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Preface 
The S a u h  Pass study area is located about 140 km suuthtast of PortImd, en the axis of the Oregon Cascade 

bnge  ~~ 1). Most of the study area is located in Che High Cascades physiographic subprcwince, which m m h  of 

relatidy young, uatrdcd volcanic rocks. Older, more deeply incised terra* d t e d  with the Western m d e  

s u b p r w h ~  is expasod along the westem part of zhe area The High Cascades in Oregw represents an extensive, north- 

south-trendmg arc of Quaternary volraniun reIat4 to oblique suMdon of the Juan de Fuca oceanic plate h e a t h  Nartb 

America 

The northern and centml parts of the Oregon h d e  Range haw several gwIogic features commonly associated 

with geothermal resources. Large composite volcanoes such as Mount Jefferson, South Sister, and Mount H d  @gure 

1) contain numerous silidc flows and domes and have been active for 100,000 years (South Sister; Hill, 1991) to at least 

1,000,000 years (Mount Jefferson; Conrey, 1991), with evidence for HoIoctrre eruptions at all these volcanoes. Holocene 

and late Pleistocene &c volcanism also extends the length of the Oregon Caaxdes arc. The Oregon Cascade Range is 

characterized by east-west atension aud late Tertiary graben subsidence, which may allow for deep c h M o n  of p t h c r -  

ma1 fluids. Much of this area a h  lies within a Zone of ammalowly high heat flow, which rauges from 100 milham per 

square meter (rnw/m) to more tban l20 mw/m2 (Blackwelt and others, 2332,1990). K n m  Geothermal Resource 

Figrrm I. In& map shaving ihe l o c h  of rhe Sanliem P m  slut@ aaa md Jm~~h'ons of OPher DOGAM-pmored 
g d d  inwtigntions in the cenrml and notihem GaSct.uk Range of Omgon. Also shown on major townsI high- 
wuys and Quu&mv comprs'te &amnsv 
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Areas are also lmatd at Mouut H w d  (Priest and Vogt, 1982), =25 lorn northwest of Swth Sister at BeIknapFoley Hot 

Springs (Priest and others, 19883, and 4 km northwest of Mt. J t f f t m  at Breitenbush Hot Sp* (Sherrod, 1988). 

Howevw, estimates of @cmd resource potential in the Oregon &wades arc p r l y  muhiad (Muffler and 

Wanti, 1989), ow& to ioadquate subsurface daca M o u s  geothermal studies (Fqmc 1) haw f d  on known 
thermal featma or haw boen located adjacent to large composite volmocs. There also have been few inkrmcdiate- 

depth drilling programs to dbrate  geochcrmal, geophysid and gco1ogid modeis of the Oregon High Cascades. 

This open-hle report presents the results of the S a n h  Pass d d h g  prwm. The k t  phase of this program was 

to mmpilc all available geological, geophysical and geothermal data for the Santiam Pass area and select a drill site on the 

basis of these data (see Priest and others, 1987~). A summary of the drillEag operations and msts d t e d  with the 

projtxt are presented in chapter 1 by Hi and Benoit. An d e w  of the gcolw of the Santiam Pass area is presented 

by Hill and Priest in chapter 2. Geologic mapping and isotopic age &eminations in the Santiam Pass-Mount Jefferson 

area completed since 1987 arc summarized in chapter 2 One of the more i m w t  conclusions reached in chapter 2 is 

that a mifiimum of 2 km vertid displacement has d in the High M e  graben in the h t i a m  hss area 

The pcmEogy of the Santiam Pass drill mre is presented by Will in chapter 3. Most d the major w11ank d t s  in 

the core have been anal@ for major, minor, and trae dement abundanees and have been studied petrographically. 

Three K-Ar ages are interpreted in conjunction with the magnetostratigraphy of the cote to show that the ddcst t& in 

the core arc a ~ t d y  l.8 Ma. H y d r o t h d  alteration of the core is minimal, and is characterized by weak 

clapchlorite*~e0Iitt altemtiw in the lowm 200 m of the me. Gcochemid cumparkom of at Santiam Pass cwc to 

other Quatwnary and Miooene Cascade h c  r k  how no m e t i c  didindons between rocks from these di&rent 

w. 
Gcohmal  and geophysical data d d  from the Smtiam Pass well are present4 by BlaclmeU in chapter 4. 

The SaaLEam f ass d failed to pmctmtt beneath the mnc of lateral ~mdwatcr flow d t e d  with highly pcrmmble 

Quaternary volanic rocks. The pthcnnaI mdient in the well is asentiany isothermal to 700 m, and it is disturbed by 

downward flow in the well to h o s t  900 m. Calculated gmthmd grrldients range from about 50aC/km at depth 700- 

900 m, to roughly llO°C/km from 900 m to the bottom of the well at 929 m. Heat-flow values for the bottom part of the 

hoIc bracket the regional average for the Hi@ Cascada BIadrweIl d u d =  that beat flow dong the High cascade a i s  

k q u a l c a o r h i g h e r t h a n a l o a g ~ w e s t e m a d g e o f ~ ~ ~ d c s .  
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Chapter 1 

Drilling history of the Santiam Pass 77-24 well, Cascade Range, Oregon 

by B n ' h  Em Hill, O w  D m m l  qf Geolw and Mineral In&sbk, Po~lanli, Orepa 97235 
and Dick Benoit, Oxbow Geothemd ~ m m r r o n ,  Suite 450, 2&l Virginia Smei, Rmo, Nevadn 89501 

ABsi'RAcr 

The Santiam Pass drilling program was degigaed to investigate che thermal regime and geologic histwy of the 

central para of the Orgon Casade Rangc, To xmnplish thh goal, a 929-m-deep well was drilled into Quaternary 

w l ~ c  rocks on the ~ of the High M e s .  DrilIing was wmpltted in two phases. The upper 140 m of the well 

were mnpleted through 8 days of rotary d d h g  during Novemk, 1989, at a total cost of $B,710. Diamond-core & i h g  

from 140 m to 929 m depth required 29 days during August and Septembw, 1990. No s i l l p i f i a t  delays occurred during 

driUhg, and diamond-me drilling costs t d t d  $194,260. Although mud circulation was lost between 160-92l m, 99.7 

percent of the core was recovered. Water-EUed black pipe was run to 929 m in the well after circulation of mmpletion 

mud for roughly three hours. 

INTRODUCTION 

Shce 1979 the US. Department of Energy (DOE) has partially h d e d  the Oregon Department of Geology and 

Mineral Industries (DOGAM) for @cmd rtsowa assessment activities. In 1989, DOE awardtd pant DE-FGM- 

8 9 D m  to DaGAMI as part of the Gmthwmal Research, DewIopment, and Demmtratiw Ad of 1984. The 

principal obj& of this grant was to obtain temperature gradient, beat flow, and hydrologic information dong the a%is of 

k d e  voIeanism away h m  major silidc volcanoes; earlier deep (2150 m) drifling in the Cascade Range d y  tested 

l a d  t h e d  features assdated with major y o l d c  cmuplcxcs. In an effort to support geothermal studies in the Oregon 

Cascade Rauge, oxbow Pawtr Corpwatiw a p e d  to contribute a minimum one-third share of the & i h g  costs. 

DRILLING OPERATIONS 

The Sautiam Pass n-24 well was dtilled h two phases, begidng in October, 1989. The well site occupies a 

roughly l5-rn by 35-m previously deared area loeattd approximately 100 m south of US. Highway 20, alwg F m t  Road 

9M) (Plate 1). This site was chosen for ease of - for heavy equipment and to m h b b  impact on the surro~~~ding  

fortst. Initial site preparation consisted of removing logging debris from the site, minor leveling of the site, and digging a 

mud pit 3-m by 2-m by Zm-deep. The upper 140 m of the hole were rotary drilled by Woyrec Drilfing Company between 

31 Odober and 8 November, 1989. The first I1 m of the hob were d d c d  and cased with 255-an inncr-djametcr sPrfaoe 



maduetor, which was then cemented into the hole. Drilling amtitrued at a rate of about 30 meters per day with a 222-cm 

button bit to 119 m and a 20-an button bit to 140 m. Circulation of water and foam was maintained throughout most of 

the rotary drillin& and rock chip samples were aillcded c m y  3 m. The l#mdwp hole was then cwditiond with 

ddling mu4 and a 102-cm inner diameter conductor was rmcccssfuliy cemented in the hole from Iht surface to 140 m. 

Totd mts for the upper 1 4  m of the welI were fi9y710. 

Services between 10 August and 17 Septemhr, 

1WY f o l l d  additional site 1evtling and minor 

dcaring to pi t ion  the drill rig. Rig set-up com- 

bines with instahtion and testing of the blow-out 

prewenter assembly took 3 days, drilling commend 

en 14 August. The hole was billed from 140 m to 

a total depth of 929 m using HQ ( 1 O h  outer 

diameter) diamond core rods, with 99.7 percent mre 

mm'y. Mud cireulatio~ was intermittent be-n 

140 m and 188 m, in spite of the addition of cotton- 

seed huIls, mud polymer, mud sealant, and paper 

fiber; circulation was lost completely h w e a  1&8 m 

F i p  1-1. Drilling mfe (m per day) far SmMham Pms 7-24. and 5Q9 m. Drilling proceeded at an avcragc rate of 

28 meters per day with d y  two minor delays owing 

to a broken hydraulic line md a parted caMe on the eore barrel Figure 1-1). 

Rotary drilling 
Mobflhation and ddl izat ion of axe rig 
Blow+ut preventer rental 
Rig hours, footage, and addhlonal l a b  
Equipment rental 
Bits, mud, and grease 
938 m of 4.8 crn Mack pipe 
Misc. supplies, phone, and disposal sewice 

Heavy completion mud was Circutatcd in the 

929-mdeep hole for abut three hours, and s 

d d - e n d ,  water-fdd 4.- innerdamtter sche- 

duIe4A bIack pipe was nm to 929 m through the 

HQ core sods on 15 September, 1990. During sub 

sequent r e m d  of the NQ rods from the hole an 

attachment wed to suspend the drill rods in the 

hole failed, 

~tsdting in 915 m of drill string f a h g  abut  15 m 

to the bottom of the bole. The impact of the rods 

broke 3 teeth off of tht HQ r d  shac at the bottom of the hole but did not damage the water-baed bhck pipe. An initial 
dedine in the water 1-1 of approximately 30 an & in the pip during the fmt 24 h o w  with au additional decline 

of several meters during the next 10 days. Total costs for the core drilling were SlMJ60 (Table 1-1) and avcragd - $ Z O  

per meter ($76 per foot). 
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Gadaglc aettIng of She Sautiam Pass ama 

Chapter 2 

Geologic setting of the Santiam Pass a m ,  centraI Cascade Range, Oregon 

ly Bn'W E. Hill an6 G e q  EL Aiari, 0- Dcpmmr# of GeoIqp md Mi& Industn'es, P9ortkmcl, h g w t  97232 

An mderstanding of the geology of the Santiam Pass area is n m  to d u a t e  the gtothemtaf and lithologic 

data obtained from the Smtiam Pass Mhg program. The oldest rocks in the Santiam Pads area are hyhhermalEy 

a l tmd volcanic and w ~ d c k t i c  rocks older than about 8 Ma, which are a x w e n t i d y  assipled to the Western 

m d c g  subpmvin~e. Vents for these & are expad as far as 30 Ina west of the present v o l d c  axis of the Casade 

Range, and some vents are exposed east of the k. Rocks older than 8 Ma are undmmably overlain by approhately 

7-5 Ma unaltered mafie (SiO, less than 58 percent) flaws, which were enrptsd from vents minddent with the prcsmt High 

Casadcs axis and from the eastern margin of rht W M m  b a d c s .  A north-trending intra-arc graben dtvc1oped m the 

Smtiam Pass area about 5 Ma, coinddent with a period d uplift in the Western h d e s .  G r a b  formation resulted in 

at lleast 1 km and possibly 3 km of net vertical displacement in the S a n k  Pass area The topographic low mated by 

formation of the graben was mostly tilled by w l d c  and sedimenhty rocks from 5 to 2 Ma. VoIcanism s h e  about 2 Ma 

has been predmhautly m&c, with eruptions as recently as 3,m ytars ago in the Saritiam Pass area. 

The entral part of the Oregon Camde Raage is characterized by anomalously high heat flow, which I d y  

exceeds 100 mW/mZ. The relationship between Cascade volcanism and geothermal r e M 1 m  potenrial is unclear, b u s e  

rq&tal heat-flow ltnomalies extad wd! beyond the bclmclarics of post-1 Ma wlcauism, and l d  thermal features are 

not always d t e d  with long-Ed siliac volerrnoes. The Santiam Pass drilIing program was dtdpcd primarily to 

in-tt the sent a d  nature of background heat flow in a part of the active m d e s  arc amty from large atratwol- 

eanoes or silicic enters. The drill hole aIso provides impmmt subsurface geoI&cal and geophysical information, which 

aids in unclerstadng the geo1,ogic histmy of the awm and the influence of physical propties of rocks on temperature 

gradients. 

INTRODUcrION 

This chapter d-ks the general geologic d h g  of the S a n k  Pass area d the Oregon m d e  Range, where 

volcanism and tectonism in thc last 10 m.y. h e  prdnced a divtrdy of geologic fa- The Smtiam Pass drilling 

program provides additional c o u s d t s  on the geologic history of this area. R-nt papers by Priest aud others (1983), 

5 Opm-INt Report 0-92-3 



Hill and Priest 

S h e d  grid (I=), Taylor (1990) and Priest (1990) summarize the gened geoiogy in Chc amtd Ore- h d e  

Range aud provide much of the information in this chapttr. 

The Oregon C a ~ ~ d l e  Range can be Wdcd into 

two physiographic s u ~ c e s  (Callaghau, 1P33), com- 

monly referred to as the Western Cascades and High Cas- 

cades ~~ 2-1). A combination of h e -  and rock- 

stratigraphic units is generally used to further subdivide 

&tse provinecs (Peck and other% 1964; Nest and others 

1983; Sherrd and Smith, 1989, Priest, 1M). Early West- 

ern k d e s  rock range in age horn about 35 Ma to 

abut 17 Ma and are charaderid by l a d  andesitic 

1wlcmoes along with y 0 1 ~ u s  mtptions of tholciitic 

lam a d  silidc p y r d d c  rocks (White and McBirney, 

1978; Priebt, 1990; Taylor, 1990). Many early Western 

k d c s  rocks are h y h t h d y  altered Zcolitic to 

low-ade propybic alteration is ubiquitous, with tufla- 

eu,us r k  more sboqly altered than lava flows (Priest 
Fipw 2-1. Genemlhd @logic map showing the dirm'butim 1983). ~~~1~ westera 
of Omgun Gzscade mh. Study m a  is the Santiam Pars 
ma, w ~ c h  shorn &mIruI in F i p  22 Mdfidfrom likely mded With a period of uplift d diminished d m -  
S h e d  ond Smith (1989). nit activi&y fiom about 17 Ma to about 14 Ma (Priest and 

ochtts, m). 
Late Western Casmdes r d q  which %re p r d u d  from about 17 Ma to about 8 Ma, unconformably overlie early 

Western Casades dts .  Late Western Camdm r k  are chabcrirad lq two-pytoxene andwire lams, with subordinate 

amounts of b d t k  to dautic lams and p p c k t i c  r& (West and others 1 W ,  S h d  and Smith, 1989). Both early 

and late Wcstem Cas#tdea rocks gentrally dip 0°-lo0 castwad (Walker and Duncan, 1989; Pri* lW3) but are 1- 

disrupted by e x t a s k  fadting and slum& Maay late Western m d t s  w l d c  and rmhlcauic rocks have been 

hydrochcrmally altered (Priest and othets, 1983). Alteration ranges from pervasive low-grade mlite&y alteration of late 

Western Casmdcs lavas to @-grade &C alteration in some subvolcanic intrusions (Peck md othcrs, 1964; Priest and 

others, 1983; Power, 1984; Keith, 1% CummiagF and others, 199U). 

bb Western m d c s  r& are well e m  approldmately 30 km west, of the Santiam Pass well site (E~qurw 2 1  

and 2-2). Thest r& consist primarily of a n d d c  lams and ~~c d e w &  with subordinate amounts of W t i c  to 

dacitic lam (Black and others, 19Q %at and others, 1987b). Northcast of S a n b  Pass, 9 a M a  andcsitic focks arc 

exposed in the Castle Radrs area (Hales, 1974; Conrey, 1W3 Wendlsrad, 1988). In ad&- about U-Ma silidc pyro 
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Quaternary 44" 
20.72 Ma 48' 

::::: ..... Pleistocene-Pliomne 
:.:.:.:-: 0.72-2 Ma 

I Pliocene 
2 Ma to ~5.5 Ma 

H Upper Miocene 
4 Ma to 7.4 Ma 

EH Upper Miocene 
~ 7 . 4  Ma to 4 1 Ma [[m] Middle Miocene to 
Oligocene, ~ 1 1  Ma 
Basalt to basaltic 
andeshe vent 

-' @ Andesite vent 44" 
Composite 

30" 

volcano 
@ Drill hole 

Normal fault, ball and \ bar on downdropped 
A side, dashed where 

uncertain, dottad 
-1 where buried 

9 
miles 
I 

m 
? R-2-2 ~ ~ g e o @ k ? n a p o f t l r c S m r t I n n t P a e ~ ~ w t # t l o c ~ g o n ~ & w g e .  & ? g i u ~ ? ~ m q f d t c m p i s h i n F i g u m 2 - 1 .  WdsiSc 

SP 77-24 is tk h n z h  P m  weii Unit ages are sckEccd to reprant t i rne~ 'gmphic  wturirr on tk cast and wwt sides @?he Righ Cart& a& mi do ' mr d d b  rcpmnt lifhomm'igraphic bovdwim. Dmn ~ r i z e d f i o m  Taylor, 1965: Ha& 1971: M e ,  1980; Conrcy, 1985,1991; Yog&ins& 1985; 
Wnodlancl 1988; Priest and others, 1987a 298%; Bbck Md ofhem, 1987; S k r r d  and Smith 1939. 

3 
1 
P 
W 
G 



&tic units dwivtd fkom late Westem Cawides rolcanow art preserved as the Simtustus Formation in the D d u t t s  

Basin (Hayman, 1983, Smith, I-). 

M y  High Casead- 

Early High Cascades volcanism began around 7.4 Ma aad was centwed on a r o M c  tssenWy coincident 

with the axis of the present High Cascades (Taylor, 1981; Corn1 1985, Smith and others, 1987). West of the High 

C . d e  axis, early High Cascades rocks are characterized by essentMly subhorizontal m d s  flows &at cap many ridges 

(Taflur, 1981; Priest and others, 1983). Thtse m&c flm are commonly -tic and have only minor amounts of day 

replacing f e r r ~ n a g e s h  pheaoaysts (Priest and others, 1983; Taylor, 181,1990). Oaly a few -tic r& are 

exposed in early High Cascades d o u s  west of the High Cascades axis (Prim and others, l987b, 1988, Taylor, 1990). 

East of the High Cascades artis, abundant 7-5-Ma pyrdastic and volcanidastic r d s  ate p r e s e d  as the Deschutes 

Formation (Taylor, 198% Smith, 1986b; Conrey* 1985; Smith and others, 1987). The formatim of an intra-arc graben 

about 5.4 Ma (Taylor, 1981; Smith, W, Smith and orhers, 198J3 locatiztd deposition of voIcanic rocks within the 

graben, although eruptions asdated with early SIigh Cascades volcanoes likely mtinutd to at least 4 Ma (Yogodzi&i, 

1985; Smith, 1986b; Smith and 0th- 1987). 

The o+ and extent of the High Caseades graben has bean the focus of many gcol0g;cal studies (Cabgbq 1933; 

Men, 1966; Taylor, 1981; Couch and ocheFs, 1982; Smith and Taylor, 1983; Prjest and 0th- 1983; Kach and others, 

1989; lavelyhoks and others, 1989; Smith and others, 1989; Pritst, W, Taylor, m). One of the goals of the Santiam 

Pass drilling proj& is to p r d  additkmd data on the extent of p m  and post-graben rocks beneath the of the High 

Cascades. Previous work by Priwt and others (19S7bj 1988) and Black and others, (1987) has shown that the western 

boundary of the graben has a minimum vedd displacement of about 600 m along north-s- normal faults in the area 

west and southwest of Santiam Pass. H m ,  these graben-boundmg faults are dkmtiauous south of the T h e  Sisters 

area, with faulting or@ ocenrring dwg 45 percent of the Hgh Cascad-Western cascades transition be- latitudes 

4 3 " a 0  N (Shemod, 1986). Thus, a thrwghgolng graben did not dtvelop south of the Three Sisters area (Shemod, 1P86, 

S h m d  and Smith, 1989). East of the Hi m d e s  axis, at teast 7tHl m of ve& dispheement is present alwg Green 

Ridge (Halts, 197+ Cow, 198% Wendland, 1988). B a d  on gravity data, law density volcanic or voleaniclastic r& 

underlit the arca betwccn Gieen Ridge and the High m d e s  votcanic axis (Couch and others, 1982). Sbatigraphic rela- 

tionships constrained from nearby driU ams Cpqure 2-2) require more &au 1 km of vertical displacement at the easttrn 

boundary of the graben (Priest and others, 1989; Pries4 1990; chis study). However, it is unclear if n o r t h - s m  graben 

faults mend m y  south of Green Ridge 9nd are buried by younger units (Cow, 1985; Smith, 1986b; Livtlyboks and 

others, 1989, Taylor, 1990; Hill, 19911, or if grab-bounding faults merge with the Tumalo Fault Zone and distribute 

displacement aver a 60-km-wide fault m e  (Peterson and others, 1976; Lawrence, 1976; MacLeod and Shtrrod, 1988; 

Smith and others, 1987). 

In addition to graben formdm about 5.4 Ma, the Western m d w  undement a arid of uplift mumendug 

about 5 Ma (Priest and others, I=, Shemod, 1986, Priest, 1990). Uplift mdted in entrenchment of sueams in the 

Western Cascades, and volcanic rocks younger than 4 5  Ma in the Western m d e s  subpmha generally form intra- 



7 flows pritst, 1990). West of rht High 7-5-Ma w l d c  roch @.gme 2 2 )  - at .t=ly eonstant 

elevations, indicating thaE uplift was relativtiy dm. H m ,  early High Cmstadt& & the east side of the High 

Cascades a p n t i y  w m  not uplifted (Taylor, 1981); m&c Iavas at G r m  Ridge have shallow eastward dips comistmt 

with au original depitionaf slope, and the duztasc in dip from Green Edge to the east is consistent with observed 

p r h d  to &distal fades &aqm in the D d u t e s  Formation (Coarey, I W ,  Smith, 1986b). 

Late High Cascades 

Late Wigh h d e s  w1& encompasses rocks that were empttd after the formation of the graben about 5 Ma, 

although ouly a small amount of 5-%Ma units are e q m d ;  the bulk of the 5-%Ma late High Cascade6 r& pramedy 

6b che early High k d c s  graben. Small outmops of e p p d a t e l y  43  Ma graben-fw bvas arc exposed at the n o d  

end of Green Ridge ( Y o g d i d d ,  1985). Diatomamus sedimentary rocks, palagcinitic hrffs, and ma6c lava are exposed 

near rhe western bunchy of Greem Ridge (Smith, 1986b) and h m  h u t  W3 m to 600 m in the Unwal82-3 drill core 

(F'iigurc 2-2; G. Black, written commna, I=). Diatoms from the lower 10Q m of the 82-3 drill awe Gonsist of au early 

Pleistoctn~htc Plioccnt assemblage (P. Bradbwy, written mmmun, 19891, and a b d t  flow within rhis i a t d  bas a K- 

Ar age of 1.49*0.06 Ma (Priest a d  others, 1989). Diatomaceous h e n t a r y  r d s ,  palagonitic tufi a d  pillowed lava are 

well exptlssd west of Santiam Pass in the approximately I.%& Parkette Crctk unit of BIack and others (1987). About 30 

h mthwat of Santiam h a ,  3.6-2.2-Ma htdt, lmdtic and&te, and d d t e  lam appear to fdl the High C m d t s  

graben (Priest aad others, 1988). In additicm, a-cly 4 Ma mafic flows c m s h t e  most of Woodpecker Ridge 

(Cwrey* 1991) southwt of Mt. Jefferson (Fane 2-21, and the 2-3-Ma Mt. Bruno basalt flows of Priest and others 

(1987b) define the base of the late High -des section near Minto Mtn. 

Most rocks from thd Iate High Cascades eruptive episode d t  of mafic flow& younger than about 2 Ma In 

much of the central Oregon Cascades, including the Smtiam P a s  rock younger than 0.m Ma @mnhw Normal- 

Polarity Chron; Johnson, 1982) cover much of cht arta for 120 km cast and west of the High M e a  axis ( F I I  2-2). 

L a t e H i g h ~ d e s ~ t s b t ~ 2 M a a a d 0 . 7 9 M a ~ a 9 ~ ~ o ~ m a r e t h a n # l  kmawayfbm thepresent 

volwnic & b p l e s  of a p p h a t e l y  2-Ma mafk cumpsite mlanms indude Bald Peter (21*02 Ma, hmstrong and 

others, 1975; 26k0.2 Ma, Yogod&&, 1935) and Black Butte (l.4i03 Ma, chis -1. 
In the area between Mount Jefferson and the Three Sktem, late High m d c s  shield volcauoe6 and mafic flows 

are the dominant r d  type (McBirney and others, 1974) and have cde.sccd to form a h a d  ma6c platform (Hughes and 

Taylor, 1986). Ma6c platform flows are prodomhtly dikiymitiq high-alumina basalt and basaltic andesite (Hughes and 

Taylor, 1986). Threc F w d  Jack Figure 2-21 and Mount Washington are two cmmpIcs of EgHy-c~aded mafic shield 

v o l ~ o t s  that averlie tbt m&c platform. Andtsite (58-63 p m m t  Si0J is reswiettd to smd domes along the High 

Casadcs axis ( F i  2-2) and to larger oompositevol- wch as Mount Jefferson and Middle Sister. Rocks more 

siliac than audesitc only occnr at or adjacent to iargc, lwg-lived composi~t v o l ~ o c ~  

The p q e s t  volcanic units in thc Sautiam Pass area arc asdated with tbt Hal-e S a d  MOzmfain dndtr m e s  

(Rlgurc 2-2). C a r b i d  wood from beneath thwe mak flows has a "C age of 3,900*200 years BP. (Taylor, 1 9 6 5 , ~ ~ ) .  

W d  Mountah f l m  produced mall lakes by by the McKcnzic Rivw; submerged trees in lhtse lakes hvc UC ages 



of about 3,000 BS. @enson, 1965). h addition, the explosive eruption of Blue I.& cratcr 10 km east of the 

Santiam Pass drill site occurred 3mi240 years BP. Fagor, 1%7). 

NEW RADIOMETRIC AGES 

In 1% U n d  Geothermal driaed a 500-mdeq core hole 36 km north-northwest of the Santhtn Pass well at ao 

elevation of 885 m in the valley of Marion Creek Fqyre 2-2, site W n d  821). Upper Miocene to lower F'Eocene 

v o l d c  rock ia the Minto Mountain-Marion Creek area (Black d others, 1981; Conrey, 191) occur 10-20 km east of 

the presumed western boundary of the High Cascades graben. Faults along the eastern boundary of the graben at Green 

Ridge (Figure 2-2) apparently do not continue north of the Iatitude of the Minto Mountain area (Conrey, 1985; 

Yogdzhski, 1985; Wendland, 1988). Upper M i m e  m l d c  rocks that aop out in Marion Creek were thought to 

a d a t e  (unit Tma of Black and athers, 1961 a d  Priest and others, 1987b) with 10-11 Ma andesitt loeated 23 km north- 

west of Movnt Jefferson (White, 1980). Howem, isotopic age data from the U n d  drill core and Conrey (1991) suggest 

that these r d ~  are much younger. 

The apparent contact between Quaternary High Cascades ma6c flows and older vdeanic r& occurs at a depth of 

407 m in the U n d  82-1 core (G. Black, written commun, 1M). The older rocks fim 407 m ta 5Ml m consist primarily 

of altered, 2-pyoxenc aadcsite lava with interbedded volcaaiclastic rocks (G. Blaclq written mmmun., 1990). In order to 

better eonstrain s t r u a a l  and plogical models for the c c d d  Cascades, a whole-rd YIAr/"Ar age was obtained from a 

relativeIy k h  rhyodadte (Sample 'U-S75, Table 32) flow at a depth c ~ f  480 m iu the U n d  821 core. This unit has a 

well-constrained plateau age of 5.62*0.09 Ma @gare 2-3). Silidc mck of s h h r  age (about 4 Ma) are alsa exposed 3.11 

km north of U n d  82-1 at Mint0 Momtain and W c d p e h r  Hill (Cornyt 1991). 

Fipre 2-3. Clzlcuiated W e - r m k  mhpPAr &?es for a -tc flow frrwtI a &pth of 4&0 m in the Unmd 82- I weII.  (A) 
Dates calculased for cIU% and >98% *AF d e w  are ~ a m a l o p ~ s &  d d  with r;eIatratrve& l a p  uncertainties, which is 
typcaijor waMy a l m d  wlcunic rmkr {R Dmcan, wal cmmun., f 991). Note hot the plateau ages for > 10% mrd 
< 98% 3PAT selease have low mmainry a d  give a p h e w  age of 162 i 0.09 Ma. (B) Regmsim of the fint 6 
unu&ses gives an l ~ g e  of 5-69 2 0.23 MG which is within the m g e  of fo enw for &he plateau age. 

West and north-t of Mhto Mountain, 6 3  Ma ml&c rocks occur at elevations as much as 700 m higher than 

the 5.W Ma flows in the Minto Mountain arcs, suggesting that part of the western boundaq d the Cascades graben 

is Iocated in that a r a  The disttr'bution of early High Camdes units in the Minto Mountain area may also indicate that 

the WtSCm born* of the graben steps about 10 fm east in the &to Mountain-Mt. Jefferson arca However, the Iack 
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of -cant fawlthg at the northern terminus of Green Ridge dearly shows that the eastern boundary of the High 

Cascades graben did not -end north of latitude M0 45' (Fiigurt 2-2). 

The Imtiw of the western boundaty of thc High Cascades graben immediately west of the Santiam Pass well is 

not dear. The EWEB 78-32 well (Platc 1) enanmtcftd Pliocene to Micrecne hvas at a depth of only about 500 m (Black 

and &crq 1987). The cxmrrrtnce of Pli~ctne to Miocene b a s  at this shallow depth indicates that ?he western boundary 

of the graben must be lwed cast of the EWEB 78-32 well. The prominent northward alignment of tht Sand Mountain 

cinder owes (Plate I) is probably oontro1le.d by a buried iault, which may mark the western boundary of the graben. 

Displamrnents along this postdated f d t  are hid by the agedepth re1ationships shown in Plate 1 for the Santiam Pass, 

EWEB 78-32 and Uaocal82-3 wells. These subsurface relationships s u m  that the graben is asymmetrical in this area 

and probably has increasing displacement to the SOU& and cast through south-eastward dip or by distributed fad* This 

mdel  also acunmts for the 2 3  km of graben fiJl shown on the eastern part of the moss section in Plate 1. 

StvtraI small andcsitic domes @a&, 1m TaylorI 1981) were erupted at Hogg Rock and Hayrick Butte about 4 

EEm west and 6 km southwest of the well site r q e c k l y  (Fqwc 2-2). Thee slndtsitt domes haw st- sides with j$sy 

margins and s u b h ~ t a l c 0 1 ~  rcfatkly flat topi, and arc anomdwsly thictc, all of wbich are features generally 

gs~l'bed to subglacial eruptions ~~s and McBirney, p. IW, 19W, Conmy, 1991). The tops of these andesitic units 

haw been extensively er&d by glaciation, a d  it is posyile that N q  Rock and Hayrick Butte are suk& mdesite 

domes that have ken extensively glaciated (EM. Taylor, oral eommua, 1992). Hogg Rock and Hayrick Butte have 

normal magnetic po1arilies (E. M. Taylor, oral comm~m, 1990). A K-Ar age of 0.09i0.02 Ma obtained for Hogg I€@ is 

umsisttnt with eruption during or immediately after early Wiseonsin glaciation at about 0.11 Ma ( J o d  and others, 1987). 

SubgIad ~tldesitic domes of 0.09M.04 Ma are a h  c x p d  Z km ad-northatset of thc drill site at TheTablc (-, 

1991). Tbe d h t i c  domes of Tbe Table arc slightly more mafic than Hogg Rock and Hayrick Butte W1c 2-21, but an these 

andtsite domes have inmmpatiile element abwdanee5 that arc much lower than other andtsitic mila in the area 

(Conmy, 1993, oral cmmun., 1990; Hughes, 1983; this study). 

TABLE 2-1: New whok rock K-Ar agw f# .Rvf ie  slltnples- the Santim P a s  m a  

40 Sample Sample K 4Ar, Ar, Age (Ma) CMnments 
RO. Wl (g) (wL %I ~ 1 0 " ~  (%) (f 10) 

7FJ-2 5.01 0.75 0.1 1 2.1 0.09*0.02 Hogg Rock, Mack glassy margln of flow 
81 1108 15.64 0.668 0.834 4.1 0.72i0.19 Reversed basalt, Hwy. 20, 0.5 km N. of Blue Lake 
81 11 10 15.84 0.193 0.478 8.6 1.4230.33 'Revend hd, 1 h E. of Black Butte summit 

Notes: 
- Sample TFJ-2: Patassiwn IK) determined by atmlc absorption s ~ m e t r y  at the Unhrersfty ob Oregon by C. 

McBirney. Isotopic ratlos determined at Oregon State U n h l t y  by R. Duncan. 
- Samples 8t 1108 & 81 11 10: All analyses by B. Dalrymple, U.S. Geological Suwey, unpublished research, 1981. 

Potassium (KE is the average of 4 anslyses (1 a = 1 %). 
- Decay constants: A, = 0.581 x I O-'"yr"yr', 1, = 4.962 x f ~'qrr'', and %& = 1.167 x lo4 md/md (Steiger and 

Jiger, 1977). 



TabJe 2-2 of H w  R d - t y p e  at&.&es in h e  Smtimn P a s s - M m  Jgerson m~ Md o np?nW&five late ni& 
C a s h  basaltic andesitefiom new rite Santim Pass 7-24 wl[. 

S i O *  
T i O p  

A 1 2 4  
FeO* 
Mno 
M90 
cao 
N a p  

KzO 
P2Os 
TOTAL 

------ ~ o g g  R O C ~  ------- I Hayrick 
TFJ-2 TFJ-433 R W - 5 8  RCNSH-4 
59.8 59.7 59.9 60.1 
0.68 0. T 0.68 0 .68 

18.5 18.4 18.4 18.4 
5.69 5.7 5.68 5.55 
0.11 0.11 0.11 
3.43 3.8 3.56 3.3Q 
6.42 6.3 6.49 6.24 
4.33 4.10 4.20 4.42 
0.97 1.05 0.97 1.08 - O,11- 0.11 - 0.12 

101.30 49.75 n/r n/r 

n/r: not R e p o r t e d  -: not analyzed 

TFJ-2 r From eaat  glaaay margin of Hogg Rock, R-Ar aample, th ie  atudy. 
TFJ-433: G l a s ~ y  margin of Hogg Rock, from Hughes (1983). 
RCMJ-58: Glasry margin of Hogg Rock, R. Conrey, unpub. data, 1991. 
RCNSR-4: Margin of Hayrick Bu., R. Conrey, unpub. data, 1991, 
RCMJ-524% Margin of Middle Table, 8 ,  Mount Jefferaon (Conrey, 1991). 
83190: Baealtie andeaite  lava in raadeut, U . S .  Hwy. 2 0 ,  4 lan eaat of Santim Paas well 

77-24. Poseessee revereed-polarity mggnetieation. 



The age of Black Butte was reported to bc 0.45i03 Ma by Armstrong and others, (1973, although Bhck Bum 

hvas have reversed paltomagmetie &dm. A more reumt K-Ar aoalysis of a basaltic andeAte flow 1 km east of the 

Black Butte s d t  gives, an age af 1.42i033 Ma (Table 2-1). This age is mnsisttnt with eruption during the Ma- 

Rtverd-Polarity Chron (Madhen and D m p 4  1979). 

Mafie flows with reversed magnetic M o m  are well txpostd along US. Highway 20 from 5 to 15 h east of tht 

Santiam Pas  drill site (FIgrne 2-21. A magnetidly rmeFsed basaItic mdesite £low about 1 km norh of Blue Lake (Phe 

1) has yielded a K-Ar age of 054a.14 Ma (Amstrong and others, 1975). Ready& of this unit gives a K-Ar age of 

0.m0.19 Ma (Table 211, which also is wmkttnt with eruption during the Matrryama Reversed-PoMty Chon 

(Mankinen and DaIrympfe, 19793. 

GFDtOGIC MAP AND CROSS SECIlON 

The I:=-e geologic map a d  rrws d o n  (Plate 1) was initially mmpilcd by DA. S h m d  as part of a 

prehinaq geologic study of the Santiam Pass area mest and others, 1987a). Subsequent rn&rntions to the map are 

minm, m a p e t i d y  reversed rodm am grouped into the QTba units, and additional rock ages and well sites are added to 

the map. The mow, d m  was modified ta include a u h r h c e  data from the Smtiam P a  77-24, U n d  823, and 

U n o d  82-1 weIls lmted in F l 2 - 2 .  

Drilliag at SanZiam Pass has shown that the boundmy betwen normal and reversely polarized (0.79 Ma, Johnsw, 

1982) High Cawides lam oonrrs at a depth of 165 m. Howewx, l&Ma maftc r d s  are bated 920 m depth (Chapter 

3), which is deeper &an apected based on the prel imby moss d o n  (Priest and others, 1 W ) .  Additiond cunstraints 

om the thickness and extent of -1-2 Ma ~mits can bt obtained from thc U n d  82-3 welL In Uaocal82-3 (Fagure 22), 

m d - p o l a r i t y  flows first ocnv at a depth of 238 m. Although core recowry in W a d  82-3 k intermittent between 238 

m and 378 m, d of the flows in the r d  #m have lcversod polarities. A m a p t i d y  reversed diktytdic basalt 

flew at 378 m in Unocal82-3 bas a K-Ar age of l35*0.07 Ma (Priest and othcrs, 1989), which is wnsidtent with eruption 

dlaing the Matuyama Reversed-PoIarity Chon (Nankhcn and DahympIc, W9).  Rcycd-polarity flows a m t h e  from 

378 m to 460 rn, with umplete core reamq in that intcrvaI. From 460 m to the base of the well at 600 m, core rcmwry 

is very sporadic This interval d t s  primarily of diatomacu)~fs and t u f f a m  sedimentary rock along with interbedded 

m&c flows, peperite, and palagmitic tufl. A basalt flow at 531 m has a K-Ar age of 1.49*0.06 Ma and is underlain 'by 

rcvcd-polarity m&c flaws. The age of the 1.49-Ma flow is a h  consistent with eruption during the Matuyama 

Rmd-Polarity Chron. 

Projedou of the U n d  @3 well onto the S a n k  Pas cross d o n  W t e  I) is jusMcd b u s t  the 

perpcndiah projection of thc well site onto the a= section omus dong a lint of nearly constant elevation, and the 

proj&td BnmhmMatayama boundary in U n d  gL-3 is cumistent with the h m d  elmtion of this amtact dong the 

aws d m  line. The a h &  of diatomaceous and tdfaaeous mudstoat and siltstwe in well 823, dong with the 

numerous features indicating lava-wt sediment interadom, shows that deposition d in a lopr-cnergy (dosed?) basm 

adjacent to active 4 c  v o ~ ~ o t s .  Projdon of thtst data onto the S m h  Pass am stctiw plate I) constrains an 

w e d  facies EhafiPe from lava f lowdomhtd medial hdcs m the m l 4 c  axis (Santiam Pass 77-24) to a &tat fa& 
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with significant sedimentary eompoaeot ( U n d  82-3). These relationships indate that 1.8-LCMa ~lcaaism in the 

S ~ t l t h  P m  area probably d within a topgraphic low, it, the High Cascades graben. 

Similar fades r e l a t i d p s  art obswwsd m s t  of the S+ Pass well. 'M~CUIUS aud diatornac~us sedimentary 

tocks of hkette  Creek (Black and ochers, 1987) contain interbedded m a k  flows that have K-At ages of about 1.8 Ma. 

The hcies assemblage of the Parkette Creek units is nearly identical to the assemblage found iu the I m r  256 m of the 

U n d  82-3 core,, aad from about 150 m to abut  400 m in the Unocal82-1 cort (G. Bla& written mmmun., 1988). The 

Parkme Creek unit most fikely represents the western fades of the g a b n - f m  rocks and has a minimum thickness of 

450 m (Black and 0th- 1987), dthough the base of the unit is not ~ e d  It is also unfiktly that thc thickness of the 

Pukette Creek unit is much greater than 500 rn on the basis of the stratigraphic r e l a t i d p s  shown in PlaQ 1. 

Well data can be used to estimate a minimum thickness d the graben-fillia9 strata in the Green Ridge area. The 

top of the Desebutes Formation is h t  assumed to occur c l a  to the base of Santiam Pass n-24. M f i c  flows of the Des- 

chutes Formation were presumedly deposited on a slope that dipped at least as much as observed at Green Ridge (5", 

Conrey, 1985), and that the minimum thiekntss of these £lows is exposed at Green Ridge (~700 m, Conreyy 1985). These 

constraints ztsdt in a thickness of roughly 2 3un for the graben fill near Greea Ridge (Plate 11, 

The thickness of the graben-fdhg strata w a t  of the S m h  Pass wtll is probably much ltss than in the Green 

Ridge area (Plate 11, aIthou& this relationship is less mmtraincd. EWEB 78-32 reached mafie flows mktive with the 

Deschutes Formation at a h t  300 m (Black and others, 1987), suggesting that 150 m of Parkette Creek may have e d e d  

from this area. If large faults occur on the western boundary of the graben at this latitude, chtn they must mar east of 

the EWEB 78-32 well in mdcr to accwnt for the W o w  depth to Deschute8-comehtive flows. These buried faults may 

control the aljpnent of the Holocene Sand Mountain Gder mcs (Plate 1 aad F w  2 2 )  in the same manner that 

Green Ridge faults apparently control the aligment of Quatenmy cinder mnes near W-d FstlIs and Garrison Buttes 

(C-, 1w. 

GE0UX;IC SUMMARY AND CONCLUSIONS 

The Santiam Pass area of the Ore. High Cascades is located om the axis of an active amtinend v o l b c  arc. 

Most of lthe m l d c  eruptions within thc hist 0.79 Ma W btw mafic (SiO,< 58%), although isolated mdesitic eruptions 

also have oonvred in this area since 0.1 Ma Tbc major smetpral features are north- to nodwest-st- nonnaI faults, 

which are mmiated with the formation of a ~ n t i a u o u s ,  asymmetrical intra-arc graben about 5 Ma A minirnllm of 2 

km displaazttcnt is associated with the graben in che Grua Ridge arm east of the S a n h  Pass. Graben- 

bounding faults arc not exposed more than 40 Lm northeast or northwest of the Santiam Pass. The presene of late 

Pltistacene to Holocene volcanism in an area of abundant faulting and grouuhter mdmge may create a signif1~811t 

geothermal resource. 

Although zhe s Y t t i d  geology of this area has been wen studid, there is a paucity of subsurface data to constrain 

many basic geologica!, gcophysid and g e o t h d  models. hevim deep (>IXl m) ddlhg  programs have f d  on 

the Western Csscades (Shemod, B88) or hewn thermal features in the Westtrn &scad= (White, 19803, or an major 

stratmIcanic systems in the High bcades  (Priest a d  Vogt, 1982). These data are inappropriate to antshain geological 

O p - m  Report Wn-3 



models for m a  of the High Cascades arc. Additional data horn deep drilling programs were neatssary to adquately 

d u a t t  the thermal regime and gea10gic history of the Oregon Cascades. The Santiam Pass drilling pgR!III was chus 

formdated to provide these data (Priest and others, m a ) .  
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Chapter 3 

Stratigraphy and petrolow of the Santiam Pass 77-24 drill core, Cascade Range, 
Oregon 

by B&ain E. Hill. 0-n -enr of Gedw mrd Minetal Industrr'es, P d M  0- 9n32  

ABmRACI' 

Drilling of the 929-meterdeep Santiam Pass gedttrmal:  WU prwides new information on the gtobgy along the 

k of the central Oregon Casmdes. Mafie lavas and dikcs ( S i O e  percent) cotlstihlte 95 perant of the S a n k  Pass 

core, with the remainder of the core &?hg of w1mMastic rocks. CorrcIatiom be- magnetic stratigraphy and 

dated axe  samples indicate that rocks &om ~0 .79  Ma to about l.8 Ma were encuuutcred during drilling. Major and traw 

dement variations within the Santiam Pass core arc the same as obscrvtd for other late High k d e s  m&c rocks 

erupted between North Sister aad Three Fmgered Jack. Geochemical variations for all of these r& are wnhuws, and 

do not show the distinct geochemical groupings observed in previous research. Most early and late High Cascade ma6c 

rodm erupted wichie the S a n k  Pas  area arc &emidly iadishguishabIe, although a few racks from each age p u p  

have dish& annpositions. 

INTRODUCTION 

This chapter describes the stratigraphic, w o l o g i c ,  ~ w b i c ,  and p h e m i c a l  data obtained from the Santiam 

h a  77-24 drill ccm. A total of 52 major m k  units WHC drillad, of which approxhmtcly 95 ptlrxat w m  mafic hvas and 

d h  rmd about 5 percent wem rolcmiclastic 'Ihe S a n h  Bm corn had 99.7 v t  m e r y  during drilling, md the 

sectionsr of lost me never W e d  50 em In length. Thras -Wive o o ~ e  splits of mch majar unit wne oollectcd at the 

MI Ate. 'Ikcdlt m l e  mitea ars storal .t the University of Ubh -h Institute 0, Salt W e  Cicy, at. the 

Dtpartmsnt of GBoIow, Southern Methdst UnivemiQ, Dallaa, and at tbc Ongon -t of Geology and Miwral 

Musrries, M a a d .  T h e i a d e r o f  theSaat iamh -is -at the&mnogmphy Corelab, OregonState 

wnivmity, Corvallis. 

PALEOMAGNETIC !STRATIGRAPHY ANI) K-AR AGES 

Three core gamp1es with know map& oritnzations were, st1- for whobrodr K-Ar dating on tbt baais of 

stratigraphic position and relative Iack of alteration. Aaalytid data for thest units arc summarid in Table 3-1. The 

ages of these units can lx M e r  constraid from thc palmmagnetic polarity time s d e  of Madhen and Dalrymplc 

(1979) and Johnson (1982). 



TABLE 3-1: Whole m k  K-Ar ages, Sentimn Pars n-24 c m  

Depth Sample K 4u UI 
A h  bge (Ma) Mhdoglc unlt 

(m) wt (g) (wt %)' Xlclat2 mot/a (%) (*' 10) 

Notes: 

' K determined by atornfc absorption spectrometry at the Unhretsirj of Oregon, C. McBlmey, analyst 
- Isotopic ratios determined at Oregon State Untvershy. R. Duntxn, principal Investigator. 
- Decay constaws: A, = 0.587 x I wv1, Xp = 4.962 x 10-lOyr-', and " K L  = 1.1 67 x lo4  md/md (Stelger and 

JSger, 19~' ) .  

Santiam Pass Geomagnetic 
77-24 Polarity & Ages 
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The r t m t  magnethtion of Santiam Pass core is 

s u m m a  in F ' i  3-1. The highest maguctic reversal 

in tht core occm at 165 m depth. The base of the mag- 

nctic normal Section (Brunheg Normal-Polarity Chron) is 

~ ~ d o n g U S . H i g h w i y 2 0 2 5 h t a s t o f t h t  

we11 site at m elmtion of -1300 m (Plate I), which corrt- 

spnds to the eI&m d this boundq in the Santiam 

Pass well Core samples from 165 m to 260 m depth have 

reversed polarity magnethtim, indicating an age of >0.79 

Ma. A thick b d c  andesite flow at 260-343 m depth also 

has d polarity magmetinttion. H m r ,  basalt dikes 

with strong normal polarity magnetization cut this flow 

between 280 m and 321 m depth and have reset the once- 

m 1 y  polarized flow to normal polarity ( F I I  31). 

R ~ p l a r i t y  W t i c  andesite flows -tin= in the 

core to a depth of 516 m. A K-Ar age of 1.00*0.M Ma for 

a b d t i c  andwite flow at 502 m depth might seem consis- 

tent 6th a prcJaradIe eruption age (Fqgure 3- I), but the 

K-Ar ages aad galcom@c orientations of deeper units 

in&ate that shis date is at least 0.1 Ma too old. The 1.0- 

Figrrm $1. & ~&&ogric: -- Ma flow overlies a 146-m-thick magnetic-normal d o n ,  
kmen Smtiam Pass cone a d  the @omllgsetic h e  scale of w ~ d  i turn mrfits a rmrse polarity flow at Q99 
Mankinen and DalrympIe (1979). 6 m  m a e m  ma- 
sure6 with u fluxwe rnupemtnecer. a K-Ar age of O.Wf 0.W Ma (F~gure 11). If the age of the 
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Sbatigmphy and -1- oftbe Sumtlam Pass 77-24 dFm COB 

underlying magnetidly r e v m d  flaw is at the upper h i t s  of la error (0974.98 Ma), then tht over* m & d y  

normal flows were erupted during the JwamiIla event 090 Ma to 0.97 Ma Thip r c f a t i d p  would indicate that the age 

of the 5QZm flaw is ~ 0 . 9 0  Ma, which is close to the lower l imb of la *TZM for this Imit. However, an approximately I 

Ma age for €he 502 m flow would requte mptiw OF tk lmderlying normal polarity flows dlping thc L67-187 Old& 

event ( F I  3-1) and aIso would indide that the 0.91*0.M age of the 6!B-m £low was highly inamate, Thus, tht age 

of the yonnger m r s e  poEarity flow at 502 m is probably ~0.90 Ma 

From 662 m to 929 m depth, maGc lava flows haw reverse polarity magnetization. Smral bapalt dikes at 690 m 

and 709 m, which are chemically a d  IithoIogidy ind&h@shble h basalt dikes a b  6!50 m, have normal polarities. 

AU the basalt dikes are probably younger tfian 0.79 Ma, b u s e  they intrude rewmc polarity rocks that arc p w g ~  lhan 

0.90 Ma @ o s t - J d o  age). Some of the d c  flm within 1 m of these dikes have pdeomapetic orientations that 

haw bcea reset from strongly ~ r a c d  to weakly normal. 

A dcbrbflow &poS;t at 843 rn depth also has a &tent bat weak normal polarity. The matrix of this depsit is 

only slqhtly indurated, WE& suggests that the deposit was not hot enough to accurately m d  the paleomagnctic 

&tation The normal rnapttic d k & n  in this unit is probably a relict of hydration and oxi&tim of ferromgtmh 

minerals during che B d e s  Nd-Polar i ty  Chrm and does not iadicatt deposition during thc Oldwai Nmd-Polarity 

Subchrw ( F q p e  3-1). An units beneath this debris flaw have fmrse polarity maepchtioa A mmcly poIa-iztd flow 

at 928 m depth has a K-Ar age of UlM.05 Ma, which is within the uncertainty for the Iower age limit of the O l d d  

Normal-PoIarity Subchon (Mankinen and D a k p p 4  2939). 

CORE PETR0UH;Y 

M o w  stadits of mafic High w d e  volcslfiinm by M S i e y  and others (N74), Priest and others (1983), 

Hughes (m lM), Hughes and Taylor (19861, and Conrcy and S h o d  (1988) have s h m  that the cenral Oregon 

High Gasu~des d t s  of overlapping matic shield and wm@tt v01ultlocs. These stadits have generally cwcludcd that 

the d c  m a p a  system i open to mriabTe amounts aad types of aystal hetionation, mtd asdmilatiw, magma mixin& 
and magma mdmp. Variations in thc expasioa of each of &ex p t r o g d c  procma has resulted in the production 

of sevwal a p e d y  diffmt mak m q p a  types (Hugh, 1990), dtbwgb it is not dear if some of zhwe supposedly 

dLstind magmas d t  from limited gamphg of the d c  system ( m y ,  1991, Hill, 1991). Each of thwc petrogenetic 

pr- muld dm be dominant at di8Fcrent lmtiws w at @C times dllring the late K@ m d c s  emptim episode. 

MOUS studies him not rigomdy tested for spatial or temporal variations in ma6c magma petrogcn& because the 

stratigraphic md temporal relation&@ between different volmocs of the High Cascades art poorly tmtsbaincd. A 

W e r  limitation to these previous studies is &at only a few analyses are a d b I e  for each m&c volcanic center. 

The Sgntiam Pass core revs a unique vutieal sampling of at least 1 my. of mlativeIy continuous, ma6c 

v o l h  on the & of the central Oregon High b d e a  The hypotbwis that them are tcmprd variatbns to mafic 

-& em be tested through study of the S a n h  Pass am. In addition, the Santiam Pass area is repsentathe of 

the Higb Casmdes away from majm s t r a t d d c  magma systems. The Smtiam Pass core thus aids in anderstauding the 

gmI@c that control pemgentsis of m& mapas in the Oregon Mgh Gismidts. 



Pttrogmphlc characteristics 

The S a n b  Pass mrc contains 29 &emidly and petrographically &tinct lava flows and two types of basaltic 

dikes. The distn'bution of each flow type in the core is shown in the summary lithology log ( F i l e  3-2). Petrographic 

&acteMa of the Smtiam Pass core are summarized in Appendix 1. 

Basalt laws (Le, s5a percent SiOJ are characterid by a p h g i o d a s c ~ i n t  assemblage, with subordinate amounts 

of cfinopyroxene. Qrthopyroxne is oaIy found in those basalts with subopbitic groundmass tern. Most pl@& 

phenoaysts in the h a l t s  contain a few glass inelusions and have d normal zoning which are h a d w i s t i a  of near- 

equilibrium qstdht ion .  B d t  dikes, mntaEn phenocqsh of phgidase and olivine, with only a trace amount of 

&opyroxene observed at 523 m. Plagiodase pheaocrysts in the d i h  lack glass indusiws and have weak nomd 

mnation. The b d t  dikes are alwayx vesicular, aad the groundmass commonly has a diktytaxitic texture. 

B d t i c  audesite Iavas (53 percent to 58 percent SiOJ range from p l a g i d a s c o ~ c  phyric from 53-54 percent 

SiO, to plag~odase-two pyroxene assemblages from 55-57 percent SiOr PlagiocIase phenocrysts in many basaltic andesite 

l a w  mntain abundant wane glass inclusions and bavE strong normal zwing, which are eharact&tics of distquit%um 

ays tdht ioe  commody associated with magma mitiing (Lofgrtn, 1980; Sakuyama, 1981). Other dkpdibtium aysm- 

=tion features in the basaltic andesites indude resorbed and opacitic o k e ,  olivine with dopyroxene r e a c h  r k  and 

reversely zoned plagI&e with bitted and embayed m@. 

The badtic and badtie and& hvas show many common deuteric alteration effects, including idd+ite and 

opautic alteration of olihe aud oxidation of phen- and guunhas ferromapesian minerals, Possible features of 

low-temperature (m0C; E ~ t b ,  1988) hydrotkrmal alteration consist of patchy alteration of groundmass glass to clays 

and rare mnes of radial zeolites associated with fractures at 466 m and below abut 760 m. Alteration of ferromagnesian 

minerals to slightly p ledmic  m h r c s  of dorite(?) + clays below about 330 m may indicate alteration temperatures 

befw;een 50"-1W0C (Keith, 1988). 

Volcaniclastic rock$ comprise approximately 5 percent of the care. Coarse-grained (6-2 an clasts) debrikflow 

deposits range in &&as from 15 m to 75 m in the core. Clasts in these depadits are predominantly mafc volcanics, 

although hegrained dioritc(?) dask as large as 1 an in diameter are locally found at 699 m and 853 m. Otber d c & -  

clastic rocks include primary and s e w k c d  beds of m d c  d m  and ash 9s tbick as 1. m and sequences of m l y  

bedded volcanic sandstones am* 3 m in t d  thichesa Htg& oxidid auto* are found at the base and top of 

many m&c lava flows, along WNI intrdow breaks. 

Gemhemisty 

A total of 41 lava samples, representing d major igneous units in the 9 were analyted by X-ray fluortsctnec 

0. A 20 sampIt subset was analyzed by inductively ampled plasmaspeetroraetry (ICP), 9nd 12 samples were a d p d  

by instrPmtntd neutron a h t i o n  analysis (INAA). Descriptions of analytical: methods are given h Appendix 2. Some 

samples were a d y d  by several t d q u e s ,  ~esulting in multiple dues  for some clemencs. All of chc analyses for each 

sample arc reported h Appendix 3, along with a ranlckq af the relathe @on and a m m y  for each d y t i c a l  

techuique. The abundaaees from most precisG and aceuratt ttchnique for these mmpfcs are given in Table 3-2 m d  are 

used in the follwving petrologic Ma 
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SANTlAM PASS 77-24 
Summary Utholagic Log 

EXPLANATION 

Uthologhx? based on hand9ampb ~~n and major el-t analyses 

Mmfla near-vent agglutinmte Volmnlda*lc .edlrnem. 

aasrrrok: andesite flow, 1 TSlln seetion only a Geochemistry only rn 53%-5BJbS102 m Gebchemistry + thln sectlam 

Cpx: Clinopymxsne Mag: Magnet- 
wa: as ah- 'INOM m ~ e v e r m x i  m~noatalnl 

Scale : 1" - 100' 

ROTARY DRILLING LOG 

Blocky basaltic lavas 

Volcanlclastic sediment 
Cpx-hart ng basaltic andeshe 
Volmniclastlc sediment 
Massbe basaltic lava 
Blocky bssaltlc lava 
Volcaniclastlc sediment 
Weathered basaltk lava 
Volcanldastic sediment 
Blocky basaltic lava 
Volanldastlc sediment 
Aphanitic basaltlc lava 
Aphanltic basaltic lava 

Volcanidastic sediment 
Aphanitic basattlc lava 
Blocky basaltic lava 

~ ~ o c k y  basatc lava 

F i w  3-2 S v  tifidog*c lug fur Srvrtiam Pars ?7-24 Mt e m .  
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Hill 

DIAMOND CORE LOG 

DeDth L i t h d o a v m  
. . esmptlon 

m 
1 22 

ft 

* - 1-1 - Mac flows and wlcanidsstic rocks. 
drilled wl trimne bit 

I 
- 39) Blodcy, olivine-bearing basaltic 

andesite flow. Some locally intense 
srnectite aheration near the base 

I - 38) BIodry pfagiodase-baring 
basaltic andesite flow 

, - 37) Debris-flow depodt capped by hyalodastite 
- 36) Blocky rniwovesicuFar basaltic 

andesite flow 

- 35) Massive basaltic andeslte 

- 34) BIocky cpx-bearing basaltic andesite flow 

- 33) Aphyric basaltlc andesite flow 

- 32) Rubbly cpx-bearing basaltic andesfte flow 

- 31) Massivs basdtfc andesite flow 

- 30) Blocky fine-grained basaltic andesita flow 

- 29) Massive basaltic andesite flow 
with deuterically altered flow top 

- 28) Vesiarlar glassy olivine-bearing basalt dike 

- tqfa basakic andesite flow #29 

- d a  basalt dike #28 

- aJa basamc andesIte flow #29 
afa basalt dike #28 

- Blodry vesicular basattic andesite flow #29 

Figurre 3-2, cmtinued 
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-q/a basaltic andesite flow #29 

- 27') Blocky, apfiyric basdtic andesite flow 

-26) Massive, f ine-grained basaltic 
andestte flow 

-25) Mass'lve, olivine bearing basaltic andesil 
-24) Vesicular, plagioclase-bearing basaltic 

andes he flow 
23) Massive, fine-grained basaltic 

andesite flow 

-22) Massive, plagioclase-porphyMc 
basaltic andesjte flow. Coarser- 
grained groundmass in interior of 
flow. Variable and weak deuteric 
alteration of groundmass 

1WK-Arege: 1.00t0.03Ma I 

- Vesfwlar, plagioclase basalt dike aJa #28 

- 21) Bioeky, vesicular fine-grained 
basaltic andesite flow 

:e flow 



da vssiwlar badtic andesite flow #21 

20) Fine-grained volcanic waeke 

f 9) Blocky oiiine basalt. Overlain by 
reworked cinders and 30-cm-thick 
paleosol on upper flow breccia 

1 8) B I ~ ,  plagiodasebearing Ibasatt flow 

Vesicular, plagiodase basalt dike a/a #28 
Blodry plagidase basalt flow aJa M 8  
Vesicular, plagioclase 'basalt dike aJa #28 
17) Massive, fine-grained basalt flow 
Vesicular, plagioclase basalt dlke ala #28 
Massive, fine-grained b u t  flow Na #I 7 
16) Debris-flow deposit wl50 cm-thick paleosoF 
15) Bio&yf fine-grained basalt flaw 

interbedded with fine-grained sediments 
14 Fine-grained volcanic wacke 
1 3 1 Basaltic flow breccia 
Basalt dike a/a #28 

12) Blocky, aphyric basaltic andesite flow 
2290' K-At age: 0.91 i0.M Ma 

11) Blocky, Tine-grained & oxidized basalt flow 
Vesicular, plagioclase basalt dike q/a #28 
10) Moderately fractured, aphyric basaltic 

andesite flow. Weak pervasive zeolitic 
alteration 

9) Blocky, vesicular, and aphyric basaltic 
andesite flow. Locally amygdaloidd, with 
limonitic alteration 

8) Basattlc flow breccia with three <1 m-thick 
basalt dikes (a/a #28) 
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- BasafZlc flow breccia (#8) with thin 
basalt dikes (#28) q/a 

- 7) Massive, fine-grained basawc andesite flow. 
Capped by I .5 rn of mafic cinders. Weak 
and pervasive zealitic alteration in ground- 
mass and along fractures 

- 6) Massive, olivine-bearing basaltic andesite 
flow. Weak pervasive zeolitic alteration in 
groundmass and fractures 

- 5) Debris-flow deposit, Weak normal magnetic 
direction 

- 4) Coarse-grained volcanic sediment 

- 3) Mafic near-vent agglutinate 

- 2) Massive basalt flow. Weak to moderately 
pervasive zeolitic alteration in ground mass 
and along fractures 

- 1) Massive porphyritic basaltic andesite 
flow(?); Small basalt dike (#28) at 3025' 



3 
5 
K 

Table $2 Pm'd anaEyses of Santiam Pass c m  samplm and m b  fmm sumnurding mas in rke cersmI Oregon Cascade Ran@. 
w 
3 Element abumlances are prgfetred dues based on precblon and amracy of multlpre analytical techniques report& In Appendk 3. 
9 Sampte numkrs refer to depth of sample In the Santlam Pass core. Not all elements shown: refer to Appendk 3 for complete analyses. x 



Table 3-2. Cbnnirued 

sf% 
TIOe 

FeO* 
CMS 
n g  
C& 

Rnzo 
Y' 
P2% 
Total 



Table 3-2. Continued nslor elcmentr tut XI  

51% 
Tf'% 
A'& 
FcO* 
MnO 
Hso 
cea 

ILP 
'2'5 
T o t r l  

frace clmmts (am1 

TFJ-2: Hogg Rotk, from gtsssy margin fn Wrry  on mrrthclnrt flank of glacf ated exposure; K-hr aanptt. 
U-1575: From 1575' in U m a l  82-f rekl tn Hintn Creek valley; A r - A r  swrple. 
83190: Magmtleally r w c r s d  baseltie andeslte flow, outcrop along U.S. Huy. Ztl at  Ht. Washington ovcrlmk, 4100' elcvattm. 



S~--P~Y and petrology of thc Santiam Pass 77-24 drill con 

Many rocks in the Santiam Pass wre hw undergone pemshq dtutwic dtctation, which is a p p d y  overprinted by 

low-temperature (&OaC) hydrothermal alteration below about 730 m. The @emid effects assodated with this Lypc 

of alteration are oxidation and hydration of primary Fe-Ti oxides d limited alkdine elwnat (Na, K, Rb) mobility. The 

large &tiom in Fq03/FeO' with depth in F w  3% arc indimfive of post-empIacemcnt Widation and alteration. 

2x and Nb are two elements essentially i~~ompatible during the diffcmntiation of mafrc m a p a s  and are also r e l a w  

immobdc during low-temperature alteration SignXwt variations in Zr/Nb ratios will be a sensitive indicator of changes 

in the wmpositions of parental magmas or m a l  asaimilatlr. The variations in Zr/Nb ohcmcd in the Saritiam Pass m r e  

do not show systematic changes with depth ( F i I 3 3 b 1 ,  thereby indicating &at potentially differeat types of rndc petm- 

genesis in this part of the High Cascades do not vary in any simple way with time. A limited number of Ba/La, ZrJHf 

md Nb/Ta a d -  of the Santiam Pass core also fad to show fiirmifirnnt variations with depth. 

Figum 3-3. (A) Lmge vmYMaCiions in FeflPeO' witrr &pth am she effects of h t &  and low-tempemizm hyhthemral 
dteml'an of m@c laws in the Sanh'am Pass awe. (B) The mail &saved Warn in Zrm with depth in&ute a' 

similarpebqpariE for dl mck in rite Swttiam Puss corn, wn'Lh the cjrceptiun of she basaltic anhsite m 929 m. 

Hughes (1983,1990) and Hughes and Taylor (1986) dkbgdwi four & e d d y  distinct m&c rock types in the ~2 Ma 

Three Sisters-Three Flagend Jack area: N d  basaIt, divergent basalt, North Sister basaltic andesite and Mount 

Wdxhgton badtic andesite. These w m  used to define the fields in F ~ e s  3 4 a  and 3-4b. Other late High 

Cascades d y s e s  in F-cs 3 4  and 34b arc Erom Davk (lsso), Conrey (1991; unpub. data, 1991) and Hill (unpub. 

data, 1991). That data, cornbid with analyses from the Santiam Pass are, show that mafic rocks in Chis area cannot be 

simply delincd by four compositional types. h t c  High b d e s  maf!c rocks, incEuding thost from tht Santiam Pass core, 

can belong to either cholciicic or dc-alkaline assemblages (Elgurt Ma).  In addition, thest r& have a wide range in 

TiOZ content for any g b m  amount of differentiation Figure a). 
The compRsitions of late High Cascades m&c rodrs are also very d i m i  to the -positions of w l y  H@ Casmdes 

(7-5 Ma) rocks exposed at Green Ridge. Using data from Comcy (1991; unpub. data, 1991), the Santigm Pass analysts 

show the same range of variation as the Green Ridge a n a l p  ( F I  34c and 3-4). Althougb thc average compi?ioa 
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F i p  3-4. (A) Plol of FeO*/MgO vs. SiO, for Santiam Pass smn~Ies (A) and s @ c d  Indcanic rocks benveen Nodh Sister 
and Thee Fin@ Jack (+). Fields far n m d  basalts (NB), 4wgmrr bmd& (DB), ML Washingon t p e  busaltic 
andesires (m and North Sister bmitltic andsites (h?S) jmm Hughes (1983, 11990 LhoIeiitic and cdc-alkaline 
$el& fmm Mjrashim (1W4). (B) VmMohions in Mg' vs. 720, for hte Hi@ Casca&s nxh,  using s m e  ~ymbols und 
fieI& dqlinitionr as in pari A (C) & (D) Cornp&ons of- High C S r r d  {x) and Santiam Pass (A) mch, $ m e  
fielok as p a  A & B. 

of Grtcn Ridge rocks is somewhat more tholeiitic ( F I I  Wc) and titadcrous (Figure 34d) than late High Cascades 

roc& &e mages in composition for individual analyses are nearly in-ble for early and late High Cascades 

Similar trends between early and Iate High Cascades mafie, rocks are also observtd for many trace dements. 

Zncompab'bIe tIements such as Ba ~~c 3-5a) show expected increases with inmxsbg Si02 content for both early and 

late High Cascades r&. The overall trends between early and Iatc High Cascades mafic rocks are indistinguishable, 

although individual samples may plot outside the range of the other age group. For exampIe, some Iate High Cascades 

basaltic 9ndesites have lower Ba than €hat observed in early High h d e s  basaltic andesites (Figure M a ) .  This may 

reflect evolution of some late High Cascades basaltic audesitcs from parental magmas with initial Ba concentrations lower 

thm e81ly Migb m d e s  basal& or the mhting of I m r  Ba magmas ot wall r k  into chc late High Cascades ma5c 

system, Incompatiilc element distributions indieate a kimilnt pe&ogen& for most early and late High Cascades mafic 

rocks. 
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F i w  3-5 (A) Repmentuh hmpon'ble e I m t  ~'~ with SiO, for Sontiam P a s  (A) mtd lolc Wigh Gscaiks 
mid & (+). Rmlge of carjr High C a s e  compsilims from Cotmy (IPPI). (B) Repmentaff'w compananbIe 
e I m t  ~ ~ ~ l ~ a h * ~ l t ~  with Si0,  some syntbdF irr pan R Lofe High Cascades bmalEr have slight& higher Ni 
concenm-w than ear& High &ca& basait~. Both of rn4c & haw similar incamponponbIe elemenf 
rrbwdarrces. Compatible-incompatrpatrbIe element v~*ah~olls jn (9 and (D) d o  M - c d e  lhal eady and lde High 
Gwcades +C m h  haw a s i m i l a r ~ n e s i s .  

Compatible-dement variations ahow swlt subtle dishdons between early and late High Cascades r m k ~  For 

emnpk, Ni abunchccs ( F I  3%) are wewhat higher in late High Caseides r& relative to m p o s i t i d y  similar 

arb Higb Cascades &. These variations may indiate that more ohhe is fractionated from some early High 

m d e s  -as, that mhbg of low-M melts is at iimtimes more prevalent in the early Hrgh Caseadcs magma system, or 

that late High m d c s  magmas have more of a parental redratge component than in the early Hi Casmdes. The 

w e r d  compati'ble clement trends, h m r ,  still show considerable m r h p ,  which makes it diffteult to dtshq&h an 

or late High C a s d c s  prowmat for any hihidud sample. 

Carrchtioa of compatibletin~pati'b1~1cmttlt abundances in tbe late High m d w  are very fiimibr to 

wmlatims in the early High m d t s  (Figures SSc and 3-5-4. Although there is considerable m r h p  between thtge 

twu age groups, the relatively lower abuudancs of Sc at equivalent Ba mnmntration in the &y High Cascades may 

indicate that fractionation of d i n ~ o x e n e  or mixing of low* magmas was more prevalent than during kte 

Cascadcs magmatism. A lack of lmSc mafic magmas in the late High Casades may also indicate chat more rnak 



rechaFge d in the late High h d e s  magma system. Sr-Ba variations (Eqyre. S5d) b&mn early and late High 

h d c s  r& arc also very similar. although elmtcd Sr and Ba in s m e  late High Cascades r k  may indicate 

aEIimiIatim of high& and -Ba m t a l  racks. In addition, some early EQh Qscades basaltic aadedites bave higher ST 

than simihr amposition late High Camdes rocks, which may indieate that these early High m d e s  roleks difiereatiated 

with relatively Iow amounts of p1agiodas.c hetionation, 

rnoGENmICSUMMARY 

W c  ruth in the Santiam Pads care are indistingaidhable from other late Ifigh b d w  m&c rocks in the North 

Sister-Thtce Flngered Jack area. In addition, the d y s e s  from the Santiam Pass core and other a d y s a  not piesent in 

the or&d data base of Hughes (1983, I W )  md Hughes and TayIor (19%) dearIy show that these mafie todrs m o t  be 

simply divided into fout separate groups. Petrographic md gemhtmid data indicate that m&c rocks t w ] ~  from a 

Iwg-lived matic m a p a  sptern that was open to variable amounts of magma rtebatge, uystal fractionation, magma 

mixing, and entstal ashdatiw. There is no apparent systematic variation in the expression of these magmatic processes 

with either timt or spa= in both the High Casmhq or within the Santiam Pass core, Mafic rocks from the Green Edge 

area, which are repmentathe of early Casdcs magmatism (Conrey, 1985,1991), cannot be readily distbghhed 

from Iate EE& m d c s  ma6c rocks on the bsis of mineralogy or chemistry. Some early and latt High &scad= mafic 

rocks may have evolved under Werent magma~c conditions, dthough thcrt is no compelling evidence that indicates either 

of these m&c systems wwe p e t r o g c ~ y  distinct. 
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Chapter 4 

Thermal results of the Santiam Pass 77-24 drill hole 

by Dmtid Dm B k h w U ,  &p&menluf Gedogrogrd Sciences, Southern Metlfdsf Unim-ly, DallasI 7X 75275. 

ABSTRACT 

The 929-mdeq Sllntiam Pass 7-24 well in its completed state is characterid by d d o w  of cold groundwater in 

the bore that prevents amitate deteridnation of the true rock thermal conditions below 160 m depth. Average thermal 

mnducthity of the 400. to W-m i n t d  is L66e0.07 W/m/K The calculated gradients for the 410-7l&,718-920,9120-928.0 

and 919.0-928.0-m-depth iuctrvals are 16,52, 115SkO.9, and 103.6*23 OC/km, rdspecthdy. The gradients in the fmst two 

intcds are b a d  on the Worn-hole temperature data. The hat-flow dues for the bottom three mte& of the well arc 

86,175 and 2M mW/m2 respxhly. T '  values bracket the r e g i d  average for the IGgh Cascades of 10Si5 mw/m' 

@lackwell and otheq 1990). The iaaease of heat Qm with depth is mmUed by regional grounhter £low, The tffed 

of such flow w the thmnd k l d  diminiPhGfi with depth due to dcmmscs in permeability as the r d s  W e  p r w l y  

more altered. Hot springs and other t h e d  features dong the McKenzic River are probably reIattd to upwardly f m d ,  

gr&y&ven regional gmmdwater £low dong faults bounding the west side of the High Qisadcg graben. The f o d n g  is 

rehtd to the fault-bounded tambation of the relatidy more permdle roclm of tht High Csatdes graben W t  the less 

permeable roclcs of She Western Cascades. The heat flow at the bottom of the wen is equal to or higher t h  chc true heat 

flm, examples from other h d e  Rgnge wlells are illustrated to demonstrate the basis for this conclusiw. The results 

demonstrate that heat flow along the &wade Raagt axis in au arm bttwcm active stratmleanoes is tqud to or higher than 

chat alwg the west edge of the Hi m d e s  as d c d i  by B-11 a d  others (1982,1590). 

MTRODUCIlON 

The S a u k  Pass n-24 well was chilled at 1464 meters dewtion on the axis of the Oregon Casmtde Range at 

S a n h  Pu. Gbochcrmd padimt a d  heat flow data from other we& in the region are in Flgurc 4-1. The 

S~ntiam Pass well was drilled to obtain tempetatare gradient, heat flow, hydrologic, and lithoEq& data that could not bt 

obtained from nearby shallow (lOO to 400 m deep) drill holes. The prelimiaary r d t s  have already been summark3 by 

Hill and ochm (1991a; this volume). 

Thc S a n h  Pass wdl was drilled during Aupt  and September of 1990. Bottom hole tcmpetatarcs were 

measured with maximum redng thermometers cvtry 20.30 metws during &itling. A d p c r  log was nra prior to 

mpIetion, and m9taral -a-ray lrad tempatwe 1- were run w stpttmbw 19,1990, after completion. A second 



F i p m  41. L.mutiopt map of h e  Santiam Pars m a  GeoChemai pdimt ('C/km, upper d u e )  and heat flow ralues 
(m W/m2, lower vcrlue) mr! shown. DtflI holes in Hdocme an? m&d by open aimgles. Major volcmic centers 
ate shown as stm; C a s h  Ranp crest ir dashed line. Major wI4dge  faults of High Car& p b m  am shown. 
R& older rhan Quutemq Black m d  others, 1987; Priesf and &err, 1988) shown by e m t  wnn. Stippled 
pattern mcvkr heat flow anomalies. AbbnmXm ort TFI, 7?itcc Finpred Ja& BL, Blue Luke; ICIW, Mmt 
Wmhhgun; BC; Belknq Cmler; NS, MS* SS; NorEh, Middle and South Sirset; SM, Sand Mounts-n. Modif i tdm 
Figun? 5 in BiackwelI and others (19#). S a n w  Pass sile is shown as SP n-24. 



Thtrmal m111ts ot  the Saatlam h 77-24 drill hole 

temperahme log was run on Stptemh 27,1990, and a final: temperatare log was m on September 3,1991. The 

aquilrMcd bottom-hole temperature is 25.M°C at a depth of 928A m, with apparent temperature gradients d 

5060"C/km from 70Q-900 m and between 103 and 116"C/km below 910 m. 

REGIONAL S-G 

The gcoIogy of the study arm is shown in very simpued form in F w  4-1 (from Priest and others, 1988, Black 

and others, 1983, and dimwed in detail by Hill and Priest (Chapter 2). The Wtsttrn part of tht area is underlain by 

Pliacene and older voIcanic r d q  whereas the castem part of the arm is cxwerad by Quaternary v o l d c  r&. The well 

site if along the topographic axis of the Cascade Range between the Thtw Sisters and Mt. Jefferson stratavolcanoes. The 

nearest large Quaternary centers are the Tkee Finger J a& and Mount Washington r o l a m .  The study area was the 

site of extensive basaltic ~ 1 1 -  abut 3000 years ago and the Sand Mountain chain of ccnters (SM on Figure 41) 

dates from thaC episode of volcanism. Most of the area west of the crest and nwth of 44°10'N is covered by these 3000- 

year-old basalt flows (Taylor, 1W). A series of down-twthc-east n d  faults reprmtbg the west side of the Iiigh 

m d e s  grabn divides the High cascrldes frwt Che Wcstern casclldcs. 

There are extensive thermal data adab1e in the area to the wcst dong the McKede River drainage (Blahdl 

and others, 1982,1990, Cox and others, 1981). The thermal wnditiom of the atm there have h e n  d k a s d  by B l a b l l  

rtad others (1990). Lneatiom of d d  holes art shm in Figure 41 along with @trmal gradients and heat flow values. 

This area bas a complex thermal pattern Heat flow in 350 m holes is ztro to negatwC on the cast side, inmeases to quite 

high values in the center of the map (r l W  mW/m?, and then dca- west of Iht map area to values of less thaa-50 

mW/m2. This same pattern is observed eIsewhtre in the Cascade Range Iglache11 and others, 1982,1990). 

Temperature-depth amx for several of the s ~ o w  wells in the area are shown in Flgure 4 2 .  These 

temperahuo-deptb nvrpes ean be related to tht tqmgraphic and p l @ c  setting of the wells. The wells in the Holocene 

basalt (Eqqtre 4-2, wells SA3, SAIO, SAD, SAI4, W17) lum bthtrmd to negative dopes on the temperaturedepth 

plots. These ltypes of temperahue-depth amcs are due to the rapid h, both vertically and horizontally, of ground water 

in the extremely permtabIt young h a l t .  The &cs of Mes with Iow but positive gradients (Elgurc 4-2, wells SA5, SAT 

SA12, aad SA16) wme drill4 in Quatenmy v d d c  r d s  that mltke up part of the k d e s  g r a b  6lL The gradients 

in these we& are g e n d y  below the r e g i d  p & n t  of 65 O C / l r m .  Hmwwr* in m e  deeper hole (EW?2B-& F I  4- 

4) the pthermal gtadictlts range from 112°Cj'b (15-200 m) to U°C/km (485 to 555 m). The. &apt of the 

temperatwedepb a w e  dearly indicates lateral £low of warm watM in a conbed aquifer through an area othemke 

charaderid by a lmw-thaa-background temperature and heat flaw related to pmdwater mcbrp (Blackwd and 

others, 1982). A 150-m-deep w d  4 km to Cbt north-t of EWEB-CL has a gadient of lMIaC/km, the highest gradient 

dong the boundary province not near a bown g a t t k m d  anomaly. Gmseq~ently~ in the northern part of the map 

(arippIech ma on Figure 4-1) theft is probably lateral flm of warm water at relatidy sballow depth ( B l a h l l  and 

0th- 1990). 

The gradients for wells S5 9nd SAIl ( F I C  42) are near the cxpctcd regicmal value of 65*5 @C/km. Tbese two 

d l s  are sited wwt of the graben in pre4uaternary rocks where the permeabilities are low and fluid flow is &ed to 
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Temperature, Deg C 

Figure 42 Tmpmfum depth plo& for Sun& J 5 0  rn deep holes. Ternpawm WE m m w d  mq 5 m. Numbers m 
hole i&ntificahahm, 

discrete aquiftrs and fault ma. Other shallow wells that penetrate the older rocks also hawe typical gradients of 

65*5*C/km in this area (ie. WoIf Meadow and the holts near B e h a p  and Fuley S p h ~  from BladcweII and others, 

1982,19W), West of Frgure 4-1 the gradients d~acast  to values of 25 to 35 OC/km, whicb are typical of the P a g ~ c  

coastal provines (BlacbelE and others, 1982). 

There are four hot spr- in the mxq Bigelow, Belkmp, FoIey, and TcmWger. The spting ttmpmturcs are in 

the range d 46 mC (TemUige,r) to 79 "C (Folty) and the rtxrmir tcmpcratures based on geochemical thermometers are 

estimated to be between 113 and I50 O C .  hgebritsen and oahers (1991) estimated a total flow of %*S I/s from the 

springs and a total cod amponen& of 24,000 U/s, which is equivlrltnt to the h a t e d  condudw heat loss from an 

area of 240 Id in the High Cascades hmal province. 



'Fhemal mutts of the Sarrtiam Pma n-24 Mll hole 

WELt 77-24 THERMAL RESULTS 

The three tcmperature-depth awes recorded for the wd arc shown in Figure 4-3. Behvbcn tbe temperature log 

imm&tcly following completion of drilling w Septtmbw 19, 1 W 9  and the Iog of September 27,19W, the ttmpcrawes 

in the hole cooled about 1 to 15 O C  except in the depth range 160 to 180 m and below 910 m. By September 3,1991 the 

well had -led an additional 15 to 2 O C  in She upper part and up to 6 O C  at about 900 m. This cooling is the response 

of the well to long-term flow dawn the bore. The shallow uwt that &QWS little dtilling effect on the fmt log (at 

about 160 m) is a zoae of adive pmdwater flow, and the flow of the water past the hole has caused the hole to m r  

more rapidly than the areas of the hole not so affected. The volume and rapidity of natural groundwater flow in the 160- 

mdepth aquifer is emphasized by the fad k t  most drilliag fluid was lost into this zone with virtually no tempera€ure 

effect. 

TEMPER4TURE, PEG C 

S h a m  Pass 77-24 

1 - Bottom-hole temperatures 

2- 911 9/90 

3- 9/27/90 

4.1 913m 

F i p  43. Tern- cum for thc thm loggt-w of Lhe SanCitn Pars ?7-24 w1I- The dashed line cormem 
boltom-hole temperam rntwsumrnerrk made as dn'Iling pmtded 
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Ground water is also flowing into the well. As a consequence the h d  curve has lempmtms above 500 m chat 

reflect d y  the temperature of the pundwater where the watm flow aehlally enters the well, and thus the c u m  is nearly 

isothermal from the surface to 500 m. The geothermal gradient in the well bore from 500 to 900 m hereases from abut  

20 to about 60 O C J l r m  in the first log and from 10 to about 35 "C/km in the 1% Thm if a step in the 

temperatures of a h t  6*C at 900 m and the gradient is 116 OC/h Mow 900 in the first lo& and there is a step of 12 *C 

and the gradient is 103.6*23 "C/lrm between 919.0 and 928.0 rn in the final log. An average gradient of Xl5.8i0.9 " C / h  

from 9l2.0 m to 928.0 m is calculated for the last Cwo temperature lop. 

The undisturbed, or rodc temperatures, in rhc well between In] and 900 rn are remarkably different thatl implied ;by 

the temperahut lw. Bottom-hole temperatures (BHT) were measured at several depths during the p r m x  of drilling. 

Temperature measurements were made o w  periods of 20 minutes to 1 how, and estimated equilibrium temperatures 

calculated by. extmpotiw. These estimated equilibrium temperatures are plotted on F w  4-3. The BHTs show 

considerably higher temperatures In the SOO-to 900-m-depth raqc (about 5 to 14°C higher) than the highest temperatures 

measured following drilIiqg. The estimatzd rack temperarurPdeptb ume is shown by the dashed line. Water enters into 

the hole at 160 m depth, the point of persistent loss of dtilliag fluid during the drilling pmux Tlk water flows d m  the 

hole, aooIing the hole by about 6 to 14 "C, and exits at 900 m, causing the observtd step. Numerous unsuccessful 

attempts were made duriag dtilling to plug the at& zones of lost circulation below 160 m. IIowcwzr, high viscosity 

completion mud was s ~ d y  circulated in the hole for 25 hours before the 2" cwdudor pipe was set. It is now 

apparent that groundwater flow was sufficent to dilute and remove the e~~lpletian mud between 160 and 900 m. The 

positim of the well at the topographic divide also makes the posuibUy of dowdow very liloely, due to large differences in 

piemmetric head in different aquifea The shape of the temperaturedepth currre inferred from the BHT data implied 

that the ~11distwbe.d gradient in the hole might be on the order of U°C/km between 160 and 750 m, abut 50 to 

W C / h  bebwxn 750 and 850 m, and about 100 to l#)°C/lun at the Mom of the hole. The 54) to 60°C/km gradient is 

slightly below cod for the area while the gradient of 100 to l#3*CJkm is slightly to si@cantly abwe r e g i d  value. 

TbennsE Conductivity 

The thermal conductivity of 46 samples of tbe core from the well was measured using the divided bar tec3urique (see 

BlackweU. aud Sflord, 1987). The measured thermal eondudivity, porosity, and density values are listed in Table 4-1. 

Thermal conductivity values arc quite uniform aud variations are primariIy a function of the porosity of the samples. The 

ash layers have the lowest thermal mndudvity dues,  whmas there is little diaertnw in thc thcrmaI tmndudvity of the 

basalt and andesice flows. Average t h d  conductivity of the 400- to 9n-m inttml is E.66*0.07 W/m/K. These values 

are typical of other areas in the Cascrlde Range. 



Th-1 m d t s  ot  tbe S a n h  Pass 77-24 drill hole 

Table 41. niemral muheti@ measrrtlements fw Santimn Parj e m  sampiu. 

Porosity Dry Density Thtrmal cmdu&ty 
rrer_ceat & XMK 
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Heat Flm 

Calculated p&ents for the 410-718,718-920,9120-928.0 and 919X)-928.0-mdcpCh int& are 16,% 115.8*0.9 

and 163.6*23 *C/km, respectidy. The gradients in the first Cwo intwvals are b a d  w B m  data. H~~ values for 

the bottom thrte i n t d  of the well are 86, #)4, and 175 rnw/ma mpe&vely. Thest d u e s  bracket the regional 

average forthe High Cascrldcs of 105*5 rnw/m7 (BIadcwelf and others, m). The average gradient in sht depth range 

90Q to 920 m is about me C/km. The minimum gradient in the bottom third of the hote is SO0C/km. The high gradient 

ia the bottom m e  may or may not be the best to use in further extrapolation to depth. 

T h  illudbrative txampies from the Or- Caseides are shown in F I  4 4  Oae hole is from the Mr H d  area 

(USGS-PUc) a d  one hole is about 25 km northwst of the Santiam Pass hole (EWEB-2). The gradient and heat flow 

values for these wek are shown and discussed by Blackwe11 and others (1% Figure 6 see also Stele and others, 1982). 

Ie the EWER-2 hole (elevation 1195 m), the regional mdient of 65DC/km starts immediately Mow the goundwter 

effixt at 250-m depth, En the USGS-PUC heit the regional gradient is reached at about 400 m, below about 250 m of 

higher-than-regid gradient and 150 m of low gradient in the zone of active water flow. So the gradient below the d@ 

of active groundwater flow mn be higher than or equal to the gradient characteristic of greater depths. 

Thc nearest hole to the S a d a m  P a s  well is abut 12 km to the wtst at the EWEB-1 (EWE3 78-32 on h t e  1) 

site near Clear M e  at an eIevatim of 975 m. The Santiatn Pass hole is at 1463 m so che difference in clevatim is about 

500 m. Tht temperaturedepth data are s h m  in Figtve 44 for cornparka. The bottom-hole temperatures are s h i h  

at equal elevations. Botb we& appear to be in areas of rccharge w rapid herd flaw of pundwater k u s e  the 

ternperatum a d  the gradients are b l o w  regional to depths of 400 to 500 m. 

Howtver, the pattern of fluid flow is not b p f e  because the warm temperatures at 200 m in -1 (28°C) arc 

evidence of lateral flow of warm water from as yet unlocated direction past the well site, as d m i  by Blaekwell and 

othem (1982; compare to the temperature e$ects of lateral flow of warm water madeled by Ziagos and Bhclwell, 1986). 

ELEcrRICAC REST- 

In the Santiam Pass area there has been extensive qEmtion using various techniques that measure the subsurface 

eledcal resistivity. A swey using the roving dipole technique was carried out by Pritchard and Mcidgv (1975) with =me 

followup studies by Electrdync Sunttys (1979). These Wdies fd in and mund the d c y  of clit McKemie R i m .  

kgonaut Enterprises (1982) &ed out a magaetotelluric smvty dong a cast-west prome more or 1- centered on Foley 

Spr& In 1989 the LEGS @das Stanley, written cmmun, 1989) carried out a 7 point audio-magnctotelfutic sounding 

survey in the vicinity of the Santiam Pass d site. In view of the interest in the c;omparis~n of thermal and el&cat 

exploration t d q u e s ,  the results of the electrid studies d be brie£fy r m m m m  hem 

An apparent conductantx. map from the roving dipole study of Pritcbrd and Meidav (1975) is shown in F i  4-5. 

F i  4 5  covers She same a m  a& Flgurt 4-1 so chc twe data sets can be spatially compared. The positions of the dipoIe 

sources are tbe h w  straight lines and tht recording points are the small dots. Them were three source positions, two h 

the north and one in the south me apparent miativity values range from about 1 to over #W) O m .  The largest law 

resistivity region extends for at least 7 Iun in a SW-NE & d o n  just northwest of Sand Mountah (SM in 4-3, 

o p - F i l e  Report M-3 44 



Tbtlmal molts ot the Saathtm Pass 77-ZR drill bole 

R"guw 44. mpiron of swnpemlum&ph amw in the S&-M Pass 77-24 weII mtd some &a Ili& C a s h  Rmtge 
wik. T a w  y n b &  ntork ~ ~ q ) r  &h n t c ~ ~ l c d  tempmhm point. 
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Dipole Survey 

Geunomies, t 975 

F@ 45. Contosvs of equal elemmeal mhtivityfrom dipde soundings (Air- Md Meidav, 1975). ).on of the AMT 
sormdingprofle from Staniqt (wnwntten wmmun, 19#) h shown in the notthem p~ of the map. Location of the MT 
section j k m  e n a u t  Ente@es (Ern) ir shown (section A-A') h the south p H  of rhe map. Geopphic 
&brn'a~-orr~ a~ the same a in F i p  41. 



Thermal mmlts ot  tbc Santiam Sass 77-24 drill bole 

which is an apprwtimateiy 3 O W v s l d  h d e r  m e .  This law resistivity zone m s  tested for a positive t h d  anomaly 

by the EWEB-1 well shown in F w  4 4 .  The WOW thermal pd icn t s  are high but the deep tcrnperaturw arc 

disappointingiy low. The law resistivity region d w  not pndtrlit the shallow well with high gadient n o d w t  of the 

EWEB-1 well (see Figure 4-1). Bemuse the raving dipole tdmiqut sampfes the rmbsurfact in a m m p l i ~ c d  way, it is not 

easy to assodate particular anomalies with s@c depths. Thus the =use of the low resistivity region semaias enigmatic 

The m H - f  well Frgure 44) was also drilled in a low resistivity anomaly (J. Immitti, oral mmmm, I S ) ,  north 

of the present study area. mGH-1 has a high but r e g i d  temperature gradient of about 80°C/km (Blackwell and 

Baker, 1983b) and the rocks below 400 m have undergone p c m k  low-temperature (<lOOmC, Bargar? 1988) alteration. 

The best hterprebtion of the magnetoteIiuric results seems to be that the low resistivities are due to the alteration rather 

than due to a l d  geothermal anomaly. 

An east-west profile from rhe MT survey of Argwaut Enterprises (1982) L shown in F m  44. The loeation of 

the profile b shown on F I  4-5. The results of this profile are typid of the other sites studied. The section s h m  

three layers refwred to on the d o n  as "resistivem, "cmdu&*, and mresistive" in order of depth mameme. Along tht 

east side of ?he section the Worn of the upper resistive hyw (with r&stivities of 50 to 100 Q-m and cotrelated with 

Quaternary h a l t s )  occurs at an elevation of a b u t  500 to 600 m, or at typical depths of 400 to 600 m below the surface. 

The conductive layer (about 1 to 50.m) aops out along Horse Creek and dong the west side of the section in the 

McKcnzie River valley. Beneath the conductive hyer the resistivity inaeases @I to values of greater than 300 Il.m at 

typical depths of greater than 1 to 12 km (about sea h e 1  in elmtiw). One interpretation of the conductive layer is that 

it represents a warm aquifer carrying thermal water from the b d c s  axis to the west anal- to the aquifer at 

Breitcabwh Hot. Springs d c g q l i  by BIackweU and Baker (19- 1988b). The evidence of hteral flow at the north part 

I I 
Figm 46. MTptvFIe el&*d min'itity thtqw~mkwi ( m t  E n w e s ,  1982). me lmatr-m of the m s  s e d h  in 

s h m  m F i m  45. 



of the map area lends eredence to this intcnprctatioa An dtcmative interpretation is that tht mndueeive region 

comqmds to the areas of alteration in the older and/or more deeply burid r& and h M direct thermal implication. 

TI& interpretation is favored based on the occurrtncc of the hot s p r i q g  dong steep& dipping faults and rht gemed 

wineidenec of the artas where the Iow resistivity area coma to the surface with outcrops of pre4uatemary r&. The 

higher reskthity regions at greatest depth may k areas of higher temperature rock alteratian where clays md zcofitcs are 

replaced by more resistive mineralogy. 

A series of audio-magnetotelluric (AMT) d&d S O U Q ~  wete &ed out by Herbert fierce of the USGS 

(Dallas Stdey,  written commua, PW). The lmtions of these sound+ are shm on F m  4-5. Addi t id  data have 

been mllecttd by Livelybrooks and dhers (39893. These resub in the vicinity of the Sautiam Pass well are &tent with 

a several hundred- meter-thick layer of rocks with high electrical resistivity underlain by rods  with a much lower 

resistivity. This confiiguratiw is similar to that sccn on thc MT profile along the Mck&e Rivtr. The depths to the low 

resistivity apptar to be somewhat deeper along the Santiam Pass section, in agreement with the relatively low degree. d 

alteration seen in the d d l  core. 

The interpretation is that in general rocks in the Cascade Range that have been subjected to alteration due to tithtr 

Iocalizcd hydrothermal activity or regional dxagenetk low-grade metamorphism haw low resistivity. Thuq in gentrat, areas 

of low electrical mkthity m s p o n d  to areas of generally law permeabilityy altered v o l d c  r& while artas of high 

electrid resistivity ~~ cornpond to rcgim of high permeability, unaltered volcanic r o c k  A similar situation has 

beea d e ~ ~ l h e d  in decail at Ncwbtrry volcauo by Wright and N i h n  (1986). 

GEOTHERMAL MODEL 

The eff& of alteration on permeability and mwqueatly w heat bmpmt by pundwater 5 w  in the vo lhc  

rocks of the Cascade Range has been previously d t ~ ~ l ' b t d  by Blackwell and others (DQ 1990). They concluded from the 

drilling evidence that the MOW hydrologic propertics and shanm thermal conditions were related to the degree of rock 

alteration, which minddeb to some extent with maximum depth of bwhl (maximum temperature reached) of the r k  

The degre of s u m  of obtaining gradients in 150-mdcep h o k  in the cascade Range (Blachdl and others, 1982) is a 

testimony to the m f a f  sekdion of sites bascd on age and d t d w  uitesia by che DOGAMI geologists in charge of 

siring the wells. Geothcfmal exploration studies, which haw been more constrained by a need to have data from certain 

locations that are generally higher in elevasion, have had sigdicantly lawtr rates of su- using l%m-deep exploration 

holes. 

The cxknsive fluid flow at shallow depths has been tcferred to as tht "rain curtaid and discawed in detail for two 

Newbwry Volmo holes by Swanberg and Combs (1986) and Swarrbwg and others (I=). Tempmum from d deep 

holes (over I km depth) in the m d e  Range except the S a n h  Pass 77-24 (excluding data fim the N&rry wllcano 

which show similar k a c t t r i b t i a )  were shown in Figure 4 of B ? a h I l  a ~ d  others (1990, see a h  F l e  6 h B l a h l l  

and others, 1982). In addition to the EWEB-2 and USGS-PUC wIls another example of tht temperatmc-dcpth behavim 

in the H i  Cascades is the 1.4-kmdeep CTGN-I hole drilled near the m d e  Rauge mst north of Mwnt Jefferson. 

The mGH-I well has a beat flow of 110 mW/ma. Its thermal character is ti^^ have bew dkmcd  in detail by Blackwell 



T h d  re~olts of the Sentiam Pass 77-24 drUl hde 

amd Steelt (198'7) and Blackwell and Baker (1988a, 1 W ) .  The inatasc in gradient to regional valucs o~arrs kt- 

400 and 500 m, and is d t c d  with the initial ocavrenee of aheration that has taka place at temperahucs ktwcm 50 

and 100 *C @argar, 1988). The alteration has presumedly lowered the dectrieal rwistivity of the volumic rocks. Ie all 

these cases tbe gradients and heat flow dues in the deep boles below the gmmdwatcr 5 w  mnas arc eonsistmt with the 

predictions b a d  on 150 m holes nearby or on regional wasidtraeions, 

B l a h I l  and S t d e  (1987) d&M temperaturcdepth data from a dl at the edge of Crater Lake Park 

(CE.CL1) in an area of no surface geothermal rngnifcs&ations. Hole C E G l  has a high gradient ( h u t  250'C/km), 

The results from C-I illustrate that if the S ~ ~ G F  TOCJTS are dtered, rcp~amtazive gradients may be obtained at mu& 

shallower depths (<Xi0 to 400 m) than those iegutGd in arcas sf unaltered volcanic rocks. Tkus in the Oregon Cascade 

Range low electrical resistivity vducs can be b e t e d  with alteration of the wlamic rock to clay and zeolites and may 

not be associated with contemporary high temperature regions. 

The detp drilling results &OW that isothermal d o n s  occur to depths nqhg up to SKI m at various sites within 

the High Cascades although typical values arc IGSS h u  400 m. I a h  condude that, rn the basis of present data, 

consistenfly high gtothmmd gradients (in excess of SOOC/km) are observed below the zone of rapid groundwater 

&c&tim. The onIy exception at present is the EWEB-I hole near Sadam J d w .  Furthermore, there is often an 

abrupt depth transition betwetn rocks which haw high permeability and rapid 5 d  through-flow (near isothermal 

temperature-depth m) and K&S where the ayerage pcrmea'b'ity is quite Iow and Quid flow is suppressed. The B#X) 

m transition zones from low to r e g i d  d u e s  of geothermal gradient typid of the deep holes is evidence that hrg~ d e  

flow at depth is d e l y  to oonv generally except dong @&Iy favorable stratjpapaic regions or dong fractures or 

fault zones. 

However, the gmtbennal mcdel for the S a n k  Pass area must involve sigdicant, general, fluid flow at depth h 

tht Quaternary rocks of the High t h c a b  graben (thc eastern half of F v  4-11. In some asts the flow is cdhtd  to 

a t e  aquifers (as in the top of -1 EWEB-I) and in other cases there must bt general porous-media flow. In d 

prob8bility most of the flow systems taminate q a h  the hw-pcrmcability pre-Quatesnary r d s  of the W~stern 

Cascades. T$us warm water is f o r d  to, w dose to, the surface along cht faults bunding the west side of the High 

Caseadcs graben. The depth of the widespread d B k  flaw numot be established at the V n r  time ~~ &ere arz 

no drilf data avdablc kEow 40Q m at the west edge of the system and the permeability structure is &owe The depth 

of ground water flow tbat e£f- the heat flow is as deep as or dccpcr than the Iml of the lowest poiat alwg the map, 

chc McKede River at elevation of 300 to a00 m, and must at gomt point go as deep as at least 15 km below the surface 

to hcat the groundwater to the 7P°C measud in Foley Hot Sprbp. Thus here is a net loss of hcat along the prohte 

through the groundwater system, IagebriPsGn and others (1989) have m p M  the role of this sort of fluid flow w tbt 

heat transfer in the High m d e  Range. The S m k  Pass m a  comes the dosest to the charadtristics of their ideal 

m d e l  unlike thc area m u d  Breimbush Hot 5- where the low permeability rocks predominate the d o n .  

The required loss of hcat ran b a-ted for by leakage of geothermal fluid into tht McKcnzie Rivcr drainage at 

hot springs such as BeIknap and Poley Hot Springs (Uatiner and others, 1990) and via unexposed shallow systems such gs 

the one tscomtercd in EWFJ3-1. The i u f d  reservoir tempcmturcs of tht Belknap and FoIcy system are only 115 and 



W OC respeetiveIy (Brmk and others, 1979), temperatures that mdd bt reached at depths of 2 0 5  lan in tht regional 

gradient of 65"C/km. So &ere is no evidence at the present h e  for very hot fluid flow asahted with tht systems that 

cause the high heat flow observed along Ehe fault zones that mark the tmst side of the Higb &cad= graben. 

The general gwthermal model that dtrwea fiom the resalEs dmmhd above is shown in F m  4-7. The pcra l  

gromdwattr flow regime in the area is certainly from the Casmdc Range mest on the east to 'the M d b &  River valley 

on the west mom or less parallel to the topographic gradient. The temperature profla in the shallow and deep wells are 

consistent with this assessment. The shape of the proma is also mistwt with a permeability that decreases rapidly with 

depth in tht outer 1 km. In the case of the EWEB-2 well the permcam must d m a s c  abruptly at a depth of 200 m to 

q l &  the abrupt change from near wo to regional gradients there. The more gradual increase in gradient with depth 

in the EWEB-1 and S d a m  Pass n-24 wek is &tent with a mote gradual deaease in permeabil3y with depth 

and/or with ver t id  groundwater velacities that deaase with depth. Unfortmately, neither of tbc wells is deep enough to 

definitively outline the regional thermal gadients md fluid flow mnditim ia this area of the High Cascade Rangt. 

The type of flow paths w e d  are show by the armws in Figare 4-7. The length of the arrow indicates m a 

generalized way the flow vel&ty w e d  in the depth  rang^ shown. Thus the rate of flow dmeases rapidly in the depth 

range of 500 to lOOa m and most of the flow is wdhd to depths of ltss than 2000 m. The flow is amp!i#tttd by she 

shallow, warm aquifer in EWEB-1 se that the flow pattern is not aomplttefy two-dimensional The flow is primarily 

topgraphidy driven. 

7.89 Ma Sand Mtn. 77-24 
/ Abbot Bu. 

-2 J 

F i p ?  47. I n t ~ a t i w  e m  sectiecflm of the Son tim Pass ma Geology modified from Hill and others, (1991b). 
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Appdbr A: Dt6Qiption of the analytid t d q u e s  used to determine the urmpadims of eore and surf- rack 
samples from the Sadam Pass study - The precision and a m q  of the INAA and XRF t ~ q w s  are 
discussed in detail by Conmy (1991) and Hill (1991). 

INSTRUMENTAL NEUTRON ACTIVATION ANACYSIS 

Faditits at tht Orcgon State U- RadiaEion Centtr were used to obtain trace element almdmccs through 

instrumental ncutrw activation afiatrsis (INMI. All samples were p p d  from the fresh interims of core and GeId 

samples, aushed in an a l ~ ~ t g m i c  jaw-ader  to about 0 5  spfig md abut 20 g p w d e d  in a alumha-oezadc 

shatter k In-house standards CRB-3 (tgllivalent to US.GS. BCR-1) and CSG-1 (Champion Stock Grmdorite), and 

NBS. standard 1633-a (Fly Ash) weft used as standards. Abut 0.8 g of rock pm&r was waled in 2/5d polyvials, which 

were then d a d  into a 2d plyvial. The 2.d po14.;& wwe d o u b ~ e ~ c k d  in the rotating rack of the 0S.U. TRIGA 

reactor, and irradiated for 6 hours at 1 MW. Gamma-ray counts wert obtained using high (about 20 percent) efficiency 

Gew) detectors mupled with 4l@&lmmcl a d y m ~  Data storage and redudon was awmplkhed wiEh DOS-bared 

desk top computers. Frrst counts of 4k to 1Ok seconds d 6 to 14 days after irradiation, aarl obtained Na, Ba, la, 

Sm, Yb, Lu, and U ah-  h n g  wants of l5k to 20k seconds d 30 to 45 days aftcr irradiation, and 

rneasmed Fc, Sc, Co, NII Rb, Sr, Cs, Ce, Nd, Eu, TbI Zr, Ta and Th abttu- 

X-RAY FLUORESCENCE 

X-ray flu-= 0 a d y s ~  were performal at Washhgton State Uni&iyI Pullman AU sampIes we= 

prcpaFed from the be& interim of core and kld  samples. Samples were mushed in a ttqpttn catbide (WC) jaw- 

d c r  to about 05 uu in diameter and split. Abut 15 g of the sample split was gmmd in a WC shatter box for 2 

minutes. Ruck powders were migbed to 35000*0.0003 g and ~0mbine.d with 7 . m . 0 0 0 3  g of lithium tetraborate flux 

and rntxlmnidy homogenized for 10 minutts. A 21 flm-twrd ratio was uscd to in- the pn&iw of trace 

element analysts. However, this ratio d t s  ia larger matrix d o n s  during XRF anal& which may introduce a bias 

towafds higher SiO, (+05 wt. percent) and lower Fa*, CaO, and TiO, (45 wt. percent) in W.S.U. analysts. The 

hornrigmid powder was then fused in graphite aaa'blw at 1000°C for 35 minutes, mold, regromd m d  refused. The 

gtass beads were then pound flat with 240 and 600 alumina d d e  grit, cleaned in an ultrasonic cleaner and washed in 

labgrade aloohd Glass beads were a d p d  in a fuUy automated Rigah 3370 X-ray s w o m e t t r .  
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Appendix B: Visual estimates of phenocryst abuadances and additional petrographic idomation obtained from thin-stetions of Sanriam Pass 77-24 
n" core samples. Plag = glagiuche, Cpx = clinopyrmene, Opx = orth-ne, 01 = ohhe, Opqs = opaque minerals, Ap = apatite. 
u 
% Mineral abutdances expresses as volume percent, with 0.1 indim* trace abundanas and I where apatite is found as an iadusion in other 
g p h e n q t s .  Phna = Total phenocryst abundance. An = Maximum plagidase morthite content determined through the Miehel-levy 

F method. Zone = Plagioclasc mnhk where W = weak (< 10 An), M = moderate (10-20 An), S = strong ( r 20 An), md N = norm4 R = 

2 reverse. Sv% = Percent of plagidase phenocrysts with coarse glass inclusions. = Percent plagioclase phenocrysts with evidence of 
a resorption or fine glass inclusions on rim. GM = Groundmass features, where C = coarse (> 02 mm), M = medium (0.1-02 mm), F = fint 
9 (< 0.1 mm), aad X = bolocryst~e,  V, hyalocrystahe, G = glassy, D = devitrifitd. GLSS = Percent interstitial glass in thin-section. 
k3 - 

Trachytfe, serlate phms, 5% vcsleular. 
Fclty, coarse, seriate [m to  0.2 m. 
Dfktytaxit ie, trace Iddimsite, very coarse GH 5lm. 
Micrwca~eular  2%, fc t ty ,  serfate *ems slm. 
PItotaxit ie, uerintt  phmos s2m. 
Felty, 01 w/ Opa rim. 
Felty, 01 w/ Opx rims N par t f o l l y  rcsorbcd. 
Vcsieulsr la, Opacftic (10-100%) 01. 
F t l ty ,  s t r i a te  plrenocryste Slmn. 
Hynlopil l t ic, 01 w/ trace of IddingsItccsmectiteO. 
ttyslcpi t i t le ,  l i g h t  altving, 01 w l  lddingslte * Opx rim. 
Felty, 01 w/ Dpa rims, Plag M/ r w l t i p l e  z m s .  
Vesicular IS%, very fafnt r e l f e t  mrphlbtel?).  
Felty, DFktytaxftfc tX, e m  01 w/ 5O.tmn rims of Opa. 
Hyatapil i t fc, 20% veslcwlar, trace of Iddingslte on Ut. 
Vestcuter 20X, trace of 01 u l  opacftt rims + -ts. 
Vssicukar 15X, mlmr 01 w/ apseltie rim and m y d .  
Felty, ktght sfevlng, Ap inelusions in Opx, trace slkophltie. 
W altered t o  cloys + t i m i t e ,  Opx w/ Chlorite, 01 w/ iddfngslte. 
Traehytic, trace oxldized GU, Ot w/ Cairnsite + smectite<t). 
Felty, sedate S h ,  trsee of  subophitic Opot. 
Tmehytlc, 01 w/ Opx rlm, trace o f  radisl-habit zeolites. 
Faint ly  trachytlc, 01 w/ C@x rim. 
Felty, 01 wJ Opx rim, resorbed Plag m/ weak reversely zaned rims. 
VesCcutsr 20%, very fresh. 
D i k t y t m f t i e  lo%, Felty, 04 J Iddingsite * sme~tite(7). 
D l k t y t a ~ l t f e  IS%, loeaEly subophftlc, ssr iate phmotrysts- 
DfktytaxVtIe 20X, felty, O t  w/ iddlngsfte + s ~ t i t c C ? > .  
Diktytaxf t fe SOX, b s a l t  dike. 
Dik ty tax i t i c  SOX, 01 wf txtenslw clay + Iddfngsite + opacite. 
Ctey hnds in GM, frschytlc, 1-4 mn volcanic xenoliths. 
~ f t o t m ~ i t f c ,  subph i t i c  ~ p x  iln Gn, 01 w/ Iddlngsfte + smectIte(?). 
Dlktytaxl tFe SOX, subophitie Cpn, 01 pert ic i l ly  opacf tfc. 
Hyalopil i t lc, 25X wsieutar, P l e g  w/ i r rcsuter  crystal  feces. 
Equfgrsnular GM *2mn, coarse ephmite, 01 w/ Opx rim. 
Wighly oxidlzd,  20% vesicles. 
Ryatopi1ltlc, slkophitlc, scrfnte to  50.5mn, glass Is m i e ~ ~ r y s t n l L i ~ .  



wets. 
HyalapiLlttc, sbophltic, p t d y  (in atteratlan t o  cloya 
Dfktytaxitie 15%. hplepl l f t lc ,  01 at tend to clay + plcoehraic chlorftc('l). 
Vcrrfcular 30X, hya1apl ll tlc, Gn u/ patchy clay sltcrat im. 
P l  totaxftie, W/ several hn stress&-Pu xantrerysts. 
Pt totoxi t ic ,  01 w/ opecite + smctltc(7l al terst lm, serlmte phcrocrysts. 
Ft l ty ,  mfie ngglutinatc, with yetlow-green c l u e .  
Felty, equlgranular GM, 01 TOOX a l t e r d  t o  cloys I i m d t e .  
Trachytle, slkophitie, 01 100% altered to clays + Llml tt. 
Felty,  01 75% a l t e r 4  to d a y s  + llmon%te, serimte phmrynts .  
Chlorfte aygdults, GM glass nltcred t o  claya, 01 90% tt(t@rCd. 
Plag Smn w/ very thin fractures, Cpn 1MIX a l te red  t o  clsfl. 

583: Bedded matic hyalht i te .  Cuntah 35% an- to subaaguZar W e n t s  of p e o c k  and olivine, rl mm; 5% subangular dash of m d c  
volcanic rock fragments, s1 mm; a0% bydratod and olddiztd pahgonitic mdic glass fragments, s1 mm. Unit bas planar to low-angle aoss-bedding(?) 
and is interpreted as a m&c surge deposit asdated with a hydrwolcanic eruption. 

Coarse-&ed void wade. Poorly sorted ( ~ 4  mm to 41.01 mm) sub-rounded granule amglomtratc. Matrix &ts of vtty the sand to 
coarse silt and constitutes abut 10% of unit. Matrix, is Iigbt brown and pmdy hduratod. Qasts are predominantly weathered mafic v o l d c  rock 
fragments, with subordiaant mounts d free plagiohe aystds and hypmyssal porphyritic rock Zragntnts. The hypabyssal fragments contain quartz a 
phenmysts and have a pe& chotitic dteratioa, which ate features characteristic of late Western m d e s  sub-volcanic rocks. Similar hypabyssat 
rock fragments me obsemd iu debris-flow deposits from 2160 to 2170 feet, and from 2796 to 2802 feet. The poor sorting and very fmc-grained matrix 
o b s c d  in this unit are common characteristics of medial b distal debris-flow deposits in the Oregon Cascades. 



Appendix C: Major, minor aad trace element andyses of Santiam Pass 77-24 core, surface tacks From the Santiam Pass area, and oott lrwt Unocal82-1. 
Letters to left of elements refer to analytical method: X=X-ray fluorescence, Washington State Universitr, I=lndudwly coupled phmaspemometiy, 

a" University of Utah Research Institute; A=ImtnunentaI neutron activation analysis, Oregon State Universityry Samples 81lR and 2488R are duplicate 
analyses, which were run as &owns during the initial aualyses. 

rn 

Pcpth 
fcct 420 
weters 728.1 

SiOP 54.2 
T i 0 2  7.16 
T I 0 2  
A1203 18.1 
FcO* 8-09 
FcO* 
FeO* 
Fern 
FGO 
M d  0.14 
R i a  
HgO 5.16 
Coo I.# 
Ma20 
W02O 3.n 
l a20  
K 2 0  ?.W 
K20 
P205 0.35 
P205 - 
TOTAL q00.14 





f cet 
meters 

IP 
X Sf02 

H , r,, 
% I Tim 

Trace elemmts (ml 
13 
1.6 - 4 0 0  





major e l m n t s  (wtX1 
Depth 
fett 23M) 2472 2488 2Q88R 2614 2693 2869 Z9M 2993 3028 
meters 719.8 f54.0 758.8 71i9.0 797.3 823.2 875.0 885.7 912.9 923.5 



feet 2360 
meters 719.8 
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