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INTRODUCTION 

The Belknap-Foley area i s  l o c a t e d  i n  the  c e n t r a l  Western Cascade Range 

o f  Oregon, approx imate ly  80 km (50 m i )  e a s t  o f  Eugene ( F i g u r e  1 ) .  L i m i  t s  

o f  t h e  s tudy  area were a r b i t r a r i l y  ass igned by U.S. Geo log i ca l  Survey (USGS) 

topograph ic  map l i m i t s  and n a t u r a l  breaks i n  t h e  geology and topography 

( P l a t e  I ) .  Th i s  s tudy ,  performed under U.S. Department o f  Energy (USDOE) 

C o n t r a c t  No. DE FC07-79ET27220, was undertaken t o  e s t i m a t e  t h e  geothermal 

p o t e n t i a l  o f  t h e  area by us ing  va r ious  methods i n c l u d i n g  c o m p i l a t i o n  o f  e x i s t -  

i n g  data,  reconnaissance g e o l o g i c  mapping, l i neamen t  a n a l y s i s ,  w e l l  and s p r i n g  

geochemistry,  and acc rua l  o f  geothermal -grad ient  data .  

Geograph ica l l y ,  t h e  s t u d y  area i s  l o c a t e d  i n  t h e  rugged mountains s u r -  

round ing  t h e  v a l l e y  o f  t h e  McKenzie R ive r ,  wh ich b i s e c t s  t h e  area i n  an eas t -  

west  d i r e c t i o n .  T o t a l  r e l i e f  i s  app rox ima te l y  1,000 m (3,300 f t )  i n  t h e  moun- 

ta inous  areas and approx ima te l y  30 rn (100 f t )  i n  t h e  r i v e r  v a l l e y .  

GEOLOGY 

I n t r o d u c t i o n  

The Be1 knap-Foley area i s  l o c a t e d  a t  t h e  e a s t e r n  boundary o f  t h e  Western 

Cascades g e o l o g i c  p r o v i n c e  i n  t h e  Western Cascades-High Cascades t r a n s i t i o n  

zone. Qua te rna ry  and l a t e  T e r t i a r y  l avas  and m ino r  t u f f s  o f  t h e  High Cascades 

p r o v i n c e  a r e  i n  s teep d e p o s i t i o n a l  c o n t a c t  w i t h  o l d e r  Western Cascades rocks  

a long  t h i s  boundary, which appears t o  be t h e  western  marg in  o f  a  ma jo r  n o r t h -  

south-  t r e n d i  ng High Cascades graben (A1 1  en, 1966; Tay lo r ,  1978, 1980).  Because 

a  number o f  thermal s p r i n g s  and p r e e x i s t i n g  g r a d i e n t  ho les  w i t h  h i g h  va lues 

a r e  l o c a t e d  a long  t h e  marg in  o f  t h i s  graben, much o f  t h e  mapping e f f o r t  o f  

t h i s  s tudy  was d i r e c t e d  a t  c a r e f u l l y  d e f i n i n g  t h e  n a t u r e  o f  t h e  High Cascades- 

Western Cascades g e o l o g i c  boundary. 



----- 

M A L H E U R  

Figure  1: Map showing l o c a t i o n  o f  s t u d y  a r e a .  



The geology and a l l  K/Ar radiometr ic  ages (Table 1 )  a r e  presented on 

the accompanying reconnaissance geologic map ( P l a t e  I ) ,  which was produced 

during the  summer and f a l l  of 1979 and 1980. Areal ex t en t  of geologic un i t s  

was based on mapping and hand-specimen i d e n t i f i c a t i o n  of rocks. Data were 

p lo t ted  on USGS topographic maps without the  a id  of a e r i a l  photographs. 

Volcanic s t r a t i g r aphy  

From middle Ter t ia ry  t o  Quaternary time, volcanism i n  the  area changed 

from s i l  i c i c  pyrocl as t i c  a c t i v i t y  t o  erupt ion of increas ing ly  mafi c magmas 

(Table 2 ) .  This change i n  composition was r e f l ec t ed  i n  higher percentages of 

lavas r e l a t i v e  t o  t u f f s .  The o ldes t  mappable un i t  ( u n i t  TOV on the  geologic 

map) i s  composed of e p i c l a s t i c  volcanic sedimentary rocks, 1 i thic-fragment- 

r ich  l a h a r i c  daci t e  t u f f s ,  and minor mafic lava flows. These rocks a r e  probably 

01 igocene t o  e a r l y  Miocene i n  age (Peck and o the r s ,  1964). In the  Blue River 

mining d i s t r i c t ,  t he  01 igocene rocks a r e  l oca l l y  intruded by Miocene quartz-  

bearing d io r i  t i c  s tocks ( u n i t  %d).  The Miocene sequence ( u n i t  m) i s  domin- 

a ted  by highly phyric lavas ,  autobreccias ,  and mudflows with two-pyroxene 

andesi t e  c l a s t s ,  a1 though l e s s e r  volumes of ash-flow, a i r - f a l l  , and e p i c l a s t i c  

t u f f s  as  well as some b a s a l t i c  flows occur l oca l l y .  Several Miocene volcanic 

plugs and plug domes ( u n i t  %vi) occur i n  the  western p a r t  of the  a r ea ,  and 

basal t i c  t o  andesi t i c  feeder  dikes ( u n i t  m d )  occur i n  the  Blue River va l ley .  

The o ldes t  dated rock assigned t o  the  Miocene volcanic sequence i n  the  map 

area i s  19.9121.94 m.y. old (McBirney and o the r s ,  1974). The youngest dated 

%v sample i s  6.2+0.2 - m.y. old (Laursen and Hammond, 1978). The Miocene rocks 

a r e  over la in  by d i  ktytaxi  t i c  t o  compact basal t i c  t o  basal t ic-andesi t i c  lavas 

and one small ash flow which cap most of the high r idges  i n  the western p a r t  

of the  a rea .  These Pliocene volcanic rocks ( u n i t  ~ p v )  have a maximum K/Ar age 

of 8.39+0.36 - m.y. (unpublished University of Utah Research I n s t i t u t e  (UURI) 

K/Ar da t a ,  Evans and Foley, ana ly s t s )  and a minimum age of 3 .885 .06  m.y. 



Table 1 .  Radiometric (KIAr) ages f o r  s e l ec t ed  rocks of t he  Belknap-Foley area 

Samp 1 e 
no. * Location 

S t r a t i g r a p h i c  
u n i t  Rock t x  

Basal t  Tmv 

Trnv 

Trnv 

Trnv 

TP v 

QTv 

TP v 

QTv 

QTv 

Tmvi 

Trnv 

Trnv 

QTv 

Andesi t e  

MS- 1 30 Basa l t  

Andesi t e  

Basal t i c  andesi t e  
Ash-flow t u f f  

Basal t i c  andesi t e  

Basal t i c  andes i t e  

MS- 1 32 
MS-110 

01 i vi ne b a s a l t  

Basal t i c  andesi t e  

Basal t i c  andesi t e  

Andesi t e  

Daci t i c  ash-flow 
t u f f  

Basa l t  

U-Tm-T0p122~11'49" Andesite 
44O12'11" 

Trnv 

U-Tpb 122'1 1 ' 31 " Basal t i c  andesi t e  8 . 3 9 5 . 3 6  m.y. TP v 
W 

44O12'32" 

U-BF-5 122:12 ' 30" Daci t e  '9.31+0.44 - m.y. Tmdc 
44 08'45" 

* References: MS - McBirney and o the r s ,  1974; A - Armstrong and o t h e r s ,  
1975; U - Unpublished K/Ar da t a ,  Universi ty  of Utah Research I n s t i t u t e ,  
Stanley Evans and Duncan Foley, ana ly s t s .  

** w = whole rock da t e ;  p = plag ioc lase  date .  



Table 2. Bulk chemical composit ion o f  se lec ted  rocks o f  Belknap-Foley area. 
( L e t t e r s  a t  top  o f  each column i n d i c a t e  sample number and map symbol f o r  
s t r a t i g r a p h i c  u n i t .  A l l  values are i n  weight  percent . )  

Compo- *T-6 
nen t Qbh 

Fe203 
- 

FeO - 
Mno - 

MgO - 

CaO - 
Na20 - 

K2° 
- 

'2'5 
- 

H2° 
- 

To ta l  47.0 

S-15 
Tmv - 

A1 203 18.80 

F203 FeO 
b . 8 0  

MnO - 

MgO 5.20 

CaO 8.80 

Na20 3.00 

To ta l  99.15 

S-13 
Tmv ? 

53 .oo 
1.10 

18.30 

1 7 . 8 0  

- 
5.20 

8.80 

3.80 

0.40 
- 
- 

98.40 

S-9 
Tmv - 

58 .OO 

1 .oo 
16.40 

9.6 

- 
5.90 

4.90 

2.80 

0.35 
- 
- 

98.95 

S-16 
Trnv 

53 .O 

1.20 

18.80 

8.20 

- 
5.90 

9.30 

3.10 

0.25 
- 
- 

99.75 

P-7 
Tmv? 

54.25 

1.28 

16.46 

3.08 

5.92 

0.13 

4.46 

8.79 

3.46 

0.80 

0.23 

1.58 

100.44 

*References : P-from Peck, 1964; J-from Jan, 1967 ; T-from Tay lo r ,  1967; S-from 
Storch, 1978. - 5 -  



( S u t t e r ,  1978). The above u n i t s  occu r  p r i n c i p a l l y  i n  t h e  Western Cascades 

p rov ince ,  i n  t h e  western  p a r t  o f  t h e  map ( P l a t e  I ) .  

The eas te rn  p a r t  o f  t h e  s tudy  area i s  comp le te l y  dominated by compact t o  

d i  k t y t a x i  t i c  basa l  t i c  l avas  o f  Qua te rna ry  age ( u n i t s  Q m  and Qbh on P l a t e  I ) .  

These rocks  appear t o  p a r t i a l l y  f i l l  i n  t h e  High Cascade graben desc r ibed  by 

A l l e n  (1966) and T a y l o r  (1978, 1980).  Fo ley  Ridge i s  a  tongue o f  these Qua- 

t e r n a r y  1  avas which f i  11 ed an eas t-wes t- t r e n d i  ng canyon c u t  across t h e  western  

scarp  o f  t h e  graben about  2.0 m.y. ago (unpub l i shed  K/Ar age o f  2 . 0 5 5 . 5 2  m.y. 

by UURI , Evans and Duncan, a n a l y s t s ) .  

Fo r  t h i s  s tudy ,  t h e  Qua te rna ry  l avas  were s p l i t  i n t o  two u n i t s  based on 

1  i tho logy  and s t r a t i g r a p h i c  r e l a t i o n s h i p s .  Lavas ass igned t o  u n i t  &m 

(P l i ocene  t o  P l e i s t o c e n e  b a s a l t s  o f  t h e  High Cascades) occupy topograph ic  

depress ions which a r e  c l e a r l y  r e l a t e d  t o  t h e  p r e s e n t  geomorphic s e t t i n g .  Near l y  

i d e n t i c a l  rocks  l o c a t e d  a t  h i g h  e l e v a t i o n s  o f  t h e  Western Cascades were ass igned 

t o  u n i t  Ipv because they  occup ied topography s t r o n g l y  reve rsed  f rom t h e  p r e s e n t  

landscape. K/Ar data,  where a v a i l a b l e ,  t e n d  t o  suppor t  t h i s  d i v i s i o n .  The 

Qbh u n i t  ( P l e i s t o c e n e  t o  Holocene basal  t s  o f  t h e  High Cascades) was i d e n t i f i e d  

by extreme f reshness o f  t h e  rock ,  presence o f  uneroded t u m u l i  and f l o w  s t r u c -  

t u r e s  on f l o w  tops,  obv ious c o n t r o l  by ve ry  y o u t h f u l  drainages, and p o s i t i o n  

above va r ious  Qua te rna ry  u n i t s .  

K/Ar dates  o f  samples f rom u n i t s  Q m  and Qbh a r e  sparse and o f  r e l a t i v e l y  

low p r e c i s i o n  and accuracy,  b u t  enough a r e  a v a i l a b l e  t o  p r o v i d e  some age con- 

t r o l .  Poor p r e c i s i o n  and accuracy i s  caused by t h e  r e l a t i v e l y  low c o n t e n t  o f  

K20 and y o u t h f u l  age o f  these lavas,  wh ich cause ve ry  low percentages o f  r a d i -  

ogen ic  argon r e l a t i v e  t o  atmospher ic argon. The o l d e s t  K/Ar da te  i n  t h e  area--  

2 .6 t0 .2  - m.y. -- i s  f o r  u n i t  Q m  (Laurson and Hammond, 1978);  t h e  youngest  ave 

i s  2.0520.52 m.y. (UURI da te  p r e v i o u s l y  c i t e d ) .  A  s i n g l e  K/Ar da te  o f  



0.68+0.05 - m.y. was ob ta ined  from lavas  mapped as u n i t  Qbh (Laursen and 

Hammond, 1978). 

S t r u c t u r a l  geology 

Faul t s  a re  concen t ra ted  i n  two ma jo r  nor th -sou th -  t r e n d i  ng zones a long  

Cougar Reservo i r  and a long  Horse Creek-McKenzie R ive r .  Both zones have en 

echelon n o r t h -  t o  nor thwes t - t rend ing  normal f a u l  t s  wi t h  s i g n i f i c a n t  d i p - s l  i p  

o f f s e t s  down t o  t he  east .  The l ineament  map (F i gu re  2 )  shows a d d i t i o n a l  no r t h -  

e a s t e r l y  t rends  a long  the  no r t he rn  marg in  o f  t h e  area. 

The Horse Creek-McKenzie R i ve r  f a u l t  zone appears t o  d e f i n e  t he  western 

margin o f  a  major  no r t h - sou th - t r end ing  graben which has been p a r t i a l l y  f i l l e d  

by a sh i e l d -1  i ke p l a t f o r m  o f  l a t e  P l iocene  and Quate rnary  High Cascades basal t i c  

l avas  and l e s s e r  a n d e s i t i c  e j e c t a  (A l l en ,  1966; Tay lo r ,  1978, 1980).  The 

youngest dated u n i t  w i t h  s i g n i f i c a n t  o f f s e t  on t h e  High Cascades graben marg in  

i s  a  3.88-rn.y.-old basal t i c  andes i te  ( u n i t  ~ v )  on F r i s s e l  P o i n t  ( S u t t e r ,  1978), 

a long  the  n o r t h  f o r k  o f  the  McKenzie R ive r .  The capping l avas  ( u n i t  2 p v )  west 

o f  the  n o r t h  f o r k  o f  t h e  McKenzie R i ve r  ( P l a t e  I )  have been dropped down about  

900 m (3,000 f t )  t o  t h e  e a s t  a long  a s e r i e s  o f  no r t h -  t o  no r t hwes t - t r end ing  

en echelon s t ep  f a u l t s ,  b u t  the t o t a l  s t r u c t u r a l  r e l i e f  on t h e  graben cou ld  

be much more than t h i s  (Tay l o r ,  1980, personal  communication). Only m inor  

o f f s e t s  appear t o  a f f e c t  t he  Quate rnary  lavas  ( P l a t e  I ) .  

The Cougar Reservo i r  f a u l  t zone t r e n d  i s  para1 l e l  t o  t h e  High Cascades 

graben marg in  and appears t o  have a s i m i l a r  sense o f  movement, w i t h  Miocene 

and 01 igocene vo l can i c  rocks appearing t o  be d i sp l aced  down toward t he  e a s t  

across t he  zone. Miocene vo l can i c  rocks ( u n i t  m) are  t he  youngest u n i t s  

w i t h  proven o f f s e t  i n  t h i s  zone. 
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Re1 at ion of s t ructures  t o  geothermal sys terns 

The d i s t r i b u t i o n  of hot springs i n  the area i s  re la ted t o  the  two major 

north-south-trendi ng faul t zones discussed previously. Terwi 11 i ger Hot Springs 

and Cougar Hot S p r i n g s  are located along the Cougar Reservoi r  1 ineament, while 

Be1 knap, Foley , and Bigelow Hot Springs a re  located along the  western margin 

o f  t he  High Cascade graben. Hot-spring o r i f i c e s  do not, i n  general,  issue 

from f a u l t  zones but from jo in t s  i n  lavas near t h e  f au l t s .  

Three hypotheses might expl  a i  n t h e  apparent re1 at ian o f  faul ts  t o  'hot  

springs: 

1. Faults  ac t i  vely control location of hot springs by serving as con- 

d u i  t s  for circulation of thermal waters. 

2. Faul ts  serve as passive con t ro l s  on the location of hot springs by 

creating major topographic lows which may for tui tously  tap  sporadic 

thermal aqu i fe rs .  

3/  Some combination o f  hypotheses one and two controls t he  dis t r ibu t ton  

of hot springs. 

I t  is d i  f f i c u l  t t o  imagine t h a t  faul t zones as 1 arge as those described 

here could have no in f l uence  on circula t ion o f  thermal waters. Th i s  i s  par- 

t i cu l a r ly  true o f  t h e  western margin of the High Cascade graben, where the 

faul is are q u i t e  young and rocks o f  d i  f f e r en t  1 i thology a re  juxtaposed across 

t h e  f au l t s .  It i s  also true, however, t ha t  hot  springs a r e  more l i kely t o  

issue from topographic 1 ows created by faul t - sha t t e r  zones, so t h a t  hypothesis 

three above i s  probably  the most logical  explanation fo r  control of the h o t  

springs. 



GEOPHYSICS 

Two geophysical studies were avai lable  fo r  evaluation f o r  t h i s  report .  

The first was a regional aeromagnetic study (Figure 3) performed by t he  

Oregon S ta te  University Geophysics Group. This study,  which i s  discussed i n  

d e t a i l  by Couch (1978) and Connard (1980), seems, i n  general, t o  show a cl ose 

correspondence between magnetic maxima and topographic highs j n the Be1 knap- 

Foley  area. This  i s  due to the f a c t  t h a t  t he  Pliocene and Pleistocene units 

found capping the ridges tend t o  have a higher proportion of magnetically 

suscepti bl e 1 avas than the  ol der,  under1 ying Miocene and 01 igocene rocks. 

Si te-speci f i  c interpreta t ions  of the aeromagneti c data f o r  the study 

area are not obvious. However, regional in terpretat ion by Couch (1978) and 

Connard (1980) indicates a possible f a u l t  w i t h  east s ide  down t h a t  i s  located 

i n  t h e  approximate 1 ocation o f  the Western Cascade-High Cascade t rans i t ion  

zone fau7 t mapped f o r  t h i s  report (see section on geology) and t h a t  str ikes in 

approximately the same trend. They a l s o  in te rpre t  the  depth t o  t he  Curie 

point i so t h e m  ( temperature be1 ow which a materi a1 ceases t o  be paramagnetic; 

-600'~) t o  be greater on the west side o f  the faul t than on the eas t  side o f  

the f a u l t .  T h i s  prediction matches well w i t h  Blackwell and others (1978), 

whose thermal rodel of the Cascades est imates a s imilar  depth t o  t he  600 '~  

isotherm. 

The second geophysical study i n  t h i s  report i s  a regional gravi ty survey 

a1 so performed by the Oregon State University Geophysics Group (couch, 1978; 

P i  t t s ,  1979). Their survey consis ts  of  a complete Bouguer g r a v i t y  

anomaly map (Figure 4)  and a resi dual anomaly map (Figure 5) , both o f  whi ch 

are discussed i n  detail by Couch (1978) and P i  tts (1979).  The main feature 

o f  both these maps i s  the s teep gravity gradient  coincident w i t h  the High 

Cascades-Western Cascades t r ans i t ion  zone and the 1 ocation o f  local thermal 
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sp r i ngs .  P i  t t s  (1979) i n t e r p r e t s  t h i s  anomaly t o  r ep resen t  e i t h e r  a  l a r g e  

graben-bounding f a u l t  zone w i t h  e a s t  s i d e  down, an area o f  sha l l ow  s i l i c i c  

i n t r u s i v e s ,  o r  a  p o s s i b l e  combinat ion o f  both.  D e t a i l e d  geo log i c  mapping 

and p o s s i b l y  deep d r i l l i n g  a re  needed t o  f u r t h e r  r e f i n e  geo log i c  model ing 

based on t h e  f o r e g o i  ng geophysi c a l  s t u d i  es. 



WATER CHEMISTRY 

During this  study, analyses were compiled of four of the five major 

thermal springs together with analyses of dr i l l -hole  waters in the Be1 knap- 

Foley area (Table 3 ) .  These data indicate that  the thermal waters are gen- 

eral ly an a1 kal i ne, sodi um-chloride-rich carbonate water diagnostic of a h o t -  

water-domi nated sys tem a t  depth with elevated reservoir temperatures (Tab1 e 4 )  

calculated by methods presented in Appendix A .  Preliminary evaluation of the 

available data indicates the springs may be placed in two groups. The f i r s t  

are the Bigelow, Belknap, and Foley springs, which show similar amounts of s i l -  

ica (60-110 mg/1) , Na:K atomic rat ios  (54.1-78.5), and calculated minimum 

reservoi r temperatures. Other simi 1 ar i  t i e s  are seen by comparison of re1 a t i  ve 

amounts of ions such as boron, fluoride, and chloride. The second g r o u p  are 

those to the west i ncl udi n g  the Terwi 11 i ger spring cl uster,  Rider Creek and 

Walker Creek dr i l l -hole  waters (Table 31, and possibly the Cougar Reservoir 

spring, for  which no analyses are available. These springs exhibit lower s i l -  

ica (14-50 mg/l), higher Na:K atomic rat ios  (80-107), lower amounts of chloride 

and 1 i thium and higher amounts of sulfate  ion, and lower calculated reservoir 

temperatures (Tab1 e 4 ) .  

Preliminary data are inconclusive a t  th i s  point; however, the water group 

near Cougar Reservoir may represent e i ther  a di lute  species of the springs t o  

the eas t  or a to ta l ly  different  species. Extensive sampling of thermal spring 

gases and local cold springs and analyses of a l l  waters for isotopes i s  needed 

before a definit ive study of the thermal regime can be made. 



Table 3. Spring and well chemist ry  of  t h e  Be1 knap-Foley a r e a .  All measure- 
ments a r e  i n  mg/l, except  f o r  pH o r  a s  i n d i c a t e d .  n t  = n o t  t e s t e d ;  t r  = t r a c e .  

Be1 knap Be1 knap Be1 knap Springs  Spr ings  
Spr ings  Spr ings  Spr ings  (main) ( e a s t )  

Location 16S/6E/l lA 16S/6E/llA 16S/6E/l lA 16S/6E/l lA 16S/6E/l lA 

Date sampled ' 0 3  '72 3/76 3/76 3/76 

Temp. (OC) 86.7 71 n t 89.0 66.0 

Conductance 
vmhos/cm 

A1 kal i ni  t y  n t n t n t 
xh a s  mg/l H C O ~  4c 6c 
Xc  a s  mg/l CaC03 

Hardness n t n t n t 541 544 
a s  mg/l CaC03 

Total  d i s so lved  2506 n t 2550 2491 2377 
so l  i d s  

Si02 8 1 9 6 110 79.9 70.6 

N a 

K 

C a 

Mg 

C 1 

As 

B 

L i 

F 

Fe ( t o t a l )  

A 1 

HC03 

P04 



Table 3. Spring and well chemistry of the Be1 knap-Foley area--Continued 
All measurements are in mg/l, except for pH or as indicated. nt = not tested; 
tr = trace. 

Terwilliger Terwilliger Terwilliger 
Fol ey 
Springs 

Bigelow ~ p r i  ngs 
Spring (upper) 

springs 
(1 ower) 

Location 

Date sampled 

Temp. (OC) 

Conductance 
pmhos/cm 

Alkalinity 
Xh as mg/l HC03 
Xc as mg/l CaC03 

Hardness 
as mg/l CAC03 

Total dissolved 
sol ids 

Fe (total ) 



Table 3.Spring and well chemistry of t he  Belknao-Foley area--Continued. 
A1 1 measurements a r e  i n  mg/l , except  f o r  pH o r  as  ind ica ted .  n t  = no t  
t e s t e d ;  t r  = t r a c e .  

Well o r  spr ing  Rider Creek Walker Creek 
Dr i l l  Hole Dr i l l  Hole 

Location 175/5E/20 Baa 175/5E/8Acd 

Date Sampled 7/80 7/80 
0 Temp. C 

P h  

Conductance 3400 
umhos/cm 

A1 ka l i n i  t y  
Xh a s  mg/l n t 
HC03 

Xc a s  mg/l n t 
CaC03 

Hardness as  
mg/l CaC03 

Total  d i sso lved  
s o l i d s  mg/l 

FE ( t o t a l )  



Table 4. Geothermetric ca lcu la t ions*  of minimum re se rvo i r  temperatures f o r  
se lec ted  thermal waters of t he  Belknap-Foley area 

Flow r a t e  
1 i ters/mi n .  

Measured 
temperature 

O c  

Na: K 

O c 

Na: K:Ca 
1 /3  6 
O c  

Na: K: Ca 
4 /3  B 

O c 
Na:K:Ca 
Mg corrected 

O c  

Si O 2  

conductive 

Si02 

ad i aba t i c  

O c 
Si02 

chal cedony 

O c 
Si02 

opal 
0 C 

Be1 knap 
Springs 

2 84 

86.7 

226 

202 

110 

183 

126 

123 

9 8 

7 

Be1 knap 
Springs 

300 

71 

8 7 

113 

8 2 

NC 

135 

131 

108 

15 

Be1 knap 
Springs 

-250 

NT 

9 7 

121 

8 5 

NC 

143 

137 

116 

2 3 

Be1 knap 
Springs 
(Main) 

-250 

89 

107 

125 

8 3 

N C 

124 

122 

97 

179 

Be1 knap 
Springs 
(Eas t )  

-250 

6 6 

104 

125 

8 3 

NC 

119 

11 7 

9 0 

164 

Terwi 11 i ger  Terwi 11 i ger  
Springs Springs 
(Lower) (Upper) 

*Methodology f o r  ca lcu la t ions  presented i n  Appendix A .  NC = not  ca lcu la ted .  



Tab1 e 4. Geothermetric cal cul a t ions* o f  mi nirnum re se rvo i r  temperatures f o r  
se lec ted  thermal waters of  t he  Be1 knap-Foley area -- Continued 

Terwi 11 i ger Bi gelow Foley Ryder Creek Walker Creek 
Springs Spring Spring Dr i l l  Hole Dr i l l  Hole 
(Upper) 

Flow r a t e  200 7.6 227 pumped pumped 
1 i ters/mi n.  

Measured 42 6 1 80.6 18.5 15 
temperature 

O c 
Na: K 86 104 91 34 7 6 

O c  

Na: K :  Ca 103 125 106 6 1 97 
1 /3  6 

O c  

Na: K:Ca 
Mg corrected 

O c  

Si02 9 9 117 11 1 NC 

conductive 

O c 

Si02 100 116 110 NC 

ad i aba t i c  

O c 
Si02 6 9 89 8 2 N C 

chalcedony 

Si O2 -16 - 1 - 6 N C 

opal 

O c 

*Methodology f o r  c a l cu l a t i ons  presented i n  Appendix A .  NC = not  ca lcu la ted .  



GEOTHERMAL-GRAD1 ENT AND HEAT- FLOW DATA* 

The temperature-gradient  and hea t - f  1 ow r e su l  ts fo r  the Be1 knap-Fa1 ey area 

a r e  a s  shown i n  Table 5. Included i n  the t a b l e  a r e  t h e  township/range-section 

and 1 a t i  tude  and longi tude  location o f  each hole. In addit ion, t h e  ho le  name, 

date o f  logging used, and co l la r  elevation a r e  included for each hole ,  the bottom 

hole temperature, maximum depth, corrected temperature g r a d i e n t ,  and, where a v a i l a b l e ,  

co r r ec t ed  hea t  flow a r e  pr in ted  i n  blue on P l a t e  I .  These va lues  are a l s o  l i s t e d  

i n  t h e  table,  as a r e  the  d e p t h  i n t e r v a l  and average thermal conduc t iv i t y  used for 

calculation of t h e  g r a d i e n t  and heat f l ow .  The values  are given i n  SI  u n i t s .  To 

2 t ransform u n i  t s  , the fo l  1 owing conversion f a c t o r s  were used: 1 x 1 oe6 cal /cm sec 
-1 -1 ( H F U )  = 41.84 r n ~ m - ~ ,  1 x cal/crn secQc (TCU) = 0.4184 Wm K , and 1°c/km = 

1 m ~ m - '  = 1 8 . ~ ~ ~ / 1 0 0  ft. Corrected g r a d i e n t  and corrected hea t  flow are values 

f o r  which the topographic  e f f e c t s  have been removed. These are s i g n i f i c a n t  f o r  

many of the s i t e s  s tud ied .  

The holes  a r e  ranked i n  terms o f  the  q u a l i t y  o f  the g r a d i e n t  or  heat-flow 

information:  high  quali  ty {A) ,  good qua l i ty  (B) , marginal qua1 i t y  (C), data w j  t h  

some problems (D), and  d a t a  f o r  which no useful temperature gradient  or hea t  flow 

can be estimated ( X )  . A1 1 thermal -conducti v i  ty measurements were made on cu t t i ng  

samples. Most of the  holes shown on the  table  were dri 1 led s p e c i f i c a l l y  f o r  heat-  

flow s t u d i e s ,  and the data  qua l i ty  is  relat ively high .  In  general, holes d r i l l ed  in 

t h e  Western Cascade rocks g i  ve 1 i n e a r  g r a d i e n t s  below. near -sur face  effects t h a t  may 

vary i n  depth from 20 l o  100 rn. Holes 50-150 m deep i n  High Cascade rocks, such 

as 15SJ6E-11 Dc, are o f t e n  isothermal  because of 1 a t e r a 1  flow o f  water  i n  the porous 

young vol can! c rocks. 

*By D.  D. Blackwell , Southern Methodist  Univers i ty ,  Dal las ,  Texas. 



Tab1 e  5. Geothermal -g r ad i en t  da t a ,  Be1 knap-Fol ey a r e a ,  Oregon -- 
Bottom Depth Uncorr. Corr. Corr. 

Q 
-- 

~wn/Rng- N Lat. W Long Hole # Collar Temp. Interval Avg. TC # Gradient Gradient HF 

Section Deg.Min. Deg .Min. Date Elev. ('(2) (m) W~-'K-' TC OC/km OC/km m~m-* HF 
......................... .............................................................................................. 

1W CE- 44-16.&0 122- 3.25 ER-TBR 716 75 i PCP ,8 X 
I I D C  7/26/77 52.0 

16E/ 6E- 44-12,%3 122- 2.97 GR-FP 79 $4.E€i &@Q,@ 1,74 li 84.1 88.3 154 C 
X A  8/ 5/76 150.0 .03 1.4 

17'2 SE- 44- 6.39 122-13.99 WLKR ERK 585 $5.78 495.0 C 1.593 54.1 52.0 83 B 
BFICD 7/24/B0 155.0 .7 

17S/ 5E- 44- 4.90 122-13.84 RIDR CRK 536 24.77 60.0 1.64 4 128.5 97.5 159 B 
20BW ?I31180 154.0 .04 3.6 

17%' 6E- 44- 3.94 122- 1.37 MOSR CRK 1005 11.06 115.0 1.55 3 62.8 73.8 114 C 
25RD 8/ 1/80 152.0 1.4 

185,' 5E- 44- 1.12 122- 9.81 REBL CRK 780 14.40 55.0 1.55 3 X 
11BD 7/31/80 155.0 



Only one anomalous va lue  i s  present ,  and i n  genera l  t h e  da ta  f a l l  i n t o  two 

groups: those e a s t  o f  t h e  High Cascade-Western Cascade thermal boundary and those 

west  o f  t h e  boundary. West o f  t h e  boundary, h e a t - f l o w  va lues g e n e r a l l y  a r e  below 

55 r n ~ r n - ~ ,  w h i l e  e a s t  o f  t h e  boundary they  a r e  g e n e r a l l y  above 100 m ~ m - ~  (B lackwe l l  

and o the rs ,  1978).  T y p i c a l  g r a d i e n t s  a r e  ~ 5 - 3 5 ~ ~ / k r n  and 60-70°c/km, r e s p e c t i v e l y .  

The h o l e  w i t h  t h e  h i g h e s t  h e a t - f l o w  value,  a t  R i d e r  Creek, was d r i l l e d  w i t h i n  

h a l f  a  m i l e  o f  T e r w i l l i g e r  Hot  Spr ings,  i n d i c a t i n g  t h a t  a  s l i g h t l y  l a r g e r  area i s  

assoc ia ted  w i t h  t h e  h o t  s p r i n g s  than i s  i n  ev idence f rom t h e  s u r f a c e  m a n i f e s t a t i o n s .  

Obv ious ly ,  t h e  va lue  i t s e l f  i s  b iased  by i t s  p r o x i m i t y  t o  t h e  h o t  s p r i n g s  and 

cannot  be cons idered a  r e g i o n a l  va lue.  



CONCLUSIONS AND RECOMMENDATIONS 

During the  course of  t h i s  i nves t i ga t i on ,  two major north-south 1 ineaments 

were found to have c lose  co r r e l a t i on  with the  d i s t r i bu t i on  of thermal spr ings and 

a reas  of increased heat-flow. Geological mapping revealed t h a t  both 1 i  neaments 

a r e  the  r e s u l t  o f  major north-south-trending f a u l t  zones and t h a t  these f a u l t  

zones must, to  a ce r t a in  ex t en t ,  control the  flow of geothermal waters .  

The ava i lab le  analyses i nd i ca t e  t h a t  the  thermal waters may be separated i n t o  

two compositional groups based on t o t a l  i on i c  content ,  i on i c  r a t i o s ,  and calcu- 

l a t ed  reservoi r  temperatures.  These two groups show a one- to-one co r r e l a t i on  with 

the aforementioned f a u l t  zones: the  ho t t e r  spr ings ( i  .e .  , Bigelow, Be1 knap, and 

Foley) bei ng assoc ia ted  wi t h  t he  McKenzie-Horse Creek f a u l t  zone which forms the  

western margin of the  High Cascade graben; and the  cooler  spr ings (Cougar and 

Terwi 11 i g e r )  being associated wi t h  the  Cougar Reservoir faul  t zone which 1 i e s  west 

of the High Cascade graben margin. This co r r e l a t i on  i s  a l so  seen in  heat-flow 

measurements, with the higher val ues assoc ia ted  with the McKenzie-Horse Creek f a u l t  

zone and t he  lower numbers associated with the  Cougar Reservoir f a u l t  zone. 

This prel iminary data  ana lys i s  ind ica tes  t h a t  the McKenzie-Horse Creek f a u l t  

zone may control a higher temperature geothermal resource than the Cougar Reservoir 

faul t zone. Both zones, however, contain geothermal resources which warrant f u r the r  

study. To accompl ish a de t a i l ed  assessment of t he  geothermal resources,  the fol  lowing 

s t eps  a r e  recommended: 

1 .  Detailed mapping ( s c a l e  of  1 :24,000 o r  g r ea t e r )  of the  McKenzie-Horse Creek 

f a u l t  zone making use of ex i s t i ng  1 :15,000 U .  S. Forest  Service co lor  ae r i a l  

imagery -- t o  i den t i fy  and evaluate  ac t i ve  thermal s t r u c t u r e s  along t h i s  zone. 

2. Detailed spr ing  and well sampling and analyses of both hot and cool waters ,  

inc l  uding i so top i c  and gas analyses -- t o  help evaluate  r e se rvo i r  condit ions.  



3. C l o s e l y  spaced complete Bouguer and r e s i d u a l  g r a v i t y  anomaly s t u d i e s  a long  

t h e  f a u l t  zones -- t o  f u r t h e r  r e f i n e  t h e  g r a v i t y  anomalies found d u r i n g  p re -  

v ious  r e g i o n a l  s t u d i e s  and t o  t i e  anomal ies t o  mapped s t r u c t u r e s .  

4. R e s i s t i v i t y  t rave rses  ( e i t h e r  d i p o l e - d i p o l e ,  r o v i n g  d i p o l e ,  o r  t e l l  u r i c )  eas t -  

west  and n o r t h - s o u t h  a long  t h e  f a u l t  zones -- t o  f u r t h e r  d e f i n e  geothermal 

a q u i f e r s  and t o  l o c a t e  areas o f  thermal u p w e l l i n g  and recharge.  

5. A program o f  f i v e  t o  t e n  5 0 0 - f t  g r a d i e n t l s t r a t i g r a p h y  ho les  p laced  a t  s t r a t e g i c  

l o c a t i o n s  -- t o  r e f i n e  t h e  e v a l u a t i o n  o f  t h e  Be1 knap-Foley h e a t - f l o w  model. 

6. F i v e  t o  s i x  2,000-f t  g r a d i e n t l s t r a t i g r a p h y  ho les  -- t o  e v a l u a t e  thermal anomalies 

and t o  d i r e c t l y  t e s t  geothermal a q u i f e r s  i n d i c a t e d  by r e s i s t i v i t y  t r a v e r s e s  

and the  sha l l ow  h e a t - f l o w  s tudy.  

7. F e a s i b i l i t y  s tudy  -- t o  determine the  b e s t  method f o r  d r i l l i n g  t h e  ve ry  young, 

l o o s e l y  c o n s o l i d a t e d  v o l c a n i c  rocks  w i t h i n  t h e  High Cascade graben. 
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APPENDIX A  

Formulas used i n  c a l c u l a t i o n s  

Na: K ( r ev i sed )  : 

Na: K:Ca: 

121 7  
t OC = l o g  (Na/K) + 1.483 

- 273.15 (Fou rn i e r ,  1979) 

1647 
t OC = 2.24 + F  (T )  

- 273.15 (Fou rn i e r  and Truesde l l ,  1973) 9 

where F  (T)  = l o g  (NaIK) + [ B l o g  ( G l ~ a )  1, 
B = 113 i f  t >  ~ O O ~ C ,  and 413 i f  t < 1 0 0 ~ ~ ,  

t O c  = c a l  c u l  a  t e d  r e s e r v o i r  temperature, 

and concen t ra t ions  a r e  expressed i n  m o l a l i t y .  

Magnesi um c o r r e c t i o n  r a t i o :  

( m i l  1  i e q u i v a l e n t s  Mg) 
R = ( m i l l  i e q u i v a l e n t s  Mg) + ( m i l  1  i e q u i v a l e n t s  Ca) + ( m i l l  i e q u i v a l e n t s  K) X 100 

I f  R <5 o r  >50, no c a l c u l a t i o n  was made. For  R between 5-50, 

A t  = 10.66-(4.7415) (R) + [(325.87) ( l o g  R ) ~ ]  - [ ( I  .032 X l o 5 )  ( l o g  R ) ~ / T ]  - 
Mg 2  2  3  2  [ ( I  .968 X l o 7 )  ( l o g  R )  I T  ] + [ ( I  .605 X l o 7 )  ( l o g  R) /T  1, 

where R = magnesium c o r r e c t i o n  r a t i o  expressed i n  equ iva len ts ,  

A t  = t he  temperature c o r r e c t i o n  t h a t  i s  sub t r ac ted  f rom 
Mg 

t h e  Na: K:Ca 113 B c a l c u l a t e d  temperature, 

T  = Na:K:Ca 113 B c a l c u l a t e d  temperature i n  OK. 

O r  a t  can be ob ta ined  by us i ng  t h e  graph compi led by Fourn ie r  and P o t t e r  (1979).  
Mg 

S i02  temperature c a l c u l a t i o n s  (Fou rn i e r  and Rowe, 1966) : 

Si O2 ( conduc t i ve )  , 

Si02 ( a d i a b a t i c ) ,  

1309 
t O c  = 5.19 + l o g  (S i 02 )  - 273.15 

1522 
tOc  = 5.75 + l o g  (S i o2 )  - 273.15 

Si02 (chalcedony),  1032 
tOc  = 4.69 + l o g  (S i 02 )  - 273.15 

Si02 ( opa l ) ,  731 
t O c  = 4.52 + l o g  (S i 02 )  - 273.15, 

where Si02 i s  expressed i n  mg/l . 
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DEPTH 
METERS 

LDCRT ION I %LEN At%, OKEOON 
14S/ 6E-32DC 

HOLE NFIME: WOLF MDW 
DRTE MERSUREDl 9/25/80 

DEPTH TrnPERATURE 
FEET DEG C DEE F 

6.720 
6.740 
6.740 
6.740 
6.770 
6.830 
6.920 
7.130 
7.500 
7.560 
7.580 
7.640 
7.740 
7.840 
7.990 
8.070 
8.220 
8.390 
8.600 
8.750 
8.910 
9.060 
9.250 
9.360 
9.510 
9.640 
9.790 

10.250 
10.550 
10.660 
10.730 
10.810 
10.860 
10.920 
11.060 
11.460 
11.700 
11.930 
lt. 120 
12.310 
12.490 

GEOTHERMRL GRClDIENT 
DEE L'KM DEE FA00 FT 



DEPTH 
METERS 

LOMITItX4: SRLEfl RMSv OREGON PRGE 2 
1 4 9  6E-32DC 

HOLE NAME: WOLF MDW 
DRTE MERSURED: 9/25/80 

DEPTH TEMPERRTURE GMTHERMRL GWDIENT 
FEET DEE C DEG F DEG C/KM DEG F1100 FT 





DEPTH DEPT H TEMPERATURE . G~RTH@MACI,GRADI 
, , - . J E Z . E R S - - - ~ - ~ -  A Clm / I 09  FT 





DEPTH 
METERS 

LUCCIT I CIN I SnLEl l FIIIS t OF'EGOI.( 
165/ 4E- 1IDBB 

HOLE 141-IIIHEP 1 Fitf- 3Z-  _ 
LIF! I'E I1E 1iSl.lPE11 8 11 'db,"i'S 

GEUTtJEF-'I II?L GPf411 i EI;4T 
1 l E 1  C,,Fi-l DEG F , lr:jO F'T 





LOCRTION: SRLEM F I E ,  OREGON 
169 5E-30WB 

HOLE NRME: ST DRM 2 
DRTE MEFISURED: 8/ 8/79 

DEPTH DEPTH TEMPERRTURE GEOTHERMFIL ERRDIENT 
METERS FEET DEE C DEE F DEG C/KM DEG Ff100 FT 





DEPTH 
METERS - 

LOCRTION: SRLEM AMSI OREGON 
16S/ 5E-30RBB : 

HOLE NRME I ST D m  3 
DFITE NEFISURED: 8/ 8/79 

DEPTH TEMPERRTURE 
FEET DEG C DEG F 

GEOTHERMFIL GRADIENT 
DM3 C/KM DEG FYI00 FT 





DEPTH 
METERS 

LOCRTION : SALEM FlMS, OREGON 
16S/ 5E-30QBC 

HOLE NRME: ST DRM 1 
DRTE MERSURED: 8/ 8/79 

DEPTH TEMPERATURE - GEOTHERMRL GRFlDIENT 
FEET DEE C DEG F DEG C/KM . DEG F/100 FT 





. L B C A T I O N :  S&ElJ AMS,  BREGBN 40 
16S/ 6E/273B 

H ~ L E  NUMBER: CR-WC 
OATL MF-: 9/29/76 r - . - .  - 

i 
DEPTH DEPTH TEMPERATURE GEBTHERMAL GRADIEkT 

~..WL.FEET-~EL _3EGF--3EGILLKH- ._ =G- ULQ3 _Ff: 





LOCATION: SFltEM AMSI OREGON 
179/ SE- EJACD 

HOLE NRME: WLKR CRK 
DATE ME!4SUREDI 9/24/88 

DEPTH DEPTH TEMPERATURE GEOTHERMFlL GRRDIENT 
METERS FEET DEG C DEE F DEE U K M  DEC F/100 F'T 



DEPTH 
METERS 

LOCFYTIONl SRLW RMSu OREGON PRGE 2 
179 5E- B E D  

HOLE NRMEI WLKR CRK 
DRTE MEQSUREDl 9/24/88 

DEPTH TEMPERRTURE GEOTHERMRL GRRDIENT 
FEET DEG C DEG F DEE UKM DEG F/180 FT 

12.540 
12.640 
12.730 
12.800 
12.880 
12.950 
13.030 
13.130 
13.240 
13.350 
13.420 
13.540 
13.660 
13.770 
13.870 
13.990 
14.120 
14.250 
14.370 
14.460 
14.560 
14.660 
14.740 
14.830 
14.940 
15.020 
15.110 
is. 228, 
15.400 
15.530 
15.640 





DEPTH 
METERS 

LOCFlTION4 SALEM OREGON 
175' SE-20BAR 

HOLE NAME! RIDR CRK 
DRTE MFASUREDE 9/23/80 

DEPTH TEMPERRTURE GEOTHERR GRADIENT 
FEET DEE C DEE F DEG CNKM DEE F/100 FT 



DEPTH 
METERS 

LOCRTION: SALEM AMSF OREGON PAGE 2 
17S/ 5E-20BRR 

HOLE NRMEI RIDR CRK 
DRTE MERSUREDa 9/23/90 

DEPTH TEMPERRTURE GEOTHERMRL GRADIENT 
FEET DEG C DEG F DEE C/KM DEG F/100 FT 





DEPTH 
METERS 

LOCATION1 SALEM AMSm DREGDN 
17% SE-25FID 

HOLE NRME 1 MOSQ CRK 
DRTE MEFISUREDa 9/24/00 

DEPTH TEMPERRTURE GEOTHERMRL GRRDIENT 
FEET DEE C DEG F DEG C/KM DEG F/100  FT 



DEPTH 
METERS 

LOCATIONt SCSLEM AMSI OREGON 
18SJ 5E-11BD 

HOLE NRME: REBL CRK 
M1TE MERSURED: 10/30/80 

DEPTH TEMPERATURE 
FEET DEE C DEE F 

GEOTrnMRL ORRDIENT 
DEG C/KM DEG FJ100 FT 
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