of the intrusive rocks and the andesites suggests that the
intrusives may representvthe roots of the Pliocene extrusive centers on the.
western flank of Mt. Hood. However, our sampling of andesites to date has
nét been éxtensive enough to support or deny the conclusions of Wise (1969) "

regardiﬂg the'origin'and character of the andesiteslof Mt. Hood.

Ce Gas Analyses

Results of .analyses of. gases collected from two sites on Mt._'Héod,
Scéél Cliffs and CraterfRock in the Summit Crater area, are listed in Table
8; These'ﬁay be comﬁared with analyses by Ayres and Creéwell (1951) ofvgaé :
samples collected in 1935 hpd11951-ffom fumaroles near the Steel Cliffs. -
‘The bar graphs, Figure 16, permit this comparison and show that 'cgrbbn
dioxide predomiﬁates (88497Z):in the'group of gases other than water Qabqf,
with HjS coﬁprising 1 tb 11% of this group. The Ajfgs éﬁd Creswell'sample
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| Table 7

Major- and Trace-Element Contents of the
Robin Hood Quarry and Roza Flow basalts

- 810

273

Al
Fe0
Mg0
Ca0

Na O
2

Sc
«:Eu-_
Co
Ba

Cr

”'Robin Hood Quarry Roza flow
. o —fffe—————
50.3 50.3
13.1 13.6
12.9 - 14.3
4.0 4.4
7.1 ' 8.2°
;2.2 2.7
1.2 1.2
2.5 2.6
~ (ppm)
37.7 | 39.0 . -
2.2 2.67
36.6 41.0
641 498
40.3 40.5
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~ Table 8

Fumarolic Gas Analyses*

Steel Cliffs _Crater Rock

Temperature s ' 88-91°% - 90°%¢
moles CO, ' _ 0.1830 ° 0.3056
moles H,S _  3.8368x10° © 2.9228x107°
moles NH, | 1.8862x10° “1.72¢1073
moles H0 ' 1.1215 0

Gases other than H20 (mole %)
co, , : - 96.85 98.43
H_S o ’ 2,03 . 0.94

2 -4 -3
He . 1.8x10 " 4.3x10
H 3 : ' 0.11 0.32 . .

2 ‘ -3 -3
Ar ' 4.6x10 2.0x10
o, o o 0 2.2x107°
N » ' 0.87 . 0.25

2 : : _ 3
CH, ** . : 1.0x10 1.5x10
NH, ' - 1.00 © 0.55

* Collected July 1977; analyzed by N._Nehring and A.H. Trueédell,
U.S. Geological Survey, Menlo Park, California.

** Besides methane, chromatograms indicate the preserice of ethene,

. ethane, propene, propane, 2-methyl-propane, l-butene, n-butane, and
n-pentane.. ' : . :
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-of 1951 differs from the 1935 sample in its- relative contents of COz,
HZS, and other constituents." The difference between the 1951 sample and
our 1977 sample is of the same order. The 1977 Steel Cliffs and Crater Rock
samples have - similar bar-graph patterns, with their HZS contents substan-
tially higher than Hz, N7, and NHj, which are in turn at. least two

orders of magnitude higher than. argon.

A second set of gas‘samples‘was collected from fumaroles in the Summit
Crater area in October 1978, It 1is expected that sufficient water vapor was
collected at that time to permit analyses of stable isotope contents,

providing comparison with isotope ratios in spring—water samples.
IV. ORIGIN OF WARM WATER AT SWIM SPRINGS

- It is appropriate here to speculate briefly on the source of the
warm water and the pathway it takes to reach Swim Springs. The_most_likely
explanation.for the occurrence of warm water at Swim is that the water has
heen‘heated'higher on the mountain,>has'migrated‘downslope, mixing‘with cold -
water, and comes to the surface at Swim? Snow- and glacier;melt water near
the summit may come in close proximity to the hot central neck of the

mountain ‘manifested by the steam zone of the summit—crater fumaroles. Some

of this heated water probably . percolates downslope in the andesitic mud-and o

ash—flows, mixing with cold water along its- path (Figure 17)

The oxygen-hydrogen isotope data (Figure 12)7 provide- evidence for

the high-elevation origin of the Swim water. Meteoric‘water'deposited at

higher elevations has a larger component of lighter isotopes than does water ' -

at lower elevations. This indicates that a significant proportion of the

warm water originated at higher elevations than the cold Sprlng ‘water.
. Field measurements and analyses of cold springs also suggest' that

-there is a small thermal component in some of the cold-spring water on the'

south(tlank of Mt. Hood. Surface and spring waters in the Mt. Hood region
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" Figure 17. North-south geologic cross section of Mt. Hood (after Wise, 1968)
: © ° showing, schematically, the hypothesized circulation paths of hot

water (dark arrows) heated near the volcano's central neck, mixed
warm water (lighter arrows), and cold water (un-shaded arrows).
The warm water emanating at Swim Springs is_Strongly mixed, and
cold water in springs on the south flank of the mountain may con-
tain a small component of the deeper-flowing hot water. Myb =
Yakima Basalt: Mr = Rhododendron Formation; Plv = Lower Pliocene-
basalt and andesite; Qha = Mt. Hood andesite flows.
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generally contain a few ppm of total dissolved solids, 1 to 3 ppm chloride, .
and have-specific cbnductanceé.of 30 to 70 pmohs/cm. In contrast, as is
illusrated in Figure 9, several of the cold Springs on the soufh'flank,
below the 6000 ft elevation, have chloride contents and/or specific conduc-
tances well in excess of these Vvalues. For comparison, undiluted gedthermal
" waters may contain several hund;ed to several thousand ppm chloride and have
specifié,condu?tances in the range from several hundrea to several thousand
ﬁmdhs/cm; a:'Swim, the values are v900 ppm total dissolved solids, “150 ppm

chloride, and 1300 umohs/cm specific conductance.

Another possible explanation for the'brésénce of warm water at Sﬁim
Springs is deep circulation along a fault zone. An east-west oriented fault
zone in the vicinity of Swim has been suggested from analyses of earthquake
epicentral'daté (R. Couch, personal communicatidn, 1977) . However, to déte,
other geological and geophysical investigations have not confirmed the faglt
zone. AIf a fault zone were present and 1t contained perméable zones, these
,.cpdld serve aé conduits for deep circulation of meteoric water. It is more
likely that if a fault zone is present, it would serve as an impermeabie-
barrier to warm water movihg down-slope, causing some.impoundment and the
emanation at Swim‘Springs. That tHe'highest temperatﬁre orifice at'Swiﬁ 13 '
lowest,invelevétion-(Figure 5) could be attributed to néarly vertical -
circulation associated with a fault zone. More plausible, however, is the
explanation that the water emanating at the lower ‘orifice 1is warm ﬁater
moving doﬁnéslépe from a deeper horizon in the andesité, and therefore'less
mixed'&ith col& wéter than the water in the higher orifices. Neither';he
fault-zbne nor>the downfé;ope moving warm water mechanisms fo;>Swim Spriﬁgs

are mutually exclusive; both could be operating.
V. CONCLUSIONS

Though this is ﬁqt a final report, sufficient data hafe been obtained
.to~pfoVide some preliminary conclusions on  the géochemical setting of Mt.
Hood. Firmer conclusions on the usefulness of the géochemistry in evalu-
ating the geothermal resource potential await results of analyses'preSently

underway .
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The warm water at Swim Springs on the south flank of Mt. 'Hood has
a large component (~90%) - of nearer—surface cold water. The flux of’
cold-water runoff nearly masks the surface indications of deeper-circu-
lating hot water. The upper-slope orifices at Swim are the most diluted,

'those downslope are successively less diluted. The oxygen-hydrogen
" isotope .data indicate that cold-spring waters have short pathways

between their sources and the springs, while a component of the warm-
'spring water has its origin considerably higher on the mountain.

Chemical geothermometers and mixing-model calculations ‘indicate that.
temperatures at depth in the Swim Springs system are within the - range
104~170°C.- The silica mixing model gives a range of 192- 240°C for
unmixed hot water. . . ‘

The chloride contents and specific conductances. of the water sources
indicate that most of the cold spring waters are derived almost directly
from snow melt. Relatively high chloride contents and specific conduc-
tances in some springs on the south flank of Mt. Hood indicate that

"these waters may circulate deeper or may mix with geothermal -waters.

Water in the geothermal test hole in 0ld Maid Flat, in a sample most
likely from the Rhododendron Formation, has a‘different chemical char-
‘acter from the water at Swim. Geothermometry is consistent with a
temperature gradient of" 60°C/km as measured in the 0ld Maid Flat
‘well.

The Platinum—group element, iridium, is present in identifiable  abun-
dances at. one orifice at Swim Warm Springs, a cold spring, and in the
small lake in the summit crater area. Iridium also occurs in altered
andesite at one location on the western flank of Mt. Hood. The asso-

'-  ciation of Ir with an andesitic volcano is surprising; it is generally

considered to be associated with basic to ultrabasic igneous rocks.

‘The similarity between major=" and trace-element contents of Pliocene

andesite on the west flank of the mountain and intermediate intrusive
rocks of the ‘Laurel Hill pluton in that adrea supports Wise’s (1969)
contention that the pluton represents the root zone of a center of
extrusion of the andesite. '

The basalt exposed in the Robin Hood Quarry in the Hood Rlver Valley
has major- and trace-element contents very similar to’ those of the Roza
flow of central Washington. ' This supports the idea that the basalt on
‘the east side of the valley is Columbia River Basalt, on the upward-

//thrown‘side_of a north-south trending normal fault.
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VI. CONTINUING ACTIVITIES-

Activities underway includepanalYSes of»gas samples collected in:October
1978 in the summit fumarolic area. In the sampling of 1977 we were not able
to collect Sufficiént water uaporlto permit determination of isotope ratios.
The volume of water vapor collected in 1978 is sufficient for these analy-
ses. This will afford comparison with the isotope ratios of cold- and

warm—spring water reported here.

Water analyses still to be completed at the ‘time of publication include -
a sample collected in October 1978 from the geothermal test hole drilled
near Timberline Lodge and a set of samples collected at that time from the
three orifices 'sampled periodically at Swim Springs. Deepening of the
geothermal test hole in:0ld Maid Flat in.the summer_of 1978 may"permit us to
obtain a fluid sample from a deeper aquifer (most likely within the Columbia
River Basalt) than the Rhododendron'Formation sampledjin 1977.

Samples of altered and unaltered'andesite from the fumarolic areaAin
the summit crater were collected in October 1978. These are being analyzed:
for major and trace‘elements and will indicate if iridium and silver are
present in the. strongly altered ground, coinciding with the presence of

4these elements in the runoff water from the small lake.

- It is recommended that one or. more geothermal test holes be drilled
in the Swim Warm Springs area. These holes should be ‘deep enough to obtain
temperature measurements and fluid samples from below the zone of near--
surface and shallow cold-water runoff, to permit major-‘ trace-element, and
_isotope analyses of relatively unmixed -hot water. - The .holes: should ' be
located on the up hill gradient from the Swim system to test whether the
water emanating from Swim is leakage from volcanic units higher on Mt. Hood
or whether it is from deeper circulation within a fault zone. '

-
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Grav1ty Anomalies in the Cascade Range in Oregon:
- Structural and Thermal Implications

by
R. Couch, G.S. Pitts, M. Gemperie
D. Braman, and C. Veen
Geophys1cs Group, School of Oceanography
Oregon State University, Corvallis, OR 97331

Introduction

The Hﬁgh Cascade Mountains, a consequence of the subduction of the
Juan de Fuca P]ate beneath the continental margins of northern>Ca]ifor-
nia, Oregon, Washington, and British Columbia, extend, as a volcanic
arc, from northern California to British Columbia. Lavas and pyro-
clastics of Miocene through Recent age, variable in both time and space,
have 1ntruded into, passed through, and covered older rocks of unknown
~age, structure, and compos1t1on, consequently the evolution and consti-
tution of‘the Cascade Rénge is very complex.

Because of marked differences in the densitias and depths of the
different geologic units that form the Cascade Range, measurementS'of the
earth's gravity field can outline many of the structural units and pro-
vide Timits on estimations.of the densities; depths and petrolcgy of
the subsurface units‘particu1ar1y when used in conjuction with other
geophysical, geological, and geochemical data. ‘This report summarizes
gravimetric measurements uade by many investigators in the Cascades
and surrouuding_regions since approximately 1965; provides free-air,
Bouguer, regfona]? and residual gravity maps of the Cascade Range in
~ Oregon between 121° W. lon. and 122°30' W. lon.; and discusses some

of the structural and geothermal implications of the observed anomalies.



Gravity Measurements

Measurements of the earth's gravitational acceieration, reported

~ by Blank (1965), Blank (1968), Leutsher (1968), Thiruvathukal (1968),
Griscom (1974), Griscom (1975), Hassemer and Peterson (1977), Van
Deusen (1978), Blakely (1979), Couch and Gemperle (1979), Pitts (1979),
Finn (1980), Braman (j981), and Veen (1981), provide the principal facts
for abproximate]y 5210 gravity stations located (Figure 1) in the Cas-
cade Range.

A1l of the gravity stations are referenced to the International
Gravity Base Station located at the Carnegie Instftute, Washington,
D.C., through a Series of primary and secondary base stations estab-
lished in Washington, Orégon, and Ca]ifornia‘(e.g. Woollard and Rose,
1963; Berg and Thiruvathukal, 1965; Blank, 1968; Barnes, 1968; Pitts,
1979; Braman, 1981; and Veen, 1981).

The ciré]eg in Couch and others (1982)* show the Tocation of the
gravity stations in the Cascade Mountains region. The averdge‘station
density for the approximately 46,000 km2 area is one station per 9
. square kilometers; however, station densities within large sectors of
the‘sdrvey area vary significantly. Closely spaced stations occur near
Timberline Lodge on Mount Hdod, along the Bonneville Power Administra-
tion transmission line between Mount Hood and Mount Jefferson, across
Green Ridge east of Mount Jefferson, around Paulina and East Lakes in
Newberry Caldera and along many'of the roads and.highways in the region.
Sparsely suryeyéd areas iﬁc]ude the area between Mount Hood and the
Columbié River, the‘westérn Cas;ades West and southwest of Mount Hood,
T *Residual gravity anomaly maps from this study have been released by

the Oregon Department of Geology and Mineral Industries as Geologic Map
Series GMS-26 (printed on topographic base, scale 1:250,000).



the Mount Jefferson Wilderness area, the Threé Sisters Wilderness area
and the K1amath'Graben north of Klamath Lake. The station density is
more than suffjtient td outline most of the major=structures of the
Cascade Range; hbweVer, fhe observed anomalies undoubtedly do not re-
flect many of fhe smaller faults, cones, hypabyséa] intrusiqns; and
‘other géo]ogiéalAétructUreé present in the region.

‘The high-relief of thé terrain in the Cascade Range makes good
position control both difficult and 1mpekative for successful gfavity
measurements. 'U.S. Geological Survey, U.S. Coast and Geodetic Survey,
Oregon State Highway, U.S. Forest Service,‘and Bonneville Power Adminis-
tration benchmarks, spot elevations shown on U.S. Geological Survey
7.5- and 15-minute topographic maps, and measurements with.aneroid
altimeters pkd?ided station elevations. Geodetic Teveling on.Mt. Hood
and stero aerdphotds of Crater Lake provided the elevations of a few
seTected Qtatidns. Benchmark locations and U.S. Geological Survey
7.5- and ]5-minute'maps provided horizontal position information.

Descriptions of thé position and base station control, drift and
tide corrections, meter and reduction parameters and field brocedures
used by the'investfgators are contained in their respective reports.
The principal facts of'the measurements compiled for and described in
this report afé cyrrenfly archived in the Geophysics Group, Oregon
State University, the Defense Mapping Agency, St. Louis, Missouri,
and in the Nationa] GEOphy55ca] So]ar—Terrestia].bata Center, Bpu]der,

Colorado.



Calculation of the Free-air and Bouguer Gravity Anomalies

“ The principal facts of the gravity_measuréments described above

were reduced to free-air anomalies using the formula:

FAA = 06 + FAC - THG

where 0G is the observed gravitational attraction at the station,;ﬁég

»is the free-éir correction for the eTevation,of the station with respect
to sea Tevel, and THG is the theoretical gravitational'attraction on the
earth spheroid as given by the 1930 International Gravity Formula. The

~ free-air correction, as formulated by Scheibe and Howafd (1964), is

FAC = (.09411549 - 0.000137789 Sin°p)h - 0.067 * 107

where h = elevation of the station in feet and ¢ is the latitude of the
station. The 1930 International Gravity formula (Swick, 1942; Heiskanen

and Vening Meinesz, 1958) is

THG = 978049.0(1 + 0.0052884 Sin%s - 0.0000059 Sin® 24)

The complete Bouguer anomaly (CBA) which takes into account the
e]evatfon of the station (559) and the effects of the mass of the earth

betWeen the station and the spheroid is given by the relation:

CBA = FAA - SBC - CC - TC

where SBC is the simple Bouguer correction, CC is the curvature correc-
tion, and TC is the terrain correction.
The simple Bouguer éorrection (Bullard, 1936) is the attraction of

an infinite slab of thickness h and density p given by the relation



SBC = 2°G h = 0.012774 h

where G is tke universal gravitationaf constant and h is in feet. A
standard reduction density of .2.67 gm/cm3 was used in the computation
of the simple Bouguer correbtion and the complete Bouguer'anomaTies.
The curvatdre‘éorrection reduces the effect of the infinite slab
to that of‘a sphekica1'cap of radius 166.7 km and thickness h (Swick,

1942). The correction is:

4 8

C=h* (1.671 + 1074 + h % (-1.229 %1078 + h = (4.67 » 10719))).

The terrain correction (TC), which combensates for the effects of
local topography bn gravity measurements was made by hand from field
noteé on the topography out to a radial distance of 68 m (Hayford and
Bowie, 1912; zones A and B) from the station using the methods
of Robbins and Oliver (1970). Terrain corrections for radial dis-
tances of 68 m to i66.7 km from the station (Hayford and Bowié,

1912; zones C through 0) were made by compufer with a program de-
veloped by Plouff (1977).- Digital topographic informétion, obtain-
ed from the Natiéna] Cartographic Information Center (NCIC) qnd |
' reduced to areal b]ocks 6f‘0ne-ha1f minute, oné minute, and three
minutes, provided the data base to compute the terrain correction
for each statioh. Digital topography was not avai]a51e for all zones
around several stations. Terrain corrections for those zones were
calculated by hand using techniques described by O]iver and others
(1969). Tekrain correcfions for stations from Blank (1965) and
‘Thiruvathukal (1968) were recomputed for zones C through 0 (Hayford
and Bowie, 1912). | |



Pitts (1979), Braman (1981), and Veen (1981) estimated root-mean-
square uncgrtainties of less than 1 mgal fbr free-air anomalies énd less
than 1.5 mgal for complete Bouguer anomaJies‘in thé Cascade Mountains
region. Thiruvathukal (1968) estimated uncertainties of 1 to 2 mgal for
the Bouguer anomaiies included in his compilation of data fof the grav-

ity.map‘of Oregon.



Free-Air Gravity Anomalies

Pitts and Couéh (1978) and Pitts (1979) prepared a free-air gravity
anomaly map of the central Cascade Mountains at a scale of 1:125,000,
and Couch and others (1981a) and Couch and others (1981b) have prepared
free-air grayity anomaly maps of the northern.and southern Cascade
Mountains at a scale of.T:ZS0,00Q. Figures ‘3, 4, and 9 show their free-
air gravity anomaly maﬁs of the north, ﬁentfa]; and south sectors, re-
spectively, reduced to a scale of approximately 1:1,000,000. Anomaly
cdntogrs occur at ]O;mga]-interva1s,and heavy confdurs occur at SO—Mga]
infervals. The_free-air gravity anomalies fange from less than -90 ' 
mgal along the Columbia Rfver gorge to over +150 mgal on Mount Hood
and the Three Sistefs.‘

The free-air gravity anomaly reflects the total gravitational ac-
celeration at a point and includes the total mass of the earth in the
measurement. Hencelthe'free—air-gravity anomalies depend in part on
station elevation and yier'a free-air anomaly map which resembles the
topography;espéciglly atAshort wavelengths. Figures 3 and 6, however,
show that the averagé free-air anomaly in the Willamette Valley is
approximaté]y the same as in the Deschutes Vai]éy, although the valley
east of the‘Cascade'Mountains is more than 3,000 feet higher in eleva-

“tion than the va]]éy west of the Cascade Mountains. The free-air anom;
alies indicate that the extra mass of the plateau east of the mountains
is compensated either by less dense crustal materials or a thicker crust
east of the mountains. Calculations reported by Dehiinger and others
(]968), Thiruvathukal and others (1970), and Dehlinger and others (1970)
based on gravity measurements indicate the crust is 20 to 25 km thick

west of the Cascade Mountains and 35 to 45 km thick east of the mountains.



Recent seismic refraction measurements in the Cascade Mountains reported
by Wegener and others (1980) and Hill and others (1981) indicate the
crust. is 40 to 45 km thick along the axis of the Cascade Mountains in

northern. Oregon..



.Bouguer Gravity Anomalies

Figures 4, 7, and 10 show the Bouguer gravity anoma]fes of the Cas-
cade Range.in nortﬁern, central, and southern Oregon respectively. The
anomalies range from greater than -50 mgal near the Columbia River in
the nokfhwestern portion of the Cascade Range to less than -170 mgal in
the Basin and Range Provinge of southeastern Oregon. The mapbed Bouguer
gravity-anomé]ies exhibit a markéd gravity gradient with values deéreas—
ing irregu]éf]y from’northwest to southeast. The constancy of the
freé-air anomalies and the change in Bquguer'anoma]ies is 1nterpreted as
compensation of the e]évafed terrain 1h eastern Oregon by an increase
in the thickness of the cfust. A]ohg the western portions of the mapped
anomalies .in Figures 4, 7, and 10, the high gravify‘gradient suggests
not dn]y a ré]ative]y rapid change in crustal thickness in a short dis-
“tance in the vicinity of the Western Cascades but also a change in the
near-surface structures from west to east.

The Bouguer anomalies about the Three Sisters and NeQberry Crater
areas aré less pronounced than on the free-air gfavity anomaly map,
whereas the anomalies about Powell Butte are very prominent. This in-
dicates that BougUericdrrection and hence the reduction density of
2.67 gm/cm3-is nearly correct for Newberry Cratef and for portions of
the Sisters volcanic complex. The Three Sisters, which have only a
1im%ted'number of measurements about them, appear to be overcorrected
in Figure.7; hence, their average density ié less .than the reduction
density of 2.67 gm/cm3. The large anomaly in the vicinity of Powell
" Butte is due to a large subsurface body whose density is greater than

the surrounding country rock.
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Large mass deficiencies are indicated in the.area south of the
Three Sisters and west of Newberry Crater and in the area northwest of
Klamath Lake. These closed negative anomalies indicate large filled
or partially filled sedimentary basins.

"The observed anomalies are discussed fﬁrther'below after discuésion
of spectral separation of the anomalies into their regional and residual

components.
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The Separat1on of Reg1ona1 and Res1dua1 .
Gravity Anomalies

Bougder grdvity anomalies arise frdm differences in densities
between thé fobographic features of interest and the reduction density
used to compute their adoma]ies and to density 1nhohogeneities at
depth. Because the observed gravitational dttraction is pro-
portional to the inverse of the distance to'the_SOurce body squared,
étructUres at greater depth produce gravity anomalies of lower amp-
1itude and 1ongef wdye1ength than'similar.SOUrces at shallower depths.
Hehce thé separatidn of the longer wavelength anomalies or residual
anomalies assists in the interpretation of the gravity measurements
with respect to the'éha]]oﬁer structures.

Spectral separation'techniques appliedvto the complete Bouguer
gravity ahoma]ies described above yielded the régional gravity
énomalies in Figure 11 and the residual gravity anoma]ie§ in Fig-
ures 14, 15 and 16. To achieve anomaly separation, initially
the_data; separéted into three regions as originally mapped (Fig-
ures 4, 7 and 10), were prefiltered to detrend the data (Raynef,
1971)._AThe détrénded data were then gridded using the minimum curva-
ture technique of Briggs (1974) as described by Boler (1979) and Boler
and others (1978). A’grid'spacing of 6 km was used to create a data ma-
-'trjx fhat included regional data outside the survey area. Periodicity
of the data, necessary for the application of ‘the fast Fourier trans-
fdrmation' was‘foréed by repeating the data matrix. The gridded, per-
1od1c data were-transformed using a rout1ne of Brenner (1968) after

Cooley and Tukey (1965).

App]ication of a "boxcar" filter described by Rayner (1971) and
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Nett]eton'(1976) with a cosine squared taper to the transforméd data
yielded spectral separation. Subsequently the inverse transformation
and retrending résu]ted in a regional gravity map for the complete
matrix. These techniques were described in detail by Boler and others
(1978), Pitts (1979), Braman (1981) and Veen' (1981).

The residual anomaly value at each station was calculated with
the relation

RA(p) = CBA(p) - §

o)

EG(p)

where RA(p) is the residual anomaly at a reduction density of (9),
| CBA(p) is the complete Bouguer anomaly at a reduction density of (o)
and REG(p) is the regional anomaly at a reduction density of (p).

A reduction density of 2.43 gm/cm3 was selected to minimize the ef-
fects of terrain in the area of the Cascade Range outlined in Figure 1.
This density is a reasonable average for the area; however, a comparison
of the free-air, Bouguer and residual gravity anomalies suggests a densi-
ty of 2.6 to 2.7 gm/cm3 wbu]d yield better results for Newberry Caldera

and the Yamsay Mountains, whereas a density of 2.3 gm/cm3

would yield
,befter results for Mt. Hood and the Three Sisters. Indeed, Couchvand_
Gemperle (1979) show a best reduction density for Mt. Hood of 2.27
gm/cm3. As a consequence of the large variation in actual densities of
the structures of the region, care is advised in interpreting singular
anomalies.

The spectra] separation of the anomalies occurred at a wave-
length of approximately 90 km. - This wavelength of separation yields
residual anomalies with wavelengths shorter than 90. km that are due to
sources at depths of less than approximately 29 km. A depth of 29 km

is approximately one half the thickness of-fhe earth's crust beneath

and east of the Cascade Range. Figures 14, 15 and 16 show the
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residual gravity anomalies of the Cascade Range in Oregon ca]cu]éted
as outlined abdve. | ' »

Figure 11 shows a map of the regional gravfty anomalies with
wave]engths‘lonéer than 90 km. However, conversely, the source
depths of the regﬁpha1-anoma1ies, although pfimari]y due to deeper
sources, are not limitéd to sources below a depth of 20 km. Near-
§urface geologic un%ts of large areal extent also can produce long-
' w&ve]ehgth,anoma]ies that may be ihé]uded in the regional gravity

map.
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Regional Gravity Anomalies

Figure 11 shows a map of gravity anoma1ies in the Cascade Range in
Oregon with wavelehgths 1dnger than 90 km. The regional gravity anomalies
decreése in general from the Coast Range to eastern Oregon and from'the
Cd]umbia.River to the Basin and Range Province of southeastern Oregon.
Changes in the long wavé]ength components of the_gravity field reflect .
changes in the thickness of the crust. Computations by Thiruv&thuka]
and others (1970) and Dehlinger and others (1970) based on gravity
measufements indicate that the earth's crust in the vicinity of the
Coast Range and Willamette Valley is approximately 20 to 25 km thick and
east of the Cascades it is 35 to 45 km thick. Hill and others (19871)
interpret reflected seismic waves observed along a refraction profile
in>the north-central Cascade Range to indicate a crustal thickness of
approximately 40 km. Their results are in good agreement with those
based on gravity measurements. The crustal cross section in Figure 20
i1]ustrétes the change in crustal thickness from west to east across the
~ Cascade Range and shows that the change ih thickness occurs mdst rapidly
beneath the Western Cascades.

The regional gravity anomalies also suggest that the earth's crust
is about 30 km thick near the Columbia River north of Mt. Hood and as
much as 45 km thick between the Three Sisters and Crater Lake. South-
easf of Crater Lake the gravity data suggest fhe crust may be more than
45 km thiék; however, an intermediate or transition layer may be present
between the Tower crust and upper mantle in the Basin and Range Province
(e.g. see Cook, 1962; Pakiser, 1963). We postulate that the lower crust

and upper mantle in southeastern Oregon includes the northward extension
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of the 1ntermediete11ayer.observed by Pakiser and Hi1l (1963) and Eaton
(1963) in the Besfn and.Range Province in Nevada. The crustal crose
sectton'in Figure 21 ehows'the 1ntermediate.]ayer and suggests the
crust above the intenmediate Tayer may be less than 30 km thick in
southeastern Oregon. .

The northward excursion of the -80-mgal regional contour about
Mt. Hood and the northward excursion of thet-405m§al contour abont.the
_ Three Sisters'may indicate changes in the crustal thiokness or strutture
of ‘the 1ower crust beneath the vo]can1c centers or alternatively the
anomalies may ref]ect compensating masses in the upper crust complimen-
tary to the masses that cause the positive anomalies observed about the

volcanic centers_mapped in Figures 3, 6, 14, and 15.

Figure 12-shows'topographic and gravimetric phofi]es along the
axis of the High Cascades between the Columbia River and the California
border. The elevations along the profile increase from just above sea
Tevel at the Columbia River to almost 6000 feet between Mt. Washington
and Mt. Mclouohlin except for the LaPine valley and the area about
Wickiup‘Resehvoir The short-wave]ength pos1t1ve free-air grav1ty
anomalies ref]ect both the topography and many local mass concentrat1ons
in the upper crust particularly beneath the stratovolcanoes. The aver-
age free-air anomaly is positive due both to uncompensated near—surfece
flows and intrUsions and to an "edge effect" caused by the change in
crustal thickness beneath the Western Cascades. The complete Bouguer
gravity anomaly decreases as the topographic e]eyation increases, there-
by indicating the higher.e1evations of the Cascade Range are compensated

" at depth.
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Figure 13 shows topographic and gravity‘profi1és, oriented west-to-
east, across six of the High Cascades volcanoes. Mt. Hood, Mt. Jeffer-'
son, South stter; and Mt. MclLoughlin exhibit similar topographic and
free-air gravity anomalies. The free-air anomalies start near zero and
increase in amplitude to a véTue approximately proportional to the
voliume of:thé'respectﬁvevmountafn. If the central peak anomaly of South
Sister is omitted, the free-air anomaly signature of South Sister,
Newberry Crater, and Crater Lake are similar. The anomalies suggest a
mass concentration at.shéTTOW depths beneath the summits. The Bouguer
gravity anomalies show a general decrease in amplitude from north to
south as in ngure 12. This long-wavelength change.in the Bouguef
anomaly is due to the chaﬁge in crustal thickness along the axis of
the Cascades. A comparfson of the free-air Bouguer and residual gravity
anomalies suggests that the average hedﬁction density of 2.43 gm/cm3 is
épproximate]y correct for Crater Lake (or Mt. Mazaﬁa), slightly too
llight for Mt. Mcloughlin and Newberry Caldera, and too dense for Mt.
Hood, SoutH Sister, and probably Mt. Jefferson. The average density of
Mt. McLough]ih is probabfy between 2.43 and 2.50 gm/cm% whereas that of Mt.
Hood,_Sbuth Sister, and probably Mt. Jefferson js near 2.3 gm/cm3. The
shape of the Bouguer and the residual gravity anomaly profiles suggests
that each of the volcanoes has a high density core or more dense mass
beneath the summit. This may take the fofm of a dense central conduit
in Mt. Hood (Couch and'Gemperle, 1979), Mt. Jefferson, South Sister, and
Mt. McLough]in; a large intrusive within the volcano or near the base
of the volcano (w111iaﬁs and Finn, 1981); or a series of relatively dense
flows that form the base of the volcano in Newberry Caldera, Crater

Lake, and South Sister.
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Residual Gravity Anomalies of the
Cascade Range in Oregon

The maps in GMS-26 (Couch and others; 1982) show the residual grav-
ity anomalies of the northern, cenfra], and southern sectors respectively
of the Cascade Range in Oregon at a scale of 1:250,000, and Figufes 14, 15
_and 16 show'the'resiqu] gravity'anomalies.atva scale of approximately
]:I;OO0,0QO.‘ The gravﬁty anomalies, whose soﬁrces are located in the
upper 20 km of thé'earth's'crust, rahge from less than -26 mgal north of
Klamath Lake to more than 30 mgal near Terrebonne north of Rgdmond.

The High Cascade§ exhibit positive residual gravity anomajies along
the volcanic arc that are more extensive than the prominent peaks. In
the vicinit} of Mt. Hood the anomalies are small, and although no single
outstanding anomaly is coincident with the topographic peak, the region
about the peak is in general a residual gravity high. This suggests
that though the density'of the surface features is low, more dense rock
occurs-at a shallow depth beneath the surficial features. The positive
anonalies are in part associated with the Columbia River basalts and
may outline the exfént of the basalts beneath the post-Miocene rocks
about and northeast of Mt. Hood. The anomalies also may indicate more
dense basement rocks beneath the basalts in the vicinity of Mt. Hood.
Similarly, Hill and‘othérs (1981) interpreted their seismic measure-
ments to‘indicate a regional thinning of the low-velocity near-surface
rocks or a doming of the fbasement" within 10 km of Mf. Hood.

A prominent positive anomaly encircles and connects Newberry
_ Ca]dera and the Thrée Sisters. The anomaly also extends northéastward
from the north flank of Newberry to the area about Powell Butte,

north-northwestward from the north. flank of Newberry to the area about

<3
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the Three Sisters, and then north-northwestward from the Three Sisters
toward Three Fingered Jack. The residual gravity anomaly pattern sug-
gests that the Three Sisters, Newberry Caldera, and Powell Butte vol-

canic centers are connected at depthland further that their placement

is structurally cohtro]]ed by fractures or lithologic discontinuities

oriented northwest-southeast and northeast-soqthwest;

A narrow band of contiguous gravity lows extends from southwest
of Mt. Hood near 45°10' N. lat., 121°50' W. lon. to the area south of
Qakridge near 43°15' N. lat., 122°20' W. lon., then southeastward through
Klamath Lake to Klamath Falls, and then southward into northern Calif-
ornié. This band of gravity lows varies in width from less than 10 km
south of Qakridge and west of Mt. Jefferson to more than 20 km south-
west of the Three Sisters and is interrupted only by the Mt. Hood and
Mt. Mazama volcanic comp]éxes. North of Crater Lake the lows are
Tocated along and extend across the zone of contact between the Western
Cascades and the High Cascades. They cross the axis of the High Cas-
cades at Crater Lake and extend into the Basin and Range Province of
southern Oregon and into the Modoc Plateau of northern California. We
interpret these gravity anomalies to indicate a Targe fracture system
and an associated broad breccia zone that extends along the Cascade
Range from the‘Columb{a River to northern Ca]ifornia. The gravity
anomaly minima suggest that vertica1'disp1acements of 2 to.3 km occur
along the west side of the fractdre zone. This zone has been covered,
in parf, by younger volcapic déposits and lava flows of High Cascade
origin and obscured by contemporary intrusions. For example, gravi?y
anomaly highs southeast of Oakridge, west of the Three Sisters, west

of Mt. Washington and west of Mt. Jefferson outline flows or intrusions
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that cover or extend“into the'easternvside»ofAthe.brecciated éone.
Steeb gravity gradients east of Mt. McLoughlin Gutline a fau]t-
hounded graben that extends from the southeastern f]ahk of Mt. Mazama
to the éouth end of Klamath Lake. Computations based on the gravity
~ minimum of -26 mgal and a density contrast between sediments in the
graben and basement rock of 0.5 gm/cm3 suggest the sediment thiekness
in the graben is 1 to 1.3 km in the vicinity of Fort Klamath.
| The grav1ty Tow south of the Three Swsters outlines a sed1ment-
fi11ed basin, herein termed the Shukash Basin, in the v1c1n1ty of
Wickiup Reservoih and;Lookout Mountain. Ah_arm of the basin, herein
termed the Paulina Basin, extends southeastward a]ohg the base of the
western flankrof Paulina Shield. Computations based on gravity data
suggest that the sedjment thicknees is about 1 km in the basin and
about 0.5 km along the southwest base of Paulina Shield. Neither of
these basins is apparent on geologic maps of the area (e.g. see Peter-
son end othe}s (1976) andehalker(1977). The surface geology in the
area includes Holocene cinder cones and glacial debris. The eircu-
larity of the anomaly and the presence of young cinder cones in and
particularly along .the northern rim of the.Shukash Basin suggest sub-
sidence of an o]derieolcanic center. The postulated sediments of the
Paulina Basin may lie beneath the younger f]ohs and tuffs of the .
Paulina shield. |
| A broad gravity low outlines the Deschutes Basin east of Three
Fingered Jack and Mt. Jefferson and west of the Deschutes River. Com-
putetions based dn the gravity data suggest that more than 0.5 km of

sedimehts fill the eastern part of the basin. A relative gravity high

between the two lows in the central part of the basin coincides with
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Greén Rfdge, a tilted fault block that extends'across the basin from
north to south. The Deschutes Basin gravity low also exfends into
the area between and west and south of Redmond and Bend.

A gravity low, elongated in the east-west direction, extends
eastward from the southeast flank of Mt. Hood to the White River -
Tygh Valley area. Tha negative gravity anomaly, where it is widest,
coincides generally with the Tygh Valley Formation in the Tygh Basin
descfjbed'by Farooqui and others (1981). The gravity data suggest
the sediment thickness south of Tygh Ridge is more than 0.5 km and
that the basin shoals toward the south.

Prominent positive residual gravity anomalies include the Yamsay
Mt. and Newberry Mt. complexes, a markéd northeast-trending high
between Redmond and Madras and an easterly trending high north of Warm
Springs. The configuration and areal extent of the Yamsay Mt. and
Newberry Mt. anomalies suggest the structure of the complexes consists
of uncompensated high-density flows that increase in nUmber and/or
thickness toward the center of the complexes. In addition or alter-
natively, as Williams and Finn (1981) have suggestéd, the mountains may
include large intrusive bodieé at shallow depths beneath their summits.
Walker Rim, prominent on topographic and geologic maps, does»not exhibit
a'marked residual gravity anomaly; consequently it is believed to be
only a.surfaﬁe or near—sﬁrface structure.

The positive gravity anomaly between Redmond and Madras is on
trend with the Blue Mountain'antic11ne and is nrobably related to
shoaling of the pre-Tertiary basement along the anticline. If this is'
correct, the baéement uplift along the-anticline ends abruptly and in

effect forms the eastern edge of the Deschutes Basin. Similarly the

3



gravity high north of Warm Springs outlines the easterly trending
_anticlinalluplift associated with the outcrops of the pre-Tertiary

rocks of the_Mﬁttoh Mountains.
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Gravity Anomaly Lineations in the
Cascade Range in Oregon

Density- discontinuities that occur along lithologic boundaries,
such as. intrusions,. flow. fronts, and erosional or fault contacts, often
are marked. by steep gravity gradients. Linear anomaly contours in stéep
gravity. gradient. areas,. particularly when they extend for large dis-
tances. or are co-linear with other anomaly patterns, form gravity anom-
aly "lineations!.. ATthough the lineations, so indicated, may mark.vaf—
TOUS'kThds;ofi1Hfh01bgic”changes, more generally they indicate vertical
diSp]acement<of?geolbgﬁca1 un1ts across normal or high-angle reverse
faults. However, because. of the complexity and the heterogeneity of
the: geoTogy: in- the Cascade Range, the sparsity of field data, and the
fact that many of the: contacts may be covered by younger strata, we re-
tain- the term "lineation" 1initially to déscribe some of the patterns
of the residual: gravity anomalies.

Figures 17, 18 and 19 show the résidua] gravity anomalies in the .
Cascade'Rangefdf‘northerﬁ, central and southern Oregonbrespective1y.
Superimposed on. the. maps are: lineations suggested by'the anomalies.
Heavy Tines: demark prominent lineations, and narrow lines show 1ess.prom—
inent Tineationsu Prominent lineations occur along steeb gravity grad-
jents where anomaly amplitudes are large and anomaly contours are
sfraight‘or‘wheré a series of high gradients of several anomalies are
aligned. Less prominent lineations occur wheré anomalies are Tlower in
amplitude and in gradient and where contours are more sinuous or out-
Tine structures other than those which the lineation suggests. Many
Otﬁer Tineations are visible on the residual gravity anomaly maps, par-
tiéuiar]y'those which parallel the marked lineations, but are omitted

to prevent obscuring the lineations shown.
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The mgst prominent and striking of the lineétion patterns is the
system of subparallel lineations that strikes about N 10° E from ap-
proximafe]y 43°40° W. Jdat., southeast of Oakridge to approximately
45°30' N.'1at.lnear Mt. Hood. This system is about 210 km (130 mi)
~long and about 60 km (40 mi) wide. The*Western boundary, although
exhibiting'shbrt ane]éngth serations,.is.surprising]y straight and
is 10Cated a1ong the.QeSt side of a prohinent series'of‘confjguous.
gravity anomaly minima; Contrastihg1y, the eastern boundary is not
well defined: The anomalies which suggest the 1ocation of the eastern

boundary include an offset in the Mutton Mts. anomaly, the.zone of

contact between the Deschutes Basin and the western end of the Blue Mt.
uplift, and the saddle between the gravity minima of the Shukash Basin,
south of the‘Three Sisters, and the Paulina Basin, west of the Paulina
Shield.

The N 10° E pattern of lTineations in this zone ié-interrupted
northwest of Mt. Jefferson by lineations that are oriented approximately
N 15° W and that exiend from near the.Columbia River east of Gresham to
the headwaters of the Clackamas River between Mt. Hood and Mt. JefferSon!

South of Oakridge near 43°15' N. lat. the lineations change strﬁke
- to about N 20° W and extend south-southeastward apparently through the

Créter Lake area to Klamath Lake. At and south of Klamath Lake some of
~the lineations strike about N 37° W, but many other orientations aré
observable also. 'Along the gravity minima that extend from Crater Lake
_to Mt. Hood;']ineafions.tﬁat bound the gravity loWs strike approximately
N 40° E td N 60° E énd approximately N 4Q°'H to N 50° W. Lineations
with these-orientatiohs_are more numerous west of the High Cascades

than are indicated on the figures. However east of the Cascades these
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orientations are only suggested in the Deschutes Basin and maybe in
the Shukash Basin and Mutton Mts. areas.

In the #t. Hood area 1inéations are observed that are oriented
approximately N 30° W, N 15° W, N 7° E and ﬂ 82° E. The Mt. Mazama
area shows a similar complex Tineation pattern that includes orienta-
tions of about N 80° W, N 60° W, N 0° E, N 10° E, and N 70° E.

East of the Cascade Mountains easterly lineations include the -
anomé]y gradient east of Mt. Hood that strikes about N 82° E and in-
cludes Tygh Ridge south of The Dalles, the flanks of the Blue Mountains
Qplift north of Redmond, the Powell Butte anomd]y, the northeast flank
of Yamsay Mt., along the northeast flanks of the Newberry and.the'Three
Sisters volcanic complexes, and a lineation that extends along the
southern boundary of the Paulina Basin and the Fort Rock Basih and
tfansects the Shukash Basin. The latter lineation is the only one that

may extend west of the High Cascades.
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The Northern Oregon Crustq] Cross Section

Line A-A' in Figure 2 maps the location of the geophysical crustal
crossfsection of northern Oregon. The Northern Oregon Section, Figure
20, oriented approximately normal to the Cascade Range, extends from a
point in Cascadia Abyssal Plain west of Oregon to a point in central
Idaho. The sectfon intekéects the Humble Wicks Nb. 1 well on the east
side of the wfllamette Valley, crosses the»Cascade Range near the
dividewbetween the Clackamas and Warm Springs Rivers, crosses the
DeSchutes'River'soufh of Maupin, and intersecfs the Standard Kirkpatrick
No..l we]l near Condon. Logs of the two deep wells ahd topographic, geo-
logic, gravimetric, and seismic refraétion observations constrain‘the
geophysical model cross section.

| Shor and others (1968) made seismic refraction measurements in
Cascadia Abygsal Plain west of Oregon along lines parallel to the
continentaf maYginil Their measurements provide data on the deﬁth and
seiSmic've]ocities of thelcrusta] layers and top of the mantle on
the westéfnmost end 6f fhe cross section. Séismic refraction obser-
vations by Hi]l_(]972) provide data on the crustal thickness in eastern
Oregon near the éast end_of the cross section, and the results-of a
Seismic refracfion experiment in the Cascades'reported by Wegener and
others (1980) and Hi]] and others (1981) prdvide information on the
velocitites and thicknesses of the crustal layers in the Cascade Range.

The gravify data described in this report provided control for the
central portion of thé section between .121° and 122°30' W. lon., and the
regional data described by Thiruvathukal and others (1970) and Dehlinger
and others (1970) provided control for the eastern and western portions

of the section.
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The crusta] cross section asstes a two-dimensional structure, a
standard mass column of 50 km (30 mi) and 6442 mgal corresponding to a
zero free-air gravity anomaly (Barday, 1974) and no lateral variations
in density below a depth of 50 km (30 mi) (Braman, 1981). Iterative
adjustments of layer boundaries constrained by land e]evations; geologic
: contacts; refracting horizons, and horizons determined fbom>the well logs
were madeé until the'gravity, computed with the method of Talwani and others
(1959) and Gemperle (1975), agreed with the observed free-air anomalies.
This.proceSs yielded the northern Oregon geophysica] cross section.

Figure 20 shows the northern Oregon geophysical cross sectién.

The section, approximately 400 km (250 mi) Tong, is oriented N 84° E
approximately normal to the Willamette Valley and Cascade Range and
interéects the High Cascades between Mt. Hood and Mt. Jefferson about
20 km north of Breitenbush Hot Springs. The continental crdst is
approximately 20 km thick in the vicinity of the Coast Range and in-
creases in thickness to about 25 km on the east side of the Willamette
Valley. The crust increases in thickness eastward in the vicinity

of the Western Cascades and is about 35 km thick beneath the High
Cascades. In eastern Oregon the crust is about 30 km thick. |

Little structural control is available for the Deschutes-Uma-
tilla Plateau in eastern Oregon; hence the cross section shows a Tower
crusfa] unit of 2.85 gm/cm3 overlain by a layer of 2.63 gm/cm3. THe
2.85 gm/cm3 layer beneath the plateau is obsefved at 6700 feet in the
Standard Kirkpatrick No. 1 well as pre-Tertiary marine rocks similar
in age and origin to rocks that crop out in the John Day'Mountains south

of the_Deschutes-Umati]]a Plateau.
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The cross section shows layers of 2.43 and 2.55 gm/cm3 in the
vicinity of the Humble Wicks No. 1 well which correspond to the volcan-
ics of the Western Cascédes. These layers thin westward and are covered
by or interfinger with fhe lighter (2.25 gm/cm3) sédimentary'rocks in
the Ni]]ametté Valley. These sedimentary rbtks, as observed in tﬁe
Humble wiﬁks'No.] well, are composed of O1igo—Miocene tuffs and sands
with 1ntefbedded volcénic fragments (Newtbn, 1969); The model secﬁioh
vindicateslthéf‘two large east-dipping normal faults disb]ace rocks of
the Western Cascades approximately 10 and 20 km east of the Humble
Wicks No. 1 well. The model suggests that these unmapped faults extend
to at least 5 km. Miocene volcanics of the Western Caséades form the
surface layer of 2.43 gm/cm3 density. The 2.55 gm/cm3’1ayer beneath
the Miocene volcanics is identified in the Humble Wicks No. 1 well as .
rock of the Fisher and Calapooya Formations of late Eocene age (Newton,
1969). The layer of density 2.70 gm/cm3 may correlate with the Siletz
River Vo]canics‘of the'Coast Range. Newton (1969) inferred that the
Si]eti River Volcanics shoal eastward beneath the Humble Wicks well at
a depth of approximately 3 km.

The Tlarge intrdsion of density 2.80 gm/cm3 beneath the Clackamas
River correlates with the maésive Detroit or Hall Ridge Pluton located
north of Detroit that h&s been described by Hammond dnd others (1982).
Immediately east of the pluton a seismic refraction line, shot approxi-
mately normal to the section along the High Cascades (Wegener and
| othérs, 1980; HiT] and dthers, 1981), constrains'the thickness of the
crustal 1a¥ers. Baldwin (1959), Peck and others (1964), and Hammond
and others (1982) map the surface of the uppermost 1ayér in fhis region

as andesites and basalts of Pliocene to Recent age. This layer of High
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Cascade rocks is Tow 1in density (2.27 gm/cm3) and Iess_than 1.5 km thick
over most of width of the region except near tﬁé intrusion where the
Tayer thickens to over 3 km. | |
The Tow-density material of High Cascades 6rigin overlies mater{a]

.with a density 2.60 gm/cm3. This material, indicated by the gravity
and seismic refraction mgasurements, very likely corresponds to the
early High Cascades basalt platform and/or the "Plio-Cascades" described
by Taylor (]980)'that extend from the Western Cascades beneath the
High Cascades to the Deschutes Basin.

| In the cross section the units with densities of 2.60 and 2.80
gm/cm3 shoal along the east flank of the Cascade Range. The elevation
of the high-density rocks, indicated by a poﬁitive free-air gravity
ahoma]y, occurs in the Vicinity of Beaver Butte and may be associated
with the early and pfe—Tertiary rocks of the Mutton Mountains anti-
clinorium. Pre-Tertiary marine rocks were encountered at 6700 feet in
the Standard Kirkpatrick No. 1 well near Condon, Oregon, approximately
100 km east of Beaver Butte. These rocks, indicated on the section as
having an average density of 2.85 gm/cm3, may be continuous with those

of 2.80 gm/cm3~benéath the Cascades.
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Geophysical Cross Section of the Cascade Range
in SouthernIOregon

Lfne C-C' in Figure 8 shows the trace of the geophysical cross sec-
tion across southern Oregbn,and Figure.21~shows the cross section. The
Southern Oregon Section, oriented east-west dpproximately normal to the
Cascade Range, extends from the.Gorda-Basin offshore of southern QOregon
to a point.in sOUthern Idaho. The section passes immediately south -of
Mt. McLough]in, ob]ique1y through the ﬁorthern end'of Klamath Lake and
interéects the Humble Thomas Creek No. 1 well edst of the area mapped
in Figure 8.

The gravfty data described in this report provided control for the
central portion of the section between 12]?'and 122°30"' W. lon., and the
data described by Thiruvathukal and others (1970) in Oregon provided
regional control. | ‘

The geo]ogié méps.of Wells and Peck (1961), Peterson and McIntyre‘
(1970),4and Walker (1977) provided information on near-surface geologic
units, and interface locations and seismic logs from the Humble Thomas
Creek No. vaell pfovided estimates of the .densities of the near-sur-
face units via empirical relations between seismic velocity and density
reported by Ludwjg and others (1970). Aeromggnetic measurements reported
by McLain.(1981); modeled using ‘the techniqbes described by Lu and
Keeling (1974), helped cqnstrain the structures between 121° and 122°30‘
W. 1on.(Veen, 1981). The model crustal cross section assumes a two-dimen-
sjonal structﬁre,‘a standard mass co]umn'of 50 km and 6442 mgal corres-
ponding to a zero free-air grévity anomaly (Barday, 1974),; and no lateral
variations in dénsity below a depth of 50 km (30 mi) (Veen,1981). Itera-

tive adjustments of layer boundaries, constrained by land etevations,
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geologic contacts., and horizons determined_from the well logs of the
HumbTe Thomas Creek No. 1‘well, made until the gravity of. the model
_computed with the miethod of Talwani and others (1959) and Gemperle (1975)
agreed with the observed free-air anomalies, yie]ded.theASouthern Oregon
Geophysical Crdss: Section.

ThHiruvathukal and- others (1970) computed a érustaT thickness of -
40 to_SOka for south-central and southeastern Oregon using gravity
meéasurements. and: & médel that consisted of a constant-density crust
over a constant-density mantle. Studies by Hill and Pakiser (1967),
Cook (1966), Scholz and others (1971) and Priést]y and Brune (1978)
indicate that thé structure of the Basin and Range province is more
. cOmpTek<&nd is characterized by a relatively thin.crust and an anom-
alously low-velocity low-density upper mantle. In Figure 27 we.exténd
this concept into thé northern extent of the Basin and Range Province
in southeastern Oregon and indicate a computed crustal thickness of
approximately 30 km in the vicinity of the cross section. This crustal
thickness agfééslweiY,wjth the recent seismic refraction measurements
df‘Priést]y andfothers'(iQBZ) in northern Nevada and southeastern Oregon.
Figure 21 sﬁOWﬁ & relatively low-density (3.27 gm/cm3) layer approxf—'
mately 10 km thick ovérlying & mantle with a density 3.32 gm/cm?. We
would expect the lTow-dénsity uppermost mantle to have a compressional-
wéve velocity of 7.7 to 7.9 km/sec and the mantle beneath to exhibit

a compressional wave velocity of 8.0 to 8.2 km/sec.

Figure 21 shows & block of material of 2.70 gm/cm3 density near the
west end of the section that corresponds to Paleozoic and Mesozoic
metamofphic sediments and volecanics of the Klamath Mountains. Rock of

density 3.0 g‘m/cm3 within the block corresponds to.a band of ultramafic
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intrusive rocks mapped.by'We11s and Peck (1961). A Targe intrusive
body of 2.85 gm/cm3 density rises asymmétrica]]y to the surface along
the east flank of the K1améth block and, as mapped by Wells ahd'Peck
'(]961), consists of granifoid, gabbroid, and u]tramafic ro;ks. The
easterly dfp and high dehsity of tHis.unit are consistent with the
suggeétion of Irwin (1966) that the large intrusive body may be the
eroded 1ip of a mafic or ultramafic sheet whoseiroots lie buried béneath
rocks of the eastern Klamath Mountains.

Along the surface the units with densities of é.10»and 2.2 gm/cm3
are indicative of'sedimentffilled basins and are consistent with the
units mapped by Peterson and McIntyre (1970) and Walker (1977). The
basins are bounded by faults on the eastern and/or western sides and
are aSsoéﬁatéd thh p]uvfa1 deposits in Pleistocene lakes. |

The Qeétern end of the 2.50 gm/cm3 unit and the 2.70 gm/cm3 unit
west of 122°30" W. lon. correspond to the volcanics of the Western
Cascade Mountains. Thé model section suggestﬁ these rocks may extend
a considerable Jgistance eastward beneath the Pliocene and Pleistocene
sediments and.vo1canics of the Basin and Range Province which are at
least 4 km thick at the Humble Thomas Creek No. 1 well.
| The two units of 2.65._gm/cm3 density west of Upper Klamath Lake
are basaltic andesites of the High Cascades. These units overlie
a 1ayer'of 2.50 gm/cm3'density that represents andesites of Mt.
McLough]in._ A density of 2.50 gm/cm3 for Mt. McLoughlin 1is similar to

'the density of 2.54 gm/cm3 determined‘for Mt. Shasta by'LaFehr (1965).
- The model section indicates that the sedimentary layer with a

‘density of 2.20 gm/cm3 extends eastward to Abert Rim and may cover a
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series of step-like faults that form the western side of a Qraben.
The model also suggests that this fault system'extends,to a depth of at
Teast 3 km and displaces rocks with a density of 2.65 gm/cmg.

The large irregularly shaped body with .a dénsity of 2.65 gm/cm3
east of Klamath lake coincides with a large fesfdua] gravity anom-
aly (see Figure 16) located immediately south of the Sprague
River Valley. The density and model configuration suggests a 1argé
buried intrusive body that might be the heat source for the thermal
Spriﬁgs in the valley.

Between the irregular block with a density of 2.65 gm/cm3 and thé
Humble Thomas Creek No. 1 well, a five-km-thick layer of 2.50 density
coincides with the gouthern extent of a large negative residual gravity
anomaly which extends northward to Yamsay Mountain. This unit may
reflect, in part, low-density material in a synclinal basin. Peterson
and McIntyre (1970) proposed a synclinal basin in the.akea of Yamsay Moun-
tain, Sycah Marsh and the Sprague River va]]ey.' The data along the
séction are insufficient to delineate or determine the depth of such a
bésfn; | |

The geologic maps of Wells and Peck (1961) and Peterson and McIntyre
(1970) and the cross section in Figure 21 indicate that é series of
step-1like fauits form the graben that contains Upper Klamath Lake. The
model suggests that the sediments that fill the graben may be 1.2 km
thick and that the graben flbor may be downdropped a total of 1.6 km.
These estimates depend on the densities assumed fér the sediments and
surrounding rocks. On the residual gravity anomaly map (Figure 16)

the negative anomaly associated with the grabgn 1ncreases in width and
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amplitude northwest of Upper Klamath Lake and decreases toward the
south. Hence the displacements on the bounding faults and the thick-
ness of sediment also increase toward the north and decrease toward

the south.
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Structural and Geothermal Implications
of the Cascade Gravity Anomalies
The residual gravity anomalies in Figures 14, 15, aﬁd 16, and the
consequent prominent lineations in Figure 17, 18, and 19 outline a
~major fault zone, herein called the Cascade fracture zone, that extends
along and across the trdnsition between’the Western Cascades and High
Cascades north of Crater Lake. South of 43°10' N. Tatitude the Cas-
cades fracture zone passes through Mt. Mazama and includes the Fort
AK]amath Basin and KTamath Graben. South of Klamath Lake the fractufe
A,zone:appears to extend south and/or southeasterly into northern
California. An arm of the fracture zone may strike southwesterly
from the northwest flank of Crater Lake.
" The gravity anomaly minima and the consequent lineations that
outline the 400-km (250-mi)-Tong fracture zone are interpreted as
indicating normal faulting with the east side down. Recent geologic
mapping in the area of Cougar Reservoir northeast of QOakridge (Priest
and Woller, 1982) and in the North Santiam River area southwest. of Mt.
Jefferson (Hammond and others, 1982) confirms a large fault zone with
‘verticadeTspTacemént. The down faulting and down-faulted blocks
probably extend farther eastward than the gravity data‘suggest. The
expected gravity low east of the observed low is quite likely obscured by
the high-density material that overlies the down-faulted blocks and

forms the basal units of the younger High Cascades: The gravity lows
along the fracture zore reflect the brecciated material and low-density
intfusions in the fracture zone and the low-density material of High
Cascade origin that overlies and fills the graben formed by the down-

faulted blocks. The sequence of parallel Tineations, oriented N 10° E,
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on the west side of the Cascades are interpreted as de]ineatﬁng the
western side of a Cascades graben. The lineations, and hence the graben
boundary, between 42°15' and 44°45' are remarkable for their linearity.
Less prominént 1ineation$ east of the High Caséades suggest an eastern
side of the graben that may actually lie éast of Green Ridge, near the
Qestern ends of the Mutton Mts. and Blue Mts. anticlines, and between
the Shukash énd Péu]ﬁné Basins. This eastermost boundary; if it exists,
exists at depth and may acfua]]y be a mondc]inal flexure in some areas
rather than a fault. ‘THe liﬁeations suggest the fault system or graben
is approximately 60 km (40 mi) or more wide north of 43°30' N. latitude
between Crater Lake and Mt. Hood. Many faults both east and west of

thé High Cascades occur within the graben and parallel the sides.

In addition to the north-trending faults which define the Cascades
fracture zoné énd graben, many Tineations, some very prominent, transect
the graben structure fh'northeast—southwest and soufhwest—northeast
directions. The residual gravity anomalies indicate that vertical dis-
placement has occurred. on these faults a]sb, particularly on the west
sidé of the High Cascades. Structural blocks defined by these compli;
mehtary faults and the N 10° E-trending faults héve droppéd to form
small, generally filled grabens and basins.

Interestingly, most of the hot springs in the Western Cascades
(indicated by the triangles in Figures 17, 18, and 19) seem to occur
on_or near northeésterly oriented faults or near the junction of the
northeasterly striking faults and northerly or northwesterly striking

faults.



36

In Figure 20, the material of density 2.27 gm/cm3 represents High
Cascades flows and pyrociastics that are porous and permeab]é; Water
that penetrates these rocks would flow downward and Weﬁtwérd wheré it
would contact hot rock at relatively shallow depths beneath the High
Cascédes or percolate down graben faults which extend 4 km or more deep
to deeper heat sources beneath the Western Cascades. After becoming
heated and flowing generally westward, the water would rise tc the’
surface along the faults that form and transect the western side of
the Cascade Graben. If such geothermal systems prevai]lin the Cascade
‘Range,'exploration fargets would include the larger transecting faults
along the western side of the Cascadé Graben that are‘still active
or open. Further, if such systems have been active for long periods
of time, extensive mineralization zones should exist along some of

the faults or fault zones.
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Figure Captions

Regional geology of the Pacific Northwest. Rectangles
outline the areas of gravity surveys in the Cascade Range

~of northern, central, and southern Oregon.

Topography of the Cascade Range in northern Oregon. Eleva-
tion contours occur at 1000-foot intervals. A-A' shows the
location of the seismic refraction line reported by Wegener
and others, 1980, and Hill and others, 1981. B-B' shows
the trace of the northern Cascade Range geophysical cross
section shown in Figure 20.

Free-air gravity anomalies of the Cascade Range of northern
Oregon. Heavy contours occur at 50-mgal intervals.

Complete Bouguer gravity anomalies of the Cascade Range of
northern Oregon. Heavy contours occur at 10-mgal intervals.

Topographic map of the Cascade‘Range in central Oregon.

Free-air gravity anomaly map of the Cascade Range in central
Oregon. Heavy contours occur at 50-mgal intervals.

Complete Bouguer gravity anomalies of the Cascade Rahge in
central Oregon. Heavy contours occur at 10-mgal intervals.

Topography of the Cascade Range in southern Oregon.' Eleva-
tion contours occur at 1000-foot intervals. C-C' shows

the trace of the geophysical cross section shown in Figure
21.

Free-air gravity anomalies of the Cascade Range in southern
Oregon. Heavy contours occur at 50-mgal intervals.

Complete Bouguer gravity anomalies of'thé Cascade Range in
southern Oregon. Heavy contours occur at 10 mgal 1nterva15.

Regional gravity anomalies of the Cascade Range in Oregon.
Reduction density is 2.43 gm/cm3. Map shows anomalies
with wavelengths greater than 90 km. Dotted lines outline
gravity survey areas.

Topographic and grav1ty anomaly prof11es a]ong the axis of
the Cascade Range in Oregon. '

West- to east topographlc and gravity prof1les of High
Cascade Volcanoes.

Residual gravity anomaly map of the Cascade Range in.
northern Oregon. Heavy contours occur at 10-mgal . intervals.
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Residual gravity anomaly map of the Cascade Range in
central Oregon. Heavy contours occur at 10-mgal
intervals.

Residual gravity anomaly map of the Cascade Range in
southern Oregon. Heavy contours occur at 10-mgal
intervals.

Gravity anomaly lineations in the Cascade Range.of northern
Oregon. Circles show the:Tocation of hot}springs (Bowen
and Peterson, 1970). : ‘ )

- Gravity anomaly lineations in the Cascade Range of central

Oregon. Circles show the ]ocat1on of hot springs (Bowen

and Peterson, 1970).

Gravity anomaly lineations in the Cascade Range of southern

Oregon. Circles show the location of hot springs (Bowen
and Peterson, 1970). E

Gebphysica] Cross sectfon of the earth's crust through

. the Cascade Range in northern Oregon.(B-B' Figure 2).

The section extends westward offshore to Cascadia
Abyssal Plain and easternward to Idaho.

Geophysical cross section of the earth's crust through
the Cascade Range in southern Oregon (C-C' Figure 8).
The section extends westward offshore to the Gorda Basin

-and eastward ‘to .Idaho.
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QUATERNARY VOLCANIC ROCKS
[ ] wesTeRN casCADES

COLUMBIA ‘RIVER ‘BASALTS

7] pre-TERTIARY ROCKS

---- ‘Boundary of Basin -and Ronge

‘«  Quaternory volconic centers

— Fault .zones:

B = Brothers Foult Zone
E-D= Eugene-Denio Zone
M= ‘MclLoughlin Zone

V = Vole Zone

S = Sisters Fault Zone

Generalized geology ‘ofter McBirney (1968).
Foult dota -ofter Lawrence (1976).
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COMPLETE BOUGLER GRAVITY ANOMALY Map

Cascade Mountain Range, Northern Oregon
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FREE-AR GRAVITY ANOMALY MAP
Cascade Mountain Range, Central Oregon
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. COMPLETE BOUGUER GRAVITY ANOMALY MAP-
Cascade Mountain Range, Central Oregon
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FREEAR GRAVITY ANOMALY MaP
Cascade Mountain Range, Southern Oregon
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. ) Cascode Mountain Range, Northern Oregon
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RESIDUAL GRAVITY ANOMALY MAP
Cascadt} Mountoin Ronge, Central Oregon
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RESIDUAL GRAVITY ANOMALY MAP
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RESIDUAL GRAVITY ANOMALY MAP
Cascade Mountoin Range, Southern Oregon
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