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ABSTRACT 

An extens i ve new heat f l ow and geotherma l g rad i ent data set for the State of Oregon 
i s  presented on a contour map of heat f l ow at a sca l e  of 1 : 1 , 000, 000 and i s  summa r i zed i n  
several  f i gures and tab les .  The 1 : 1 , 000 , 000 sca l e  heat f l ow map i s  con toured a t  20 mW/m2 
( 0 . 5  HFU) i nterva l s .  A l so presented a re maps o f  heat f l ow and temperature a t  a depth  of 
1 km averaged for 1° x 1 °  i nterva l s .  H i stograms and averages of geothermal g rad i en t  and 
heat f l ow for the State of Oregon and for the var ious phys iog raph i c  prov i n ce w i th i n  Oregon 
are a l so i nc l uded . 

The unwe l ghted mean f low for Oregon I s  8 1 . 3  ± 2 . 7  mW/m2 ( 1 . 94 ± 0 . 06 H FU) . The 
average unwe i g h ted geothermal g rad i en t  I s  65 . 3  ± 2 . 5°C/km. The average heat f low va l ue 
we i ghted on the bas i s  of geog raph i c  a rea i s  68 ± 5 mW/m2 ( 1 . 63 ± 0 . 1 2  HFU) and the average 
we i ghted geotherma l grad i ent i s  5 5 . 0  ± 5°C/km. 

On the bas i s  of the data the State of Oregon can be d i v i ded i nto 4 heat f l ow prov i nce� 
The f i rst  of t he heat f l ow prov i nces occup i es the western t h i rd of the s tate and i nc l udes 
the Coast Range, W l l l amette Va l l ey ,  Kl amath  Mounta i n s  and Western Cascade Range prov i nces . 
The mean heat f low for these prov i nces I s  4 1 . 8  ± 1 .3 mW/m2 ( 1 . 00 ± 0 . 03 HFU) and the 
average gra d i ent i s  26.4 ± 1 . 0°C/km. Heat f l ow va l ues w i t h i n  these prov i nces are rel a t i 
ve l y  un i form, but l ow ,  w i th no ev i dence of extens i ve convect i ve heat t ransfer. 

The second group of prov i nces Inc l udes the Deschutes-Umat i l l a (Col umb i a )  P l ateau and 
B l ue Mounta ins  provi nces i n  t he northeastern th i rd of the s tate .  The mean heat f l ow for 
these two provinces 65 . 2  ± 2 . 6  mW/m 2 ( 1 . 56 ± 0 . 06 HFU) and the average g rad i en t  i s  
43 . 7  ± 2 . 5°C/km. Th i s  heat f l ow i s  cons i dered anoma l ous l y  h i g h  as t he crust  con t r i butes 
very I i t tle to the surface heat f l ow and mant l e  heat f l ow va l ue i s  50-55 mW/m 2( 1 . 2- 1 .  3 HFU). 
There i s  u b i qu i tous water mot ion a l ong f l ow contacts i n  t he Col umb i a  R i ver Basa l t .  How
eve r ,  the water mot i on appears to be re l at i ve l y  s l ow and has only a m i nor effect on the 
measured heat f l ow va l ues.  

The t h i rd g roup of prov i nces occu p i es the southeastern t h i rd of the state and i nc ludes 
t he H i gh Lava P l a i n s ,  Bas i n  and Range, Owyhee Up l and and Western Snake R i ver  Bas i n  prov i n 
ces .  The mean heat f l ow i s  98 . 4  ± 3 . 8  mW/m 2 (2 . 34 ± 0 . 08 HFU) and the mean g rad i ent i s  
89. I ± 3 . 4°C/km. The heat f l ow and geotherma l grad i ent are extreme l y  h i gh  and are re l a ted 
to the extens i ve vo l can i sm and tecton i sm character i s t i c  of these prov i nces w i t h i n  the past 
15-20 m . y .  D i srup t i on of conduct i ve heat t ransport both by reg iona l g round water systems 
and by hydrotherma l convect ion systems i s  common, resu l t ing  i n  l a rge  scatter i n  the observ
ed heat f l ow val ues.  Large sca l e  crusta l effects  on the heat f l ow a re a l so observed. Be
cause of the h ig h  geotherma l g rad i en t  and h i gh heat f l ow t h i s  a reu of the state probab l y  
has the greatest potent i a l  for geotherma l devel opment for both h i gh and moderate temper
ature geothermal systems. 

The fourth  area of the state i nc l udes t he H i gh Cascades Range. Rel i a b l e  heat f l ow 
data are not ava i l a b l e  for the centra l  and eastern parts of t h i s  area of extens i ve youn� 
vo lcani sm ;  however , heat f l ow val ues a l ong the northwestern boundary average 1 05 . 1  ± 8. 5 mW/m2 
(2 . 51 ± 0 . 20 HFU) and t he geotherma l g radient averages 6 1 . 3  ± 3 . 4°C/km. More data are 
needed for the H i gh Cascade Range In order to proper l y  eva l uate i ts heat f l ow and geo
thermal poten t i a l .  However, based on the heat f l ow data a l ong the northwes tern boundary , 
the young vo l can i sm ,  and the ex i stence of many hot spr i ngs  a l ong t he western boundary , the 
geotherma l poten t i a l  of t h i s  prov i nce i s  undoubted l y  l a rge .  

Thus , the overa l l  heat f l ow pa ttern in  the state cons i st s  of subnorma l heat f l ow 
va l ues i n  t he western one- t h i rd of the state separated from s l i ght l y  h i gh to very h i gh  
heat f l ow va l ues i n  t he eastern two- t h i rds  of  the  state  by  the  H i g h  Cascade Range. The 
pattern i s  re l a ted to the effect of Cenozo i c  p l ate tecton i c  act i v i ty In t he Pac i f i c  North
west and to subduct ion of the Juan de Fuca p l ate  beneath  the Pac i f i c  Northwest dur i ng the 
pas t  few tens of m i l l  i ons  of yea r s .  
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HEAT FLOW OF OREGON 

I NTRODUCT I ON 

The purpose of t h i s  report i s  to descr i be the res u l ts of an e i ght-year project to 
i nves t i gate the geothermal fea tures of Oregon, by pub l i cat ion of a 1 : 1 , 000, 000 sca l e  heat 
f low map and accompany i ng text . As a resu l t  of th i s  study, the geothermal features of 
Oregon a re proba b l y  be t ter known than those of any equ i va l en t - s i ze area i n  a set t i ng as 
geo l og i ca l l y  and tecton ica l l y comp l ex a s  Oregon . Th i s  report compl etes the f i rst  phase 
of the s tudy , because geotherma l character i s t i cs a re now we l l -es tabli shed for most of the 
phys i og raph i c  prov i nces of Oregon. S tudy of the heat f l ow of Oregon i s  con t i nu i n g ,  and 
future reports wi 1 1  dea l w i th most of the prov i nces i n  a more detai l ed way than i s  
a ttempted here , and further t i ghten the focus of s t ud i es to i n d i v i dual  geo l og i c  features 
as we l l .  The d i scuss i on of the heat f l ow data w i l l  be on a gene ra l and on a deta i l ed 
l eve l , but the map i s  i n tended to s tand by i ts e l f  as a descr i pt i on of the hea t flow and 
geothermal character of Oregon as known at th i s  s tage of s tudy .  

When the f i rst  heat f l ow s tudy spec i f i ca l l y  rel ated to the Pac i f i c  Northwest of the 
Un i ted States was pub l i shed ( B l ackwe l I ,  1 969), no heat f l ow val ues were ava i l a b l e  for 
the State of Oregon. I n  order to remedy th i s  l ack of data for purposes of a s c i en t i f ic 
understand i ng of the heat f l ow i n  Oregon, and for unders tand i ng of the heat f l ow pa t tern 
in  order to eva l ua te the geotherma l poten t i a l  of Oregon , a sys tema t i c  state-wi de program 
of geotherma l s t ud i es was i n i t i ated by the Oregon Depa r tment of Geol ogy and M i nera l 
Indust r i es and by Southern Method i st Un i vers i ty i n  197 1 . Prev i ous reports of t h i s  work 
i nc l ude Bowen ( 1 972); Bowen and B l ackwe l l ( 1 973 , 1975); Bowen and others ( 1 976 , 1977) ; and 
Hul l and others ( 1 977b) . Th i s  report i s  the most comprehen s i ve and synthes i zes the 
res u l ts  from the reports prev i ou s l y  pub l i shed.  A l so ava i l a b l e  a re a number of open-f i l e 
data reports (Hu l l ,  1 975a ,  1 975b,  1 976;  Hu l l  and othe r s ,  1 976 , 1 977a , 1977c). 

Tempe ratures measured i n  ho les  that penet rate the earth be l ow the depth affected 
s i gn i f i can t l y  by annua l va r i a t i ons  (about 20 mete rs ) , i n  genera l i ncrease s tead i l y w i th  
depth .  Th i s  i ncrease in  temperature w i th depth i n d i ca tes  that  the  earth  i s  l os i ng heat; 
i . e . , heat i s  f low ing from the i nter i or of the earth i n to space. The heat that i s  lost  
from the earth Is  p r i ma r i ly from the i n i t i a l  accret ion and d i fferen t i a t i on s tages of the 
planet ,  augmented by the heat generated by long- l i ved rad ioact i ve e l ement s ,  such as 
uran i um, potass i um and tho r i um .  

S t udy of the heat l os t  by the earth has severa l i mportant app l i ca t i ons . The overall 
heat loss i s  a boundary cond i t i on for the i n terpreta t ion of the s tate  of the i nter ior  of 
the ea rth .  The temperature , de r i vab l e  from the heat f l ow ,  governs or bears d i rect l y  on 
the re l a t i ve r i g i d i ty ,  chem i ca l  phase , dens i ty ,  s e i s m i c  veloc i ty ,  e l ec t r i ca l  res i s t i v i ty 
and , i ndeed ,  a l l  the i n terna l propert ies  of the ea rth . Geog raph i c  va r i a t ions of hea t 
f l ow are d i rec t l y  re l a ted to, and i n  many cases cause , the tecton i c  act i v i ty wh i ch resu l ts 
in mounta i n  be l ts ,  vo l canoes ,  ea rthquakes and other features and phenomena of the earth's 
surface and sha l l ow i nter i or . P l ate tecton i cs ,  the recent l y  recogn i zed u n i fy i ng theory 
of the geo l og ica l sci ences , wh i ch i n terprets earthquakes , vo l canoe s ,  m i d-ocean r i dges ,  
etc. , as boundary i n te ract i ons  of l arge , re l a t i ve l y  r i g i d ,  t h i n  p l ates , or she l l s  (60- 1 50 
km t h i ck) of the eart h ' s  surface , i s  essent i a l l y  a type of t herona l convect i on .  
The mater i a l  of the p l ates forms and r i ses from the i n te rior of the earth  a t  the m i d
ocean r i dges , moves l a te ra l l y ,  and s i nks i n to the i nte r i or of the earth at  the t renches 
due to therma l l y rel ated den s i ty con t ra s t s .  F i na l l y ,  heat f l ow s tud i es are the most useful 
geophy s i ca l  techn i que for l oca t ing and evaluat i ng geotherma l resources . 



I ns i de the ea rth the t ransfer of  heat i s  by the mechanism of conduct ion, wh i ch is 
t ransfer of heat through a sol i d  by l a t t i ce vibra t i ons ; or by convection , which is transfer 
of hea t  by mass movement (magma, for example). Near the surface of the earth (in the 
upper 5-10 km), heat transfer may be by therma l conduct ion , or t herma l convect ion (v i a  
water motions), or by a comb i nat ion of the two mechan i sms . Conduct ion i s  predomi nant 
where rocks are re l a t i ve ly  i mpermea b l e  and the heat f l ow va l ues a re l ow to average (western 
Oregon). Where rocks are re l a t i ve l y  permeab l e ,  and/or where heat f l ow va l ues a re above 
average, ground water convect i on may be an important and even dom i nant  mechan i sm of heat 
transfer (southeastern Oregon) . The water mot ions may be driven completely by thermal 
effects (different i a l hea t i ng) ; or by forced convec t ion, where l atera l wa ter mot i ons a re 
caused by e l evat ion d i fferences in aquifers. The re l a t i ve impacts  of conduct ion and con
vec tion on the data shown on the heat f l ow map or Oregon (Plate I) a re d i scussed i n  sub
sequent sections. An ex i st i ng study of some aspect s of convect i ve heat t ransfer i n  Oregon 
i s  represented by the map of thermal spr i ngs  (Bowen and Peterson, 1970; Bowen and others, 
1978). 

A heat f l ow study measures the heat wh i ch or1g1nates within the earth and flows out 
to the surface of the earth. The units used are the quan tities of energr (watts) per unit 
area (square meters). The world-wide average heat flow i s  about 60 mW/m (60 x Jo-3 watts  
per square meter, 1.5 HFU *). Typ i cal  l ow va l ues  of heat f l ow a re 20-40 mW/m2 (0.5-1.0 
HFU) , and typ i cal h i gh va l ues of heat f l ow a re 80-120 mW/m2 (2-3 HFU) . Values greater 
than 120 mW/m2 (3 HFU) are not usua l l y  found except i n  geotherma l areas. 

The average va l ue of heat f l ow i s  very sma l l .  For examp l e ,  the energy from 1.7xl03m2 
(about 10,000 ft2) wou l d be required to 1 i ght a 1 00-watt 1 i gh t  bulb, assuming that the 
thermal energy could be converted directly to electrical energy (in fact, in commerc i a l  
geotherma l systems the max imum convers ion eff i c i ency of extracted heat to e l ectr ica l  energy 
i s  10-15%). However,  the tota l f l ow of heat over the su rface of the earth is 1. I x 1013 
watts, a very large amount .  The heat stored w i t h i n  the ea rth  i s  virtually I i m i t l ess , but 
mos t l y  i naccess i b l e . Geotherma l energy can on l y  be ut i l i zed where h i g h  temperat ures 
nea r the sur face (current l y  3 km or less in depth) can be tapped in some fash ion. These 
areas are �noma l ous because above-normal temperatures at a given depth are required accor
ding to present economics. Thus location and characterization of such geothermal anoma l i es ,  
wh ich  may be due to any one o f  many causes , such a s  hot water f l ow a l ong a fau l t  zone, a 
magma chamber ,  etc. , are the goa l s  of geothermal exploration. Of a l l  the d i fferent geo
phys i ca l  techn i ques appl i ed to geotherma l exp l orat ion, heat f l ow study i s  a t  present the 
most d i rect way i n  most cases to l ocate subsurface therma l anoma l i es ,  since heat f l ow 
d i rec t l y  measures the p r i ma ry quan t i ty des i red- hea t .  The other requ i red factor i s  a 
sufficient  f l u i d  flow for surface ut i !  i z a t i on .  The ut i l i za t ion of geothermal resources for 
heating o r  generat i on of e l ect r i c  power is  of i ncreas i ng i mportance as the search for new 
energy sources expands. Oregon res i dents have been p i oneers i n  the f i e l d ,  u s i ng hot water 
for space heating in Kl amath Fal l s  since prior to 1900. I n  v i ew of the pauc i ty of con
vent i ona l  energy sources i n  Oregon, and the l a rge ro le  p l ayed in the geo log i c  h i story of 
Oregon by vo l ca n i sm, geothermal energy u t i l i za t i on has an i mportant  poten t i a l  i mpact on 
Oregon 1 s future. 

In previous pub l i cat ions ,  heat f low uni ts  (HFU) , thermal conduct i v i ty 
un i ts (TCU) and heat genera t i on un i ts (HGU) have been used. The currently 
recommended system of sc i en t i f i c  un i t s  i s  the S l  (Systeme lnternationale) 
units. Conversions are: 

HFU 
TCU 
HGU 
mW/m2 

Jo-6 ca l /cm2 -sec = 41.84 x Jo-3 W/m2 = 41.84 mW/m2 
10-3 cal/cm-sec-°C"' 0.4184 W/mK 
I x 10-13 cal/cm3-sec = 0.4184 x I0-12W/m3 = 0.4184 �W/m3 
= 0.0239 HFU;  I W/mK = 2.39 TCU; 1 �W/m2 = 2.39 HGU 
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GEOLOGY OF THE PHYS I OGRAPH I C  PROV I NCES 

Oregon is  made up of several d i s t inct  geo l og i c-phy s i og raph i c  provi nces (F i gure  1 ) .  
These prov inces  w i l l  be br i e f l y  d i scussed i n  a general west-to-east order i n  th i s  sect i on .  
More deta i l ed summa r i es may be found i n  Ba ldw i n  ( 1 976) . The var i ou s  prov i n ces are i mpor 
tant geotherma l l y ,  as the heat f l ow correl ates we l l  w i th the var ious geo l o g i c  h i stor i es 
exper i enced by ind i v i dual prov i nces or groups of prov i nces . 

Coast Range 

The Coast Range, exten d i n g  f rom the Co l umb i a  R i ve r  south to the Kl amath Mounta i n s ,  
con s i sts o f  basa l t i c  l ava that i nterf i ngers i n  a complex way w i th mar i ne s i l tstone and 
sandstone. The o l dest rocks known in the reg i on are p i l low l ava and vo l can i c  brecc i a  of  
l ower to m i d d l e  Eocene age. Du r ing t h i s t i me the reg i on was apparent l y  a ser i es of  
vo l can i c  i s l ands w i t h  bas i n s  of sed i mentat ion f i l l ed by  vo l can i c  debr i s  from the h i gh l ands ,  
and l esser amount s  of  f i ne-gra i ned sed i ments eroded f rom the cont i n ental mass to the east. 
Vo l can i sm of l essen i ng i nten s i ty cont i nued i nto the M iocene per i od ,  cu l m i nat i ng w i th the 
i ntrus ion of a sequence of gabbro s i l  I s  i n  l ate M i ocene t ime . There i s  no ev i dence of  
renewed vo l can i sm or  magmat i sm s i nce l ate M i ocene t i me .  

K l amath Mounta i n s  

The Kl amath Mounta i n s  I i e  i n  the southwest corner of  Oregon between the Cascade Range 
on the east and the Coast Range on the north ; they extend southward i nto northwestern 
Cal i fo rn i a. The topography i s  r ugged , w ith  steep s l opes and narrow deep canyons.  Most of 
the rocks are pre-Cenozo i c  i n  age ,  but there are a few i so l ated remnants of Cenozo i c  
sed i mentary rocks , and a few bod ies  o f  Cenozo i c  intru s i ve rock (most l y  d i kes and s i l l s  
of 01 i gocene and M iocene age) are present i n  the p ro v i nce.  The o l dest rocks are Pal eozo i c  
sch i sts al ong the Oregon-Ca l i forn i a  border west o f  Medford . Mesozo i c  metamorph i c ,  i gneous 
and sed i mentary rocks make up the predom i nant rock u n i ts exposed i n  the reg ion .  

W i l l amette Va l l ey 

The W i l  l amette Val l ey i s  a l arge structu ral trough that conta i ns a t h i ck sequence 
of ear l y  to m i dd l e  Cenozo i c  ma r i ne mudstone and impure sandstone. Vo l can i sm was l oca l 
i n  th i s  prov i nce.  Du r i ng the M i ocene per i od basal t l ava of the Col umb i a  R iver G roup,  
apparent l y  or i g i nat ing  east of  the Cascades , f l owed i nto the reg i on near Portl and and 
i nto the Sal em area (Hodge, 1 936) . Dur i ng 01 i gocene and M i ocene t i me ,  several smal I 
i n t ru s i ve masses were emp l aced at  t he southern end of t he  W i l l amet t e  Va l l ey .  At the 
northern end of the W i l lamette Val l ey an ep i sode of vo l can i c  act i v i ty occurred i n  the 
Portl and reg ion extend i ng from m id d l e  P I  i ocene to P l e i stocene .  Du r i ng th i s  t i me pos s i b l y  
as many as one hundred basal t i c  vo l can i c  cen ters were act i ve i n  the Port l and area. These 
vol can i c s  are referred to as the Bor i ng l avas . 

Western Cascade Range 

The Western Cascade Range i s  the w i d e ,  deep l y  d i ssected be l t  of vol can i c  rocks that 
l i es between the H i gh Cascade peaks on the east ,  the W i l l amette Val l ey on the wes t ,  and the 
Kl amath Mounta i ns on the south . The Western Cascade Range i s  made up l arge l y  of  a ser i es 
of ma f i c  and andes i t ic vol can i c  centers w i t h  numerous tuffaceous i n terbed s ,  but i n  t h i s  
case the depos i ts were l arge l y  subae r i a l  rather than the submar i n e  erupt ions typ i cal  of  
the Coast Range. Contemporaneous w i t h  and fol l ow i n g  the vo l can i sm, the reg i on was sub
jected to numerous i ntrus ions and extens i ve hydrothermal a l terat i on w i th i n  and at the 
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E'IGURE 1 :  Physiographic provinces of' Oregon aj'ter Baldwin (1976). 

contacts of the i nt rus i ve rocks (Peck and others , 1 964) . At the northern end of the pro
v i nce ,  the Western Cascade Range term i nates near Por t l and aga i nst the bel t of the P I  locene
P l e i s tocene vol can i c  rocks exten d i n g  westward from the H i gh Cascade range .  

H i g h  Cascade Range 

The H i gh Cascade Range provi nce extends the w i d t h  of the state and i s  dom i nated by 
l arge st ratovol canoe s .  Some authors con s i de r  t h e  Newberry Vol cano reg i on o f  centra l  
Oregon to  be part  of  the  H i gh  Cascade Range,  but in  t h i s report the  Newberry Vol cano i s  
i n c l uded i n  the H i g h  Lava P l a i n s  prov i nce . The st ratovol canoes are dom i nan t l y  andes i t i c  
i n  compos i t ion , but i n terspersed among t hem are numerous smal l er c i nder cones , s h i e l d  
vol canoes , and erupt i ve centers o f  w i de-rang i ng compos i t i on .  Overal l ,  however , basalt is 
the vo l umetr i ca l ly dom i nant vol can i c  rock type w i t h i n  the prov i nce.  Rocks more s i l i c i c  
than andes i te ,  such as dac i tes and rhyo l i tes , are general l y  rare except i n  the cent ra l  
por t i on of  the H i gh Cascade Range near the Three S i sters (Wi l l i ams , 1957 ) . The ages of 
the volcan i c  rocks range from P l i ocene to Recen t .  

Over t he years geolog i s ts  have d i scussed the pos s i bi l i t i es  of fau l t  con t ro l  of the 
H i g h  Cascade Range for both the erupt i ve centers and for the d ef i n i t i on of a large north
south  trending graben cont rol ! i ng the overal l l ateral extent of the range (Al l en ,  1 966) . 
Th i s  concept i s  appea l i ng because of  t he recogn i t i on of major  fau l ts a l ong t he eastern s i de 
and I i near t rends al ong the western s i de of t he H i g h  Cascade Range. One of t he s t rongest 
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of these t rends that may i nd i ca te fau l t i ng i s  the north-south a l i gnment of hot spr i ngs 
extend i ng over 200 km a l ong the western boundary of the H i gh Cascade Range .  Poss i b l e  
further ev i dence of a bound i ng western s t ructure i s  d i scussed i n  subsequent sec t i ons . 
D i rect f i e l d  ev i dence does not ful l y  support the g raben concept ,  as no fau l t  of l a rge 
magn i tude has yet been mapped to def i ne the western border of the proposed graben . 

Recent stud i es of the magnet i c  po l a r i ty of the l avas from the H i gh Cascade vol canoes 
i nd i cate nea r l y  a l l  these l avas have normal po l a r i ty and a re therefore younger than 
690 , 000 yrs. B . P .  Many o f  the vo l can i c  features a re obv i ous ly  much younger than t ha t, 
as they show l i tt l e  or no effects of weathe r i ng and g l ac i a t i on .  The most recent major 
erupt ions in Oregon appear to have occurred on Mount Hood,  where Crande l l and Rub i n  ( 1 977) 
report three major erupt i ve per i ods of 1 2,000, 1 , 600 , and 220 (14C) yrs . B . P .  Newspaper 
accounts report that Mount Hood was i n  m i nor erupt ion i n  the per i od 1 848 to 1 865 . Dat i ng 
of vo l can i c  act i v i ty i n  other parts of the H i gh Cascade Range shows a g reat dea l of acti
v i ty in the range of 4 , 000 to 6 , 000 (14C ) yrs . B . P . ,  w i th some of the f l ows as young a s  
a few hundred years. 

Deschutes-Uma t i l l a Plateau 

The Deschutes-Umat i l l a P l a teau i s  a broad h i gh l and eas t  of the H i gh Cascade Range and 
border i ng on the Col umb ia  R i ve r .  I t  i s  par t  of the broader Co l umb i a  P l ateau p rovince that 
i s  i n  Oregon . The reg i ona l s l ope i s  northward toward the center of the Columb i a  Bas i n .  
R i vers and s treams have entrenched s teep-wa l l ed canyons into the p l a teau i n  numerous 
p l aces . 

Basa l t  of the Co l umb i a  R i ve r  Group (M i ocene i n  age) i s  the domi nant rock and t h i ck 
flow-on- f l ow sequences can be seen i n  many of t he canyons . Unde r l y i ng those basa l ts are 
ea r l y  to m i dd l e  Cenozo i c  sed i mentary,  volcanoc l a s t i c  and vo l can i c  rocks of the John Day 
and C l a rno Forma t i ons . Geothermal man i festa t i ons a re sparse i n  t h i s  reg i on, the only 
prom i nent one be i ng the Kah-nee-Ta Hot Spr i ngs near the westernmost edge of the prov i nce . 
A few warm water  we l l s  a re reported a l ong the northern edge of t h i s  prov i nce.  There i s  
no evi dence of vol can i sm younger that P l e i stocene i n  t h i s  reg i on ,  and no i nd i ca t i on of 
vo l um i nous vol can i sm after the ext rus ion of t he Co l umb i a  R i ve r  Basa l t .  

B l ue Mounta i ns 

The B l ue Mounta i ns prov i nce i s  an a rea of h i g h  re i  i ef extend i ng northeastward from 
the Deschutes-Uma t i l la P l a teau i nto the northeast corner of the s tate. The provi nce i s  
composed o f  numerous i nd i v i dua l mounta i n  ranges w i t h  bedrock of pre-Cenozo i c  to ear l y  
Cenozoi c  age. Rock types a re d i verse and s tructure i s  compl ex i n  t h i s  prov i nce.  W i th  
the except i on of  a few c i nder cones of  proba b l e  P I  i ocene age,  there a re no  known vo l ca n i c  
rocks younger than M i ocene. However, there a re several hot spr i ngs i n  t he reg i on w i th  
surface temperatures rang i ng as h i g h  as 82° C .  

H i gh Lava P l a i ns 

The H i gh Lava P l a i ns prov i nce extends i n  a west-east band about 50 km w i de from the 
H i gh Cascade Range to the Owyhee Upl ands . The northern edge i s  the h i gh l ands of the B l ue 
mounta i n s ,  wh i l e to the south the prov i nce merges i nto the Bas i n  and Range prov i nce . The 
bedrock of the prov i nce i s  a re l a t i ve l y  undeformed sequence of s i l i c i c  domes, young 
l ava flows , ash  f l ows, and c i nder cones (Wa l ker, 1 969) . The ma i n  s t ructura l feature i s  
the west-northwest t rend i ng Brothers Fau l t  Zone, a ser i es of en-echelon normal fau l ts 
that extend across the prov i nce . Severa l erupt i ve centers of both basa l t i c  and rhyol i t i c  
vo l ca n i c  rocks a re concent rated a l ong t h i s  zone o f  fau l t i ng and on nearby subs i d i a ry fau l t  
zone s .  At  the western edge of the H i gh Lava P l a i ns near where the Brothers Fault Zone 
merges i nto the H i gh Cascade Range, a concen t ra t i on of Holocene basa l t i c and rhyol i t i c 
erup t i ve centers has been shown by hydrat i on dat i ng ( F r i edman ,  1 977)  to have been emp l aced 
I ,400 y r s .  B . P .  MacLeod and others ( 1 976) report a westward age m i g ra t i on o f  rhyol i t i c  
domes along the Brothers Fau l t  Zone from approx imate ly  1 0  m . y .  on the eas t  t o  l ess  than 
I m . y .  at the west end . At the eastern edge of the H i gh Lava P l a i ns  is the Harney Bas i n, 
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a l arge , sem i c i rcu l a r  depress ion suggested by Wa l ker ( 1 970) to be the source of many of 
the extens i ve ash f l ow tuffs i n  the reg ion .  

Bas i n  and Range 

The Bas i n  and Range prov i nce i s  character i zed by north-to-northwest t rend i n g  mounta i n  
ranges and va l leys , often faul t-cont ro l led .  Basa l t i c  lava f l ows a re the dom i nant  rock 
type, and i n  many areas , severa l thousand feet of basa l t  w i th i nterspersed tuffs  and 
sed i mentary l enses are exposed. Rhyo l i te i s  common i n  some reg i ons , but overa l l makes up 
on l y  a sma l l por t i on of the rocks.  Much more abundant are s i l i c i c  ash f l ow tuffs , wh ich  
i n  some cases cover several hundred square km and form the  r i m  rock i n  the reg ion .  The 
h ig h  ang l e  norma l fau l ts of l arge d i sp l acement typ i ca l  of t he Bas i n  and Range prov i nce 
s how decreas i ng d i sp l acement toward the borders of the prov i nce , where they merge i n to 
the re l a t i ve l y  l evel reg i on of the H i gh Lava P l ains and the H i gh Cascade Range. The 
st ructura l pa t terns of the Bas i n  and Range prov i nce con t i nue to the south  and southwest 
i nto Ca l i forn i a  and Nevada .  W i th very few exceptions t he rocks w i t h i n  t h i s  prov i nce i n  
Oregon are a l  1 of Cenozo i c  age , but further south and southeast much ol der rocks are 
exposed by the fau l t i ng .  Throughout the ent i re Bas i n  and Range prov i nce there are scat
tered P l e i s tocene to Hol ocene vo l can i c  rocks . There a re hundreds of therma l spr i ngs 
i n  the Bas i n  and Range prov i nce of  the western U n i ted S tates , w i t h  probab ly  a hundred 
w i th i n  Oregon . The major i ty of these therma l spr i ng s  a re c lose l y  assoc i a ted w i th the 
bas i n-bound i ng fau l ts .  I nves t i ga t ions of the geotherma l resources have been made i n  
some of t he bas i n s ,  such a s  the work by Samme l ( 1 976) and L i enau ( 1 978) i n  the K l amath  
Bas i n .  

Owyhee Upl and 

The Owyhee Upl and has rocks s im i l ar to the Bas i n  and Range prov i nce, but l acks the 
prom i nent fau l t  system. It i s  an i so l ated h i g h l and t ha t  extends eastward i nto I daho and 
sout hward i nto northern Nevada .  On i ts west s i d e ,  i t  i s  bordered by the B l ue Moun t a i n s ,  
the H i gh Lava P l a i n s  and the Ba s i n  and Range Prov i nces .  To the north and eas t ,  t he boundary 
i s  the Western Snake R i ver Bas i n .  The Owyhee Upl and i s  essen t i al l y  a vo l can i c  upl and 
devel oped from w i despread centers of basa l t i c, andes i t i c  and rhyol i t i c  flows w i th assoc i a
ted pyroc l a s t i c  and sed imentary rocks of m i d d l e  to l a t e  Cenozo i c  age .  There are numerous 
and w i despread f l ows of Qua ternary basa l t  and one basa l t  f i e l d  of Ho locene age ( the  Jordan 
C ra ters ) .  Several therma l spr i ngs are found throughout the reg i on,  most occurr i ng a long 
t he canyons of t he Owyhee and Ma l heur R i vers .  

Western Snake R i ver Bas i n  

The Snake R i ve r  Bas i n  extends a few m i l es  i n to the eastern edge of Oregon , north 
of the Owyhee Upl ands and south of the B l ue Mounta i n s .  It i s  par t  of  a l a rge s t ructura l 
depress ion , t he Snake R i ver P l a i n ,  that extends from eastern Oregon across I daho to 
Ye l l owstone Nat i ona l Park i n  Wyom i ng .  The Western Snake R i ver Bas i n  i s  f i l l ed l arge l y  
w i t h  f i ne-gra i ned Cenozo i c  l acustr ine  and f l u v i a l  sed i ments  and i n terbedded sequences of 
l ava f l ows . The s tructure has been i nterpreted by some as a l arge comp l ex g raben bounded 
by norma l fau l ts .  W i th i n  the prov i nce, f i ne-gra i ned non-ma r i ne sed iments  up to 2 km t h i ck 
over l i e a w i despread basa l t  forma t i on wh i ch i s  mapped to the north a s  t he Col umb i a  R i ver 
Basa l t  and to the south and west a s  Owyhee Basa l t  (Newton and Corcora n ,  1 963) . There are 
numerous therma l spr i ngs assoc iated w i t h  the Western Snake R i ver Bas i n ,  most of them nea r 
t he ma rg i ns of t he prov i nce. 
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TECH N I QUES OF HEAT FLOW MEASUREMENT 

Temperature Grad i en t s  

To obta i n  a heat f l ow measu rement ,  the geotherma l g rad i en t  and thermal conduct i v i ty 
must be measured . Heat f l ow (Q) i s  then ca lcu l ated as t he product of the rate of change 
of temperature w i t h  depth ( the geothermal g rad i en t ,  dT/dx) , and therma l conduc t i v i ty (K ) :  

Q K dT 
dx 

The un i ts of these parameters are d i scussed on page 2 .  The geothermal g rad i en t  i s  obt a i ned 
by measur i ng temperature as a func t i on of depth i n  a dr i l l  ho l e  and then ca l cu l a t i ng the 
change i n  tempera ture for some g i ven i n terva l . On a p l ot of temperature versus depth , the 
s lope of the s t ra i ght l i ne through the po i n t s  i s  the geotherma l g rad i en t .  We l l  l ocat ions 
are g i ven in t h i s  report us i ng the U . S .  Geolog i ca l  Su rvey Wa ter Resources D i v i s i on conven
t i on ; i . e . , 1 4 S/38E-21 bba represents the NE 1 /4 ,  NW 1 /4 ,  NW 1 /4 of Sect i on 2 1 , T 1 4S ,  R38E .  

The depth at wh ich  the  annua l surface temperature cyc l e  ceases to  affect the  geother
ma l grad i ent depends p r i ma r i l y  on the thermal conduc t i v i ty of the rocks (Lachenbruch, 1959 ; 
Lover i ng and Goode , 1 963) . For rocks w i th  therma l propert i es typ i ca l  of those found i n  
Oregon , the depth  of penet rat ion of s i gn i f i cant  effect s  of the annua l surface temperature 
cyc l e  i s  1 0-20 mete r s .  Thus ,  to obt a i n  a n  unamb i guous geothermal g rad i en t  w i t h  a s i ng l e  
per i od of measurement ,  we l l s  deeper than 1 0-20 m are needed . I n  t h i s  study we have not 
at tempted to u t i !  i ze ho les  sha l l ower than 30m , a l though resu l ts of the use of  sha l l ow 
holes ( 1 -20m deep) i n  geothermal exp lorat ion are d i scussed i n  a previ ous report (Bowen 
and others ,  1 977) . 

Some examp l es of temperature-depth curves are shown i n  F i g u res 2 and 3 .  Idea l l y ,  the 
heat f low measurement w i l l  be based on temperature-depth data s i m i l a r  to that shown for 
ho l e  8S/ 5E- 3 l cc .  I n  t h i s  case , the temperature-depth curve i s  l i nea r ,  except for a 
s l i ght  decrease i n  grad ient above 80 m.  Assum i ng conduct i ve heat t ransfe r ,  th i s  g radient 
shou l d  con t i nue through the cru s t ,  with changes due on l y  to va r i at ions of therma l conduc
t i v i ty and the effects of rad i oact i ve heat sources i n  t he crust . A typ i ca l  g rad ient  
pat tern wh i ch mi ght be expected i n  a very deep ho l e  i s  shown for ho l e  1 1 S / 1 5E-22cd. Thls 
ho l e  shows a constant g rad i en t  over d i screte i n terva l s ,  w i t h  a tendency for geotherma l 
grad i en t  to decrease w i th  depth .  These d i screte i n terva l s  of u n i form grad ient  correspond 
to l i t ho l og i c  un i t s ;  i n  t h i s  case, two un i t s  i n  the C l a rno Forma t i on (23-270 m and 270-
664 m) , and pre-Cenozo i c  sed i mentary rocks (664-820 m) . I n  genera l ,  more deep l y  bur i ed 
rocks w i l l  have a h i gher therma l conduct i v i ty because of  a l oss  i n  poros i ty ,  or because 
the basement rocks may be crysta l !  i ne (no g l ass ) ,  or i n  some cases because of h i gher 
quartz content than the near-surface rocks. I n  part i cu l a r ,  i f  g rad ients  are measured i n  
re l a t i ve l y  poo r l y  conso l i dated bas i n  f i  1 1 ,  grad i en t s  may decrease by a factor of 2-3 as 
the dr i l  I ho l e  passes through the less conso l i dated c l ay and tuffaceous sands i nto low 
poros i ty volcan i c  and/or basement rocks at depth.  

Tempe rature-depth curves common l y  show cu rvature;  i . e . , i ncreas i ng or decreas i ng 
g rad ient  w i th depth. I f  the heat t ransfer i s  conduct i ve ,  these smooth  va r i at i on s  i n  
g rad ient  a re most often due to topograph i c  and m i crocl imato l og i ca l  effect s ,  and the 
grad i en t s  can be corrected for the observed effects ( B l ackwe l l and others , 1 979) . 

I n  a l a rge port ion of Oregon , however , heat t ransfer may be conduct i ve i n  one p l ace 
and convec t i ve or some comb i nation of conduct i ve and convect i ve i n  an adjacen t l oca t ion.  
I n  genera l ,  t he subhor i zon t a l  l ava f l ows characte r i s t i c  of much of the state make very 
good aqu i fers ,  and water f l ow a l ong and between these aqu i fers  i s  common . If the water 
f l ow i s  re l at i ve l y  s l ow and t he aqu i fers are con f i ned , the effects on the g rad ient  may not 
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be apprec i ab l e  unt i l  a ho l e  i s  d r i  l i ed wh i ch a l l ows water to move f rom one aqu i fe r  to 
the next w i t h i n  t he boreho l e .  An examp l e  o f  t h i s  k i nd o f  anoma l y  i s  shown i n  ho l e  
1 1 S/ 1 3E-24ac. Th i s  ho l e  i s  l ess  than a k i lometer f rom ho l e  1 1 S / 1 3E-24aa , and has essen
t i a l l y the same geothermal g rad i en t  except i n  the depth i n terva l 70- 1 80 m. From the 
characte r i s t i c  shape of the temperature-depth curve, we i n fer that i n  ho l e  24ac, water 
enters at approx i ma te l y  70 m {near the water table) , and f l ows downward and out a 
fracture zone a t  approx imately 1 60 m. The effect of the water a t  the appropr i ate rock 
temperature for 70 m l owers the temperatu re i n  the wel l to and be l ow i ts ex i t  po i n t ,  to a 
total depth of approx imat e l y  1 80 m .  Be low 1 80 m a g rad i en t  s im i l a r  to that observed i n  
1 1 S/ 1 3E-24aa i s  found. I f  pos s i b l e, ho l es t ha t  are d r i l led  for heat f l ow stud i es a re 
g routed , i . e . ,  f i l l ed w i t h  cemen t  or a s im i l a r  mate r i a l  a round a sea l ed t u b i n g ,  so t hat 
water f l ow cannot occur w i th i n  t he ho l e  to cause d i stu rbances i n  the g rad i en t .  

The oppos i te case of the downf l ow s i tuat i on i s  the upf l ow case wh i ch wou l d  g i ve an 
exact l y  reverse type of curve . If the upf l ow reaches the su rface, then the ho l e  i s  
a rtes i a n .  

I n  l ayered rocks , where there may be many aqu i fers separated by zones o f  lower per
meab i l i ty ,  the temperature-depth  curves may have a s ta i rstep character from the i n ter
m i ng l i ng of the d i fferent aqu i fers hav i ng d i fferent temperatures {ho l e  1 9S/3 1 E- 1 3dd, 
F i gure 3 ) . I n  many cases, a l though the gene ral  tendency for the temperature to i ncrease 
w i t h  depth i s  c l ea r ,  t he bes t  geothermal g rad i en t  to use for the ho l e  i s  unc lear .  

I n  add i t ion to  c i rcu l a t i on prob l ems that  are  con f i ned to  a d r i l l  ho l e, however, l a rge
sca l e  aqu i fer f l ow may ex i st i n  many areas of vo l can i c  rocks . These aqu i fers  may have 
t h i cknesses i n  excess of a k i l ometer and d imen s i on s  of tens to perhaps hundreds of k i  to
meter s .  A major vo l can i c  aqu i fer ex i st s  i n  the Eastern Snake R i ve r  P l a i n  of I daho {Brott  
and  othe r s ,  1 976) that  i s  over 50  km w i de and  200 km long . The vo l can i c  rock aqu i fers  
i n  Oregon are  not a s  we l l  known , but  may be  qu i te l a rge.  For examp l e, a very l arge area 
in the Deschutes R i ver va l l ey of cen tra l  Oregon shows h i g h l y  d i s turbed temperature-depth 
curves typ i ca l  of maj or aqu i fe r  c i rcu l a t ion .  Two examp l es of these types of curves are 
shown i n  F i gure 3 {ho l es J8S/II E-25bd and J8S/ 1 2E- 5bbd ) .  Both ho l es show a sha l low 
aqu i fe r  {above 1 00 m) w i th s l i gh t l y  warmer water than a deeper aqu i fer of co lder  water, 
w i th l i t t l e  change of temperature i n  t he bottom pa rts  of the ho l e s .  Obv i ou s l y, heat f l ow 
i n terpretat ion i n  t h i s  sett i ng i s  very d i ff i cu l t .  Measured we l l  l oca t ions where major 
aqu i fe r  effects  appear to cause probl ems i n  data col l ec t i on a re shown by a sepa rate 
symbo l on P l ate 1 .  

More subt l e  aqu i fe r  f l ow, d i ff i cu l t  to recogn i ze ,  may be character i stic of other 
area s .  For examp l e ,  a ho l e  f rom G l ass Buttes i n  cen tra l  Oregon {23S/23E-27c, F i gure 2 )  
shows a bas i ca l l y  1 !near, apparent l y  conduc t i ve temperature-depth curve to 1 80 m,  a t  
wh i ch depth the grad i en t  decreases b y  a factor o f  5 ,  i n  a maj or aqu i fe r .  Whether or  not 
temperatures w i l l  aga i n  i ncrease w i th depth {and at what depth) i s  unknown, because th i s  
wel l ,  as i s  the case w i th most water we l l s ,  was d r i l led on l y  to the top of the f i rst  maj or 
aqu i fe r .  These res u l t s  show the d i ff i cu l t i es  and uncerta i n t i es i n herent i n  extrapo la t i ng 
to depth the grad i ent determ i ned i n  sha l l ow ho les  i n  some geo log i c  set t i ngs , espec i a l ly 
areas of young vol can i c  rock s .  

Therma l Conduct i v i ty 

Thermal conduc t i v i ty i s  a mate r i a l  property wh i ch descr i bes the ab i l i ty of a rock 
to conduct hea t .  Thermal conduc t i v i ty i s  p r i ma r i l y rel ated to quartz content and 
poros i ty { i ncreas i ng  w i t h  i nc reas i ng  quartz content and decreas i ng  poros i ty) . Thermal 
conduct i v i ty measurements  are usua l l y  made i n  t he l aboratory on core or cutt i ng samp les  
represen tat i ve of  the rocks penetrated by  the  we l l .  The laboratory techn i que used i n  
t h i s  s tudy i s  the d i v i ded ba r technique d i scussed by B i rch ( 1 950), Roy and others { 1 968a) 
and Sass and others { 1 97 1 a) . Heat f l ow i s  t he n  ca l cu l ated as the p roduct of geothermal 
g rad i en t  t i mes  therma l conduc t i v i ty .  
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Causes of Var i a t i on s  and D i s turbances i n  Geothermal Grad ients  

On l y  i n  t he i deal case i s  a temperature-depth curve exact l y  I i near. Var i a t i on s  
may ref lect  e r rors i n  measurement (usua l l y  very smal l ) ,  geolog i ca l  factors wh i ch affect 
the subsurface temperatures, or effects assoc i ated i n  some way w i t h  the ho l e  or the 
d r i  1 1  i ng process .  The causes of the non-uniform i ty of the geothermal grad i en t  must be 
understood i n  order to obta i n  accurate heat f l ow va l ue s .  The geothermal grad i en t  i s  
affected i n  a major way by geo l og i c  s t r ucture, because d i f ferent rock u n i t s  have 
d i fferent therma l conduct i v i ty va l ue s .  I f  the rocks are hor i zon ta l ly  l ayered , and 
the heat f l ow rema i n s  constant w i t h  dep t h ,  then the geothermal g rad ient  and thermal 
conduct i v i ty in each rock type are i nverse l y  re l ated to one another (see F i g u re 2 ,  ho l e  
1 1S/ 1 5E-22cd). I f  the rocks are not hor i zonta l l y l ayered , or i f  the thermal conduct i v i ty 
va r i es i n  some way , comp l ex heat f l ow patterns may be observed even i f  the unde r l y i ng 
reg ional heat f l ow i s  constan t .  Therefore , the I i thology penetrated by and adjacent 
to the we l l  mus t  be known , i n  addit ion to the geothermal g rad i ent , for the heat f l ow 
to be calcu lated and i n terpreted . 

D i st urbances to the geot hermal grad ient  may a l so ar i se from topograph i ca l  features, 
microcl imat i c  ef fect s ,  c i rc u l ation of water ,  or temporal changes i n  mean g round surface 
temperature.  Ter ra i n  cor rect i ons have been ca l c u l ated or est imated for a l l ho les  for 
wh i ch the effects  appear to be g reater than 5% . Ter ra i n  correct ions have been made us i ng 
a number of techn i ques , p r i mar i l y t he techn i que desc r i bed by B i rch (1950) ,  and a tech
n i que wh i ch i n c l udes m i crocl imat i c  effects (B l ackwe l 1 and others, 1979). No s i gn i f i cant 
systema t i c  temporal changes i n  surface temperature are observed to affect the g rad ients  
i n  the  ho les  d i scussed i n  t h i s  repo r t ,  so no c l imat i c  correct ions have been used . Local 
correc t i ons for l ateral var i a t i on s  i n  thermal conduct i v i t y  have not been made. Reg i ona l  
effects may ex i s t ,  as d i scussed i n  more deta i l  be l ow. F i na l l y, and not uncommonly, t he 
cond uc t i ve temperatu res may be d i s tu rbed by convect i ve heat t ransfer .  These d i st urbances 
may e x i s t  to depths of a few meters for sha l l ow water tab l e  f l ow, or to depths of 5- 1 0  km 
i n  the case of geothermal systems assoc i ated w i th magma chambers .  These effect s  are 
d i scussed i n  more deta i l throughout the repo r t .  

Qual i ty o f  Heat F l ow Data 

F i e l d  work for the heat f l ow s tud ies  has been carr i ed out s i nce 1 97 1 . Approx i mate l y  
475 loca t i ons have y i e l ded geothermal grad i ent  data. Of thes e ,  approx i mat e l y  100 ho les  
were e i ther too sha l l ow or too d i s t urbed for the data to  be rei i a b l e .  Of the  rema i n i ng 
375 po i n t s ,  heat f l ow va l ues have been obta i ned for as many as poss i b le  by co l l ect ion of 
t hermal conduct i v i ty samp l es f rom t he measured ho l es or f rom adjacent ho l es, or by est i ma
t i on of thermal conduct i v i ty f rom measuremen t s  on rocks s t rat i g raph i ca l l y  equ i va l e n t  to 
those encountered i n  the d r i l l  ho l e .  The resu l t i ng heat f low va l ues have been ranked i n  
t h ree categor i es accord i ng  to t he est i mated qua l i ty of t he va l ue .  These categor i es are 
ca l l ed A, B, and C. Heat f l ow va l ues w i t h  an A or B qua l i ty rat ing  have est i mated errors 
of less than ± 5% and± 10% respec t i ve l y .  Terra i n  cor rec t i on s  have been made, or are 
negl i g lb l e .  Measuremen ts of t hermal conduct i v i ty ,  or est imates of rel ative l y  h i gh re l i 
ab i  1 i ty ,  are ava i l ab le  for each ho l e .  I n  genera l , the segment of the temperature-depth 
curve represen t i ng at l east  the bottom 50 m of a d r i l l  ho l e  100m or more deep must be 
1 i near for an A or B qual i ty rat i ng . Most of t he ho l es used are between 1 00 m and 250m 
deep, w i t h  the deepest ho l e  be i ng 820 m deep . I n  general , no ho l es have been i nc l uded 
as A or B qua l i ty wh i ch show obv ious c i rcu lat i on effects that cannot be con s i dered of 
l ocal  (boreho l e) nature . Data from ho l es such as l 8S/ 1 2 E-Sbbd have not been i nc l uded i n  
the ana l ys i s, a l though t he locat i ons of such ho l es are shown on P l ate I .  

A number of  heat f l ow va l ues obta i ned are con s i dered of  C qual i ty.  These val ues may 
have large errors, perhaps as much as + 50% ,  for i nd i v i dual  measurements; a l t houg h ,  taken 
as an overall set of data, the error i s much smal l e r .  These data have not been i nc l uded 
on the heat f l ow map , except i n  cases where no other data are ava i l ab le  near the s i te or 
important i n format i on i s  con t a i ned i n  t he data i n  sp i te of t he i r  1 i m i tat ions .  
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Based on the error ana l ys i s  of t his data set , heat f l ow val ues for 286 ho l es are 
shown In P l ate I .  Of the 286 ho l e s ,  approx i mate l y  70 have been d r i l l ed specif i ca l l y  for 
heat f low stud i es, and for these ho l es detai l ed thermal conduct i v i ty data and s t rat i g raph i c  
con tro l  are ava i l ab l e .  A tota l o f  20 C category val ues have been i nc l uded on P l ate I ;  
the rema i nder are o f  A or B qua l i ty .  The rel i ab i l i ty of t hese data i n  terms o f  ca l c u l a
t i on of temperatures at depth can on l y  be judged i n  the context of t he i r  loca l and reg ional  
setting .  These uncerta i nties shou l d  be kept i n  m i nd when con s i de r i ng the data shown i n  
P l ate 1 .  

tor s .  
bruch 
(Sass 
(Sass 

Of the heat f l ow val ues shown on the map, 47 have been 
These data inc l ude 3 val ues i n  the K l amath Mount a i n s  

and Sas s ,  1 973 ) ;  10 val ues i n  t h e  Harney Bas i n -Cat low 
and others ,  1 976) ; and 25 val ues in the K l amat h  Fa l l s  
and Samme l ,  1 976) . 

publ i shed by other inves t i ga
i n  southwestern Oregon (Lachen
Val ley area of cent ra l  Oregon 
area of sout hwes te rn Oregon 

I n  genera l ,  data have not been excl uded f rom the map if t he t emperature-depth curves 
satisfy t he dept h  and 1 i n earity cr i te r i a  d i scussed above, even if the val ues seem to be 
too l ow or too h i g h  to be " reasonab l e . "  To se lect data i n  this way wou l d  i n t roduce a 
b i as toward preconce i ved ideas . The approach here has been to obta i n  reg i onal  heat f l ow 
val ues by measur i ng as many heat f l ow va l ues as poss i b l e  and averag i ng .  Thus , l ow heat 
f l ow areas may be characte r i s t i c  of reg i onal aqu i fe r  recharge areas , whereas h i gh heat 
f l ow areas may be character i s t i c  of the d i scharge areas of reg ional aqu i fers  or of geother
ma l systems , and a l l va l ues shou l d  be i n c l uded i n  the averages to obta i n  a t rue regiona l  
heat f l ow and a rea l is t i c  understand i n g  o f  the t hermal character o f  t he upper few k i l o
meters of the earth ' s  su rface i n  Oregon . 

Conventional Heat F l ow Interpretat ion 

In many par t s  of t he cent ra l  and eas tern Un i ted States and Canada, disturbances of 
heat f l ow due to l arge sca l e  var i at ion in crustal thermal conductivity and radioact i vity 
can be avoided by making measuremen ts  in the center of l arge g ranitic bod i e s .  Because 
these rocks are genera l l y  qu i te impermeab l e  to water f l ow,  reg i onal aqu i fer mot i on s  
genera l l y  do not ex i st, and disturbances o f  the conductive heat f l ow by convect i ve t ransfer 
(except in sed i mentary rocks ove r l y i ng the g ran i t i c  basement or in very l ocal ized areas ) , 
are genera l l y  not present .  

For t h i s  large area o f  the con tinen t ,  heat f l ow va l ues  observed a t  t he surface are 
composed of two princ i pa l  componen t s .  These component s  are the heat f l ow from the rad io
act i ve decay of  uran i um ,  thorium and potass i um found In  the uppermost 5-20 km of the 
ear th ;  and a component of heat ( t he " reduced" heat f l ow, Roy and others , 1 972 )  which 
comes from t he i n ter ior  of the earth be l ow t h i s  sur f i cia l l ayer of radioact i ve heat i ng .  
The "reduced" heat f l ow may have its  or i g i n  in deeper- l y i ng radioactiv i ty ,  convect i ve 
mot i on s  i n  the interior of the eart h ,  or some other heat source mechan i sm .  Thus, most 
s t ud i es of heat f low attempt to ut i !  i ze measurements in basement rocks where the 
radioac t i v i ty at  the su rface may be re l ated to the rad i oact i v i ty at depth.  I t  has been 
found that , when measuremen t s  are made in l arge g ran i tic bodies , a I inear correl ation 

is found between the radioact i ve heat production of the rocks (A) and the surface heat 
f low (Q), (Birch and othe r s ,  1 968; Roy and others ,  l 968a; Lachenbruch, 1968) . Th i s  l inear 
relat i onsh i p  has two parameters : a s l ope band a cons tant  Q0. The s l ope can be rel ated 
to the thickness of the rad i oactive l ayer, and Q0 can be re l ated to the " reduced" heat 
f low f rom be l ow t he rad ioactive laye r .  Thus, reports  of heat f l ow stud i es usua l l y  
emphasize the resu l ts f rom gran i tic rocks . 

Ut i !  iz i ng the corre lat i on between rad i oac t i ve heat generation and surface heat 
f low, various heat f l ow provinces can be i dent i f i ed .  I n  general,  the most sign i f i cant 
parameter is Q0, the heat f l ow from below the radioactive l ayer, or "reduced" heat f l ow .  
I t  appears that  Q0 becomes systemat i ca l l y  sma l l e r  as the  age of  int rus i ve and vol can i c  
activ i ty for a par ticu l ar geolog i ca l  prov i nce becomes greater; for examp l e ,  Q0 val ues for 
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geol og i c  prov i nces w i th  ages greater than about 200 m . y .  for the North Ame r i can  con t i nent 
a re 20-30 mW/m2 ( 0 . 5-0 . 8  HFU) . I n  a reas of younger tecton i sm and vo l can i sm ,  the Q va l ues 
i ncrease to over 80 mW/m2 (2 . 0  HFU) because h i gher tempe ratu res ex i st i n  the crust0and 
upper man t l e ,  assoc ia ted w i th the therma l events caus i ng (or rel ated to) the tecton i c  
and vol can i c  act i v i ty .  I n  genera l ,  there i s  a systema t i c  decrease i n  heat f l ow wi th  
i ncreas i ng age  of  tecton i sm and  vo l can i sm for a pa rt i c u l a r  a rea (Pol yak and  Sm i rnov , 1 968;  
Chapman and Pol  lack,  1 975) , as the crust and upper man t l e  coo l off fol low i ng some per i od 
of act i v i ty .  The t ime constant of the cool ing  i s  i n  the range of 1 00-500 m . y .  
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HEAT FLOW RESULTS 

D i f f i cu l t ies  i n  Reg i ona l  Heat F l ow S tud ies  

The geology of Oregon does not  f i t  the c r i te r i a  prev i ous l y  d i scussed for  convent iona l 
heat f low measurement and i n terpretat ion .  G ran i t i c or metamorph i c  basement exposures a re 
rare, and often of m i no r  exten t .  The on l y  maj or outcrops of gran i t i c  or metamorph i c  base
ment rock are found i n  the B l ue Mount a i n s  and the K l amat h  Mounta i n s ,  prov i nces t ha t  occupy 
on l y  a frac t i on of t he tot a l  surface area of Oregon. The bedrock of the rema i nder of 
O regon i s  composed of Cenozo i c  vo l can i c  and vo l canoc l a s t i c  rocks, g rea t l y  d i srupted i n  many 
a reas by faul t i ng .  The rocks i n  general are very porous, water tab l es a re often deep , and 
the hydro l og i c  character i s t i cs a re v i r tua l l y  unknown . I n t rus i ve rock outcrops ,  where they 
ex i s t ,  do not exceed a few square m i l es i n  a rea . I n  areas of comp l ex geology such as 
Oregon , the sort of conf i dence cannot be assoc i ated w i t h  a s i n g l e  measurement that can be 
assumed for a basement a rea i n  a s tab le  geo l og i c  envi ronment ( t he eastern Un i ted States , 
for examp l e ) , where one heat f l ow measurement may be characte r i s t i c  of a surround i ng 500 to 
1 000 km2 , and d i sag reement of adjacent measurement s  rare l y  exceeds 1 0% .  Therefore,  con
ven t i ona l heat f l ow i n terpretat i on cannot be car r i ed out ,  and new techn i ques must  be dev i sed. 

I n  the typ i ca l  geolog i c  set t i ng i n  Oregon, heat f l ow measurement and ana l ys i s  mus t  be 
carr i ed out on a t  l east  three d i fferent geograph i c  sca l es .  I n  many cases extreme l ocal  
var i a t ions (on t he sca l e  of 0 . 5-5 km) w i l l  be assoc i a ted w i t h  geothermal systems , s t ructu
ra l comp lex i t i e s ,  and l oca l g round water flow systems. On a l arger sca l e  (5-50 km) , var i a
t ions may be associ ated wi th  large sca l e  s t ructural  features  (bas i n s  and ranges ,  for 
examp l e) ,  w i t h  reg ional ground water  systems , and w i th  major vol can i c  and geothermal features . 
On the l a rgest scale, heat flow var i a t ions w i ll be rel a ted to p rov i n c i a l  geo l og i c  fea tu res 
such as the Deschutes-Umat i l l a P l a teau, or the H i qh Lava P l a i n s .  Thus ,  a l mos t  two orders 
of magn i t ude more heat f l ow data are necessary for equ i va l en t  understand ing of the heat 
f l ow pattern i n  Oregon than are necessary in basement rock terra i ns in t he eastern Un i ted 
States , for example. I n  many places, i nd i v i dual heat f low va l ues  w i l l  average out to the 
cor rect reg i onal va l ues i f  enough un i form l y  d i s tr i buted data are ava i l ab l e ,  espec i a l l y  i f  
convect i ve heat l osses ( for examp l e ,  volcan i sm and therma l spr i ngs)  are i n c l uded i n  t he 
ana l ys i s  (see B l ackwe l l ,  1 978 ;  Lachenbruch and Sass, 1 977 ) . 

One factor wh i ch reduces the uncerta i nt y  assoc i a ted w i th heat f l ow val ues not measured 
i n  basement rocks i s  the overa l l  l ow rad i oac t i v i ty of t he vo l can i c  and i n t rus i ve rocks i n  
Oregon . Heat gene ra t ion for outcrop samp les  o f  t he basa l ts ,  vo l canoc l a s t i c  rocks , 
andes i tes and t rondhjem i t i c  i n t rus i ve rocks typ i cal  of much of Oregon range from 0 . 4-
0 .8  �W/m3 ( 1 -3 HGU , Swanberg and  B l ackwe l l ,  1 97 3 ;  Gosno ld,  1 976) . 

These surface un i t s appear to be typ i ca l  of the average crusta l  compo s i t ion based on 
the resu l t s  of geochem i cal s tud ies  (Armst rong and othe r s ,  1 977) . I f  rocks of t h i s  rad io
act i v i ty comp r i se the 20-30 km t h i ck c rust , then a t  most o n l y  8 ± 2 mW/m2 (0 . 20 ± 0 . 05 HFU) 
can be a t t r i buted to such sources , and reg i ona l  var i a t i ons  i n  heat flow a t t r i butab le  to 
va r i at ions i n  heat product ion shou l d  not exceed 4 mW/m2 (0 .  1 HFU) . 

The techn i que used i n  t h i s  study was to make a s  many heat flow measurement s  i n  as w i de 
a var i ety of geo l og i c  env i ronmen ts  as pos s i b l e .  I n  t h i s  manner t he factors affect ing heat 
f low may be recogn i zed i n  areas where enough data a re ava i lab l e ,  mak i ng i n terpretat ion of 
t he factors caus i ng hea t f l ow va r i a t i on poss i b l e  where only sparse data are ava i l a b l e .  For 
l a rge sca l e  i n te rpretat i on, averag i ng techn iques have been emp l oyed. Furthermore, a l ess 
b i ased p i cture of the heat f l ow wi l l  be obt a i ned than i f  the reg iona l heat f l ow s tud ies 
concentrate on one rock type i n  a part i cu l a r  geolog i c  set t i ng (basement rocks i n  the 
ranges , for  examp l e ) .  
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Such deta i l ed stud i es cou l d  not have been made I n  t he pas t ;  however , due to extens i ve 
d r i l l i ng for water  and m i neral  explorat i on i n  the pas t  few yea r s ,  and the i nterest i n  
geothermal exp l orat ion , we have been ab le  to obta i n  data f rom a total of 475 we l l s  i n  
Oregon , and heat f l ow va l ues f rom 286 we l l s .  Th i s  data set exceeds by a factor of two 
the densest publ i shed data set for any other state {New Mexico, w i t h  a total of approx i 
mate ly  1 50 heat f l ow measurements) . Even so,  a l though the data a re adequate to out l i ne 
rather we l l  the broad-sca l e  reg iona l  var i at ions of heat f l ow i n  Oregon , they a re s t i l l  not 
adequate for a comp l ete  understand i ng of the heat f low a t  t he deta i led and I ntermed i a t e  
sca l es; i . e . , 0 . 5-50 km. W i th i n  each o f  the phys iograph ic reg ions there a re l a rge areas 
w i t h  1 i t t l e  or no heat f l ow data . Furthe r  measurement s  wi l l  out l i ne s i gn i f i cant  geothermal 
fea tu res , but w i l l  probab ly  cause l i t t l e  change i n  the reg iona l average heat f l ow values 
reported here. 

Some of t he heat f low measurement s  have been made in ho l es d r i l l ed spec i f i ca l l y  for 
heat f l ow and geothermal stud i es .  These d r i l l i ng programs have been organ i zed i n  order 
to i nves t i gate some of the major geolog i c  fea tures of Oregon . Thu s ,  the data are bet te r  
d i st r i buted for t h e  i nvest i ga t ion o f  part i cu l a r  a reas of geotherma l i n terest than i f  t hese 
data were s t r i c t l y  a random g roup of measurements i n  uncon t ro l l ed l oca t i ons . Spec i f i c  
stud i es have focused o n  the Western Snake R i ver Bas i n  ( Bowen and B l ackwe l l ,  1 975 ;  Bowen 
and others , 1 977) ; the Western Cascade Range-H i gh Cascade Range boundary (Hu l l  and othe r s ,  
1 977c) ; the Cat low Va l l ey-Harney Bas i n  a reas (Sass and others ,  1 976) ; and the K l amat h  Fal l s  
area (Samme l , 1 976 ;  Sass and Sanvne l , 1 976 ;  Lienau , 1 978) . 

Overa l l  Characte r i st ics of Heat F l ow 

The pr i n c i pa l  res u l t of t h i s  study, a heat f l ow map of the State of Oregon at  t he 
sca l e  of 1 : 1 , 000, 00� i s  shown on P l a te I .  Loca t ions and genera l ized heat f l ow va l ues 
for 286 loca t ions are shown on t he map. The data have been contoured at 20 mW/m2 (0. 45 HFU) 
i n terva l s .  Add i t i ona l  data not shown are ava i l ab l e  i n  adjo i n i ng states to supp l y  cont ro l  
for the contou r i ng i n  a reas near the state bounda r i e s .  These data a re part icu l a r l y  cr i ti
ca l a l ong the Cascade Range t rend and i n  the Western Snake R i ver Bas i n .  Cons ider i ng t ha t  a s  
recent l y  as f i fteen years ago, there was a pub l i shed tot a l  o f  on l y  approx i mate l y  twenty 
heat f l ow measurements  for t he who l e  of the Un i ted States , t h i s  data set i n  Oregon repre
sents a very l arge i ncrease i n  our know l edge. Thus , t h i s  heat f l ow map represents  a 
un i que study i n to the var i a t ions and magn i tude of heat f l ow i n  a l arge and comp l ex part 
of t he western Un i ted States.  

Data a re most abundant in  t he Deschutes-Uma t i l l a  P l ateau, W i l l amet te Va l l ey,  Western 
Cascade Range, H ig h  Lava P l a i ns, and Western Snake R i ve r  Bas i n .  Data a re sparse i n  the 
B l ue Moun t a i n s ,  Bas i n  and Range, Coast Range , K l amat h  Moun ta i n s ,  and H igh Cascade Range . 
Con t i nu ing s t ud i e s  a re i n  progress to f i l l  i n  data gaps and to i nves t i gate  i n  more deta i l  
s i gn i f i cant  anoma l i e s .  

A s t r i k i ng feature o f  the data i s  the g reat va r i a t ion o f  hea t f l ow over re l a t i ve l y  
sma l l  d i s tances w i t h i n  certa i n  prov i nces .  The scatter  i s  g reatest i n  the youngest geo
log ic prov i nces :  the H i gh Cascade Range, H i g h  Lava P l a i n s ,  Bas i n  and Range , Owyhee Up land s ,  
and Western Snake R i ve r  Bas i n .  Because of the ext reme scatter  of heat f l ow val ues and 
the uneven geograph i c  coverage , the data can on l y  be contoured �ubjectively at the 
1 : 1 , 000, 000 sca l e .  In some cases (Harney Bas i n ,  H i gh Cascade Range) the data have been con
toured tak i ng i nto account the loca t ion of hot spr i ngs , the trend of geo l og i c  s tructure , 
and geophys ica l  data .  

As a g u i de to I nterpret i ng the heat f low data and prepa r i ng the contour map ,  add i 
t iona l ana l yses have been car r i ed out . Of par t i c u l a r  i nterest are the average-heat - f low 
map ( F i gure 4 ) , h i stograms of heat f l ow and geothermal g rad ient  ( F i gu res 5-6) , and sta t i s
t ical  data (Ta b l e  I )  on the heat f l ow and geothermal gradients  i n  the va r ious prov i nces . 

As one at tempt to syn thes ize  t he dat a ,  heat f l ow va l ues were averaged over ) 0  x 1 °  
i n terva l s  ( F i gure 4) . The average-heat - f l ow map i s  part i cu l ar l y  useful  i n  t he a reas of 
Oregon unde r l a i n  by the youngest rocks . I n  these a reas the scat ter of data i s  so ext reme 
as to render ana l ys i s  on the state sca l e  hope l ess  u n l ess  the data a re smoothed . An examp l e  
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of t h i s  i s  t he K l amath  Fa l l s  reg ion where var i at ions i n  geotherma l grad i ent  from 20°C/km 
to 500°C/km (measured i n  ho les  1 00-200 m deep) m�y occur over a d i stance of l ess than 1 km. 

To p repare F i gure 4, the heat f low data shown on P l ate  1 have been averaged over 1 °  
squa res, (about 1 200 km 2) ,  centered a t  1 °  l a t i tude and l ong i tude i n tersect ion s ;  for examp l e ,  
± 1 /2°  about 1 2 1 °00 ' , 43°00 ' . Average-hea t-f low a t  0 . 5° i nterval  maps were prepared ; 
however, t he data are too spa rse i n  severa l a reas to a l l ow rel i ab l e  ha l f-degree averages . 

Compar i son of the heat flow maps i n  F i g u re 4 and P l ate 1 shows that there are many 
overa l l  s i m i l a r i t i es .  The advantage o f  dea l i ng w i t h  a n  averaged data set i s  that the 
extreme scatter  of the data in the younger prov i nces i s  smoothed ou t .  On the other hand , 
the averag i ng may smoot h  out actual  sharp changes i n  the heat f l ow wh i ch may be we l l  
documented by deta i l ed s t ud i es ;  for examp l e, the sharp change i n  heat f l ow a t  the wes tern 
edge of t he H i gh Cascade Range provi nce shown in P l ate 1 (see F i gure 7 ) . Furthermore, 
nar row anoma l i es ,  such as those a long t he Brothers Fau l t  Zone and H i g h  Cascade Range 
may be somewhat d i ffused by the averag i ng process. Neverthe l es s ,  F i gu re 4 and P l ate 
taken i n  conj unc t i on g i ve an accurate p i cture of the reg ional hea t f l ow of Oregon . 

The average hea t - f l ow and geothermal g rad i ent values \·l i th  t he i r  standa rd errors ,  
state-wi de, by phys i ograph ic prov i nce, and  by groups of prov i nces, a re g i ven i n  Tab l e  1 .  
H i stograms of heat f l ow and geotherma l g rad i en t  are shown i n  F i gures 5 and 6.  The un
we i g hted averages of a l I 286 heat f low va l ues and 3 1 2  geotherma l grad ient  va l ues ava i l a b l e  
for Oregon are 8 1  ± 3 mW/m2 ( 1 . 94 ± 0 . 06 HFU) and 65 ± 3 °C/km respect i ve l y  (see Tab l e  1 ) .  
Area we i ghted averages for the two quan t i t i e s  a re 68 ± 5 mW/m2 ( 1  . 6  ± 0 . 1 HFU) �nrl 
55 : 5 °C/km. The a rea we i gh ted averages were ca l cu l a ted by tak i ng i nto account the 
prov i nce averages and t he fract i ona l a rea of Oregon occup i ed by each prov i nce. The 
con t i nenta l averages of heat f l ow and geothermal g rad i en t  a re about 60 mW/m2 ( 1 . 43 HFU) 
and about 30°C/km respect i ve l y .  Thus the average heat flow of Oregon i s  about 1 1 0% of 
the g loba l average, wh i l e the average geothe rma l g rad ient  i s  about tw i ce the con t i nenta l 
average. The h i gh grad ients  are present because the average heat f l ow i s  h i gher and 
because i n  genera l ,  the thermal conduct i v i ty of Oregon rocks i s  re l a t i ve l y  l ow, approx i 
mate l y  ha l f  of t he typ ica l  therma l conduct i v i ty o f  con t i nenta l  rocks. 

There a re s i gn i f i cant economi c  advantages for the l ow conduct i v i ty/h i gh geotherma l 
g rad ient  env i ronment of Oregon compared to other reg ion s  of s i m i l a r  heat f l ow .  For examp l e , 
Sass and others ( 1 97 1 b )  and Lachenbruch and Sass ( 1 97 7 )  report average heat f l ow values of 
1 05- 1 20 mW/m2 ( 2 . 5 -2 . 9  HFU) for the Ba t t l e  Mounta i n  heat f l ow " h i gh , "  an  anoma lous area i n  
the Bas i n  and Range prov i nce of Nevada i mmed i a t e l y  south of t he a rea i n  the Oregon Bas i n  
and Range where heat f l ow val ues average 95- 1 05 mW/m2 ( 2 . 3- 2 . 5  HFU ) . Reported thermal 
conduc t i v i ty val ues range between 2 . 8  and 4 . 9  W/mK ( 6 . 8  and 1 1 . 7 TCU) for an  average of 
3 . 9  W/mK ( 9 . 3  TCU) for rocks i n  the Bat t l e  Mounta i n  heat f l ow " h i gh . "  As a resu l t, the 
geotherma l grad i ents  average on l y  40°C/km. In southea s t  Oregon t he rocks have an  average 
therma l conduct i v i ty of 1 . 1  W/mK ( 2 . 6  TCU) and a geothermal g rad i en t  of 89. l°C/km . Th i s  
compar i son wou l d  i nd i cate that the average depth to reg i ona l  reservo i rs of equ i va l ent 
temperature in southeastern Oregon wou l d  be about ha l f  the depth in northern Nevada , even 
though the heat f l ow may be s l i gh t l y  h i gher i n  the Batt l e  Mounta i n  heat f l ow " h i gh . "  

As po i nted out above, heat f l ow on con t i nents typ i ca l l y  comes from two p r i mary sources : 
crusta l rad ioac t i v i ty and sources i n  the upper man t l e. I n  much of  Oregon, add i t iona l  heat 
f l ow comes from crusta l sources bes ides rad i oact i v i ty ,  such as magma i n t rus ion , hydro
thermal convect ion systems, etc.  Exc l ud i ng the ef fect of crus ta l  rad ioact i v i ty ,  expected 
to be low because of t he chem i ca l  compos i t i on of the crust i n  Oregon {see Arms t rong and 
others, 1 977 ) ,  and here est i mated as 8 mi.J/m2 {0 . 2  HFU) , the sum tota l  of conduc t i ve heat 
f l ow f rom the mant l e  and crusta l sources i s  approx imate l y  30 mW/m2 (0 . 75 HFU) for the 
coasta l  prov i nces ,  55 + 5 mW/m2 ( 1 . 6  HFU) for the northeastern prov i nces ,  and 90 + 1 0  mW/m2 
(2 . 2  HFU) for the southeastern prov i nces. These val ues a re respec t i v e l y  equa l to� above, 
and much above normal (25-35 mW/m2 ; 0 . 6-0 . 8 HFU) for con t i nents .  

On the bas i s  of reg i ona l  heat f l ow, Oregon can be d i v i ded into four genera l  areas.  
These four areas are  1 )  the Coast Range-Klama th Mounta i ns-W i l l amette  Va l l ey-Western 
Cascade Range prov i nces, 2) the Deschutes-Umat i l l a (Col umb i a )  P l ateau and the B l ue Moun t a i ns 
prov i nces , 3 )  the Western Snake R i ver Bas i n-Owyhee Upl ands-Bas i n  and Range-H i gh Lava 
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Tab l e  I :  Average heat f low and geothermal g rad ien t .  
Mean va l ues a re shown w i th  standard errors g i ven below each mean va l ue .  

P rov ince 

Coast Range ( 1 )  

W i  l l amet te Va l l ey (2 )  

K l amath Mount a i n s  (3 )  

Western Cascade 
Range (4)  

Western Cascade-H i g h  
Cascade Boundary (4a) 

H i g h  Cascade Range (5)  

Deschutes-Uma t i l l a  
(Col umb i a )  P l ateau (6) 

B l ue Mounta i n s  (7)  

H i g h  Lava P l a i ns (8)  

Bas i n  and Range (9)  

Owyhee Upl and ( 1 0) 

Western Snake R i ver  
Bas i n  ( I  1 )  

� Coasta l  Prov i n ces 

* Northeastern P rov i n ces 

� Southeastern Provi nces 

A I  I Prov i nces (unwe i ghted 
averages) 

A l l P rov i n ces (we i ghted 
averages) 

mW/m2 

35 . 4  
3 . 0  

40. 6 
2 .  l 

36. 8 
3 . 5  

45 . 3  
2 . 0  

1 05 .  l 
8 . 5 

(67 . 4) 
( I  4 .  3) 

6 1 . 9  
3. 7 

70 . 2  
3 .  I 

90 . 8  
4 . 8  

86. 3 
6. 6 

1 05 . 8 
1 3 . 3  

1 1 8 . 9  
9 . 4  

4 1 . 8  
1 . 3  

65 . 2  
2 . 6  

98 . 4  
3 . 8  

81 .  3 
2 . 7  

68 
5 

Heat F l ow 
HFU 

0 . 85 
0 . 07 

0. 97 
0 . 05 

0 . 88 
0 . 08 

l .  08 
0 . 05 

2 . 5 1  
0 . 20 

( 1 . 6 1) 
(0. 34) 

l .  48 
0 . 09 

l .  68 
0 . 07 

2 .  1 7  
0. 1 1  

2 . 06 
0 . 1 6  

2 . 53 
0 . 32 

2 . 84 

1 . 00 
0 . 03 

l .  56 
0 . 06 

2 . 34 
0 . 08 

l .  94 
0 . 06 

l .  63 
0. 1 2  

Number 

9 

1 3  

7 

3 1  

8 

5 

33 

2 1  

36 

6 1  

1 5  

44 

60 

54 

1 56 

286 

Gra d i ent  
6C/km Number 

2 3 . 6  
2 . 0  

28 . 0 
1 . 8  

1 4 . 8  
2 . 7  

2 8 . 8  
1 . 4  

6 1 . 3  
3 . 4  

(46 . 2 )  
( 5 .  8) 

43. 6 
2 . 8  

43 . 7  
4 . 5  

82 . 2  
5 . 6  

9 1 . 5  
6 . 4  

73 . 6  
9 . 1 

97 . 5  
6 . 3  

26. 4 
1 . 0  

43 . 7  
2 . 5  

89. I 
3 . 4  

65. 3 
2 . 5  

55. 0 
5 . 0  

9 

1 3  

7 

36 

8 

6 

38 

29  

37 

64 

18 

45 

65 

67 

1 64 

3 1 2  

* Average of prov inces 1 - 4  (Coasta l ) ,  6 & 7 (Northeastern)  and 8- 1 1 (Southeastern) 
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P l a i n s  prov i nces , and 4) t he H i gh Cascade Range. The boundary zone between the Western 
Cascade and H i gh Cascade prov i n ces i s  a zone of heat f l ow t rans i t i on and w i l l  be d i scussed 
below. The coasta l group of prov i nces occu p i es approx imate l y  the western one-qua rter of 
the state .  The H i g h  Cascade Range occup ies  a s t r i p  50- 1 00 km w i de ,  extend i ng north-
south across the state,  approx i mate ly  two- t h i rds of the way f rom east to wes t .  The 
Deschutes-Umat i l l a P l ateau- B l ue Moun t a i n s  prov i nces occupy t he northeastern quarter of 
the state ,  wh i l e the Bas i n  and Range-Owyhee Upl ands-Snake R i ver-H i gh Lava P l a i n s  prov i nces 
occupy the southeastern quarter of the state .  These four g roups of prov i nces wi l l  be 
d i scussed i nd i v i dua l l y  i n  the fol l owing  sect i on s .  

Coast Range-K lamath Mounta ins-W i l l amette  
Va l l ey-Western Cascade Range Prov i nces 

W i t h i n  t h i s  group of prov i nces, the heat f l ow data a re most numerous i n  the Western 
Cascade Range . Overal I ,  the heat f l ow and geothermal g rad i ents  are much l ower and more 
un i form t han i n  the rest of Oregon. The average heat f low i s  4 1 . 8  ± I .3 mW/m2 (1 . 00 + 0 . 03 
HFU) and the average g rad i en t  i s  2 6 . 4  ± 1 . 0°C/km ( F i gures 5 and 6 ,  Tab l e  1 ) .  Heat f low 
val ues measured a t  t he Western Cascade Range-H igh  Cascade Range prov ince boundary are not 
i nc l uded i n  t h i s  average and are d i scussed i n  deta i l  be l ow. Th i s  heat f l ow va l ue i s  
s i gn i f i cant l y  be low the g l oba l average, and thus,  t h i s  a rea of  Oregon i s  a major l ow heat 
f l ow anoma l y .  The geothermal grad i en t ,  howeve r ,  i s  a l most equal to the con t i nenta l average, 
except i n  the Kl amath Mounta i n s .  The grad ient  i n  the K lamath  Moun ta i ns i s  the l owest i n  
Oregon because o f  a comb i n a t i on of the l ow heat f l ow and rocks of h i g h  therma l conduct i 
v i ty (gran i t i c and metamorph i c  rocks) .  The l ack of scatter of heat f l ow val ues throughout 
these prov i nces ( F i gu re 5)  i s  i n  cont rast to the l a rge scatter  observed e l sewhere and i s  
due to t he fact that the heat t ransfer i n  t hese areas i s  dom i nant l y  conduct i ve .  No major 
aqu i fer systems appear to be present and no t herma l spr i ng s  occur ,  except i n  a port ion of 
t he Western Cascade Range as d i scussed below. 

Deschutes-Umat i l l a P l a teau- B l ue Moun t a i n s  Prov i nces 

These two prov i nces are rather d i fferent geo l og i ca l l y ,  but appear to be s im i l a r  
i n  therma l characte r .  Data are abundant for the Deschutes-Uma t i l l a P l a teau ,  the par t  of 
the Col umb i a  P l ateau i n  Oregon , but re l a t i ve l y  sparse for the B l ue Moun ta i n s .  The heat 
f l ow average for these two prov inces i s  65 . 2  � 2 . 6  mW/m2 ( I  . 56 ± 0 . 06 HFU) and the average 
geothermal g rad i en t  i s  43 . 7  ± 2 . 5°C/Km ( F i gure 6 ,  Tab l e  1 ) .  These val ues are respec t i ve l y  
equa l  to the average wor l d  heat f l ow and about 50% above the average con t i nental  grad i ent. 
The heat f l ow i s  con s i dered to be anoma l ous l y  h i g h ,  howeve r ,  because the crust  contr i butes 
very l i t t l e  to the surface heat f l ow ,  and the man t l e  heat f l ow must  be 40-50 mW/m2 ( 1 . 0-
1 . 2  HFU) compared to a normal va l ue of 25-35 mW/m2 (0 . 6-0 . 8 HFU) . The h i gh man t l e  heat 
f l ow i s  rel ated to the af ter-effects of ear l y  to m i d - Cenozo i c  vo l can i c  and tecton i c  
act i v i ty .  The data do not show a s  much var i a t i on a s  i n  southeastern Oregon , but  more than 
in western Oregon. Ev i dence of water mot ion w i t h i n  ho l es between d i fferent f l ow contacts 

of  the Col umb i a  P l ateau basa l ts is  u b i qu i tous , a l though l a rge- sca l e  effects seem to be 
m i nor  compared to the Bend a rea and the Snake P l a i n  aqu i fer i n  I daho (Brott and others ,  
1 976) . There i s  some ev i dence , however ,  for red i st r i but ion of  t he  heat f l ow by aqu i fer 
f l ow ( Bowen and others ,  1 977) . 

H i g h  Cascade Range 

The average heat f l ow a l ong the western boundary of the H i g h  Cascade Range i s  
1 05 ± 9 mW/m2 (2 . 5  ± 0 . 2  HFU) and the average g ra d i en t  i s  6 1  ± 3°C/km (Tab l e  1 ,  F i gures 
5 and 6 ) .  These va l ues are about twi ce the con t i nenta l averages. No rel i ab l e  heat f l ow 
val ues a re ava i l ab l e for the H i gh Cascade Range a rea ; the averages I i s ted i n  Tab l e  1 
are f rom the area of Por t l and where the prov i nce boundary extends 30-50 km wes t of i ts 
nor the r l y  t rend i n  t he rema i nder of Oregon. Thu s ,  t hese data are not cons i dered to be 
character i st i c  of the prov i nce . Present l y  ex i s t i ng ho l es e l sewhere i n  t he H i gh Cascade 
Range are sha l l ow (< 1 00 m) due to the d i ff i cu l t i es of d r i l l i ng i n  the rubb l y  basa l t s  
typ i ca l  of the surface un i ts .  
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The h i gh heat f l ow va l ues found i n  the western t rans i t i on zone may be character i st i c  
of the H i gh Cascade Range. The deta i l ed heat f l ow pat tern i n  the t rans i t ion zone i s  
d i scussed i n  a fo l low i ng sec t ion .  U l t i ma te l y ,  unders tand i ng o f  the thermal charac t er i s t i cs 
of the H i gh Cascade Range i s  v i ta l  i n  the loca t ion ,  understan d i ng and eva l ua t i on of 
geothermal systems i n  Oregon . I n  the future , h i gh temperature geothermal resources i n  
the H i gh Cascade Range cou l d  prov ide  a s i gn i f i cant  energy resource for the S tate o f  Oregon . 

Bas i n  and Range-H i g h  Lava P l a i ns-Owyhee Up land 
Western Snake R i ve r  Bas i n  Prov i nces 

The heat f l ow pat tern w i t h i n  these prov i nces i s  extreme l y  comp l i ca ted , as m i ght  be 
expected i n  a reas of abundant young tecton i c  and vol can i c  act i v i ty .  Overa l l ,  the average 
heat f l ow i s  98 ± 4 mW/m2 (2 . 3  ± 0 . 1  HFU ) and the average g rad i en t  i s  89. l °C/km. These 
averages a re much above norma l , and i ndeed , the average grad i en t  i s  a l most three t i mes 
the con t i nental  average . Data a re re l a t i ve l y  deta i l ed for the H i g h  Lava P l a i ns ( Hu l l  
and others ,  1 976 ,  1 977a ) and for the Western Snake R i ver Bas i n  ( B rott  and others 1 978 ; 
Bowen and B l ackwe l l ,  1 975) . Even w i t h i n  these a reas ,  because of the comp l ex i ty of the 
heat f l ow pattern , a compl ete  p i cture has not yet been deve l oped . T h i s  reg ion has 
major geotherma l poten t i a l  and needs many t i mes more data for a thorough understand i ng .  
However ,  i n  s p i te  of the uncerta i n t i e s ,  some systema t i c  r e l a t ions h i ps appear .  Averaged 
on a 1 °  x 1 °  sca l e ,  the heat f l ow i s  re l a t i ve l y  un i form, rang i ng f rom about 80- 1 00 mW/m2 
( 1 . 4-2 . 4  HFU) . Major therma l anoma l i es ,  both pos i t i ve and nega t i ve ,  appea r .  For examp l e ,  
the Cat l ow Va l l ey and the cent ra l  par t  of the Harney Bas i n  appear to have re l a t i ve l y  
l ow heat f l ow wh i l e  the per i meter o f  the Harney Bas i n ,  ext reme southeas tern Oregon , and 
the Western Snake R i ve r  Bas i n  have re l a t i ve l y  h i gh heat f low. Local ext reme val ues (both 
l ow and h i g h )  ex i st on a sma l l er sca l e  ( 1 - 1 0  km) . These anoma l i es a re due to the effects 
of reg iona l  thermal var i a t ions , s t ructura l comp l i ca t ions , reg iona l and l ocal ground water 
f l ow, and hydrotherma l convect i on systems . The rel a t i ve importance of these d i fferent 
effects i s  not known in deta i l  a t  th i s  t ime , but the way i n  wh i ch they m i ght affect the 
heat f l ow da ta i s  d i scussed in more deta i l  i n  a fo l l ow i ng sec t ion .  The most obv ious fact 
i s  that these reg i on s  have a l arge geothermal potent i a l, but as yet the cont ro l !  i ng 
featu res of t he geotherma l systems a re not unders tood . Much add i t i ona l s tudy of these 
a reas i s  v i ta l  to understand i ng the geotherma l resources of Oregon . 

E ffects  of Hydrothermal Convec t ion 

I n  several of the prov i nces (espec i a l l y  i n  the Bas i n  and Range prov i nce j us t  d i s
cussed ) the conduct i ve heat f l ow pat tern i s  d i sturbed by the presence of numerous and 
extens i ve reg i ona l aqu i fe r  systems and hydrothermal convect i on systems . W i thout much 
add i t i ona l  data i t  i s  not c l ea r  whether the heat t ransferred i n  such systems i s  i n c l uded 
i n  the data d i scussed here and summa r i zed i n  F i gu res 5 and 6 and Tab l e  1 .  I n  these 
averages a l l  heat f l ow va l ues l ess  than 350 mW/m2 (8 . 4  HFU) have been i n c l uded .  Remov i ng 
val ues g reater than 1 50 mW/m2 ( 3 . 6  HFU) , wh i c h  can on l y  occur i n  hydrotherma l convect i on 
systems , wou l d  reduce the average heat f l ow for the four southeastern prov i nces by 1 0% 
(about 1 0  mW/m2 ) ,  and the average geothermal g rad i en t  by l 0°C/km. On the other hand , 
ca l cu l a t i on of the heat known to be lost  i n  the hydrotherma l convect i on systems ( us i ng 
the data of Bowen and Peterson , 1 970 ;  Bowen and other s ,  1 978) suggests  a m i n i mum of 
1 0  mW/m2 ( . 24 HFU) averaged over the four southeastern prov i nces . Th i s  va l ue i s  proba b l y  a 
conserva t i ve est i mate  by 50- 1 00% . Therefore , the average tota l  hea t loss for the south
eastern p rov i nces from conduct ion and hydrotherma l convect ion i s  est imated to be 1 00-
1 1 0 mW/m2 ( 2 . 4 -2 . 6  HFU ) .  The average shown on Tab l e  1 i s  therefore a m i n i mum va l ue .  
The contour i ng of P l a te 1 and F i gure 4 ref l ects  t h i s  e s t i mate of the mean heat f l ow i n  
the southeastern par t  of Oregon . 
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HEAT FLOW AND GEOTHERMAL SYSTEMS ALONG THE 
H I GH CASCADE RANGE-WESTERN CASCADE RANGE BOUNDARY 

One of the major features d i scovered dur i ng the heat f l ow s tud i es program has been 
a major change i n  heat f l ow near the boundary between the Western Cascade Range and the 
H i gh Cascade Range prov i nces. There are a number of hot spr i ngs a l ong major dra i nages i n  
the Western Cascade Range that  occur immed i at e l y  to the west of the contact between the 
H i gh Cascade P l i ocene and P l e i s tocene vo l can i c  rocks , and t he older Western Cascade 
vol can i c  rocks (Wa r i ng ,  1 965 ; Bowen and Peterson , 1 97 0 ;  Bowen and others , 1 978) . Heat 
f low measuremen ts in the Western Cascade rocks,  from ho l es dr i l l ed spec i f i ca l l y  for heat 
f l ow and i n  water we l l s ,  document a major reg iona l  east-to-west change i n  heat f l ow that 
co i nc i des in general wi t h  the loca t i ons of the hot spr i ng s .  

The loca t i on s  of t he data are shown i n  P l ate 1 ,  and an east-west cross-sect i on o f  the 
data between l a t i tudes 43° 1 S ' N  and 45° 1 5 ' N  i s shown i n F i gure 7. Th i s c ro s s - s ect i on shows 
heat f l ow and geot hermal grad ient  as funct i on s  of d i s tance from a l i ne app rox imately 
co i nc i d ing w i th the phys i ograph i c  boundary between the Western Cascade Range and the 
H i gh Cascade Range (F igure 1 ) .  The data have been grouped accord i ng to t he i r  pos i t ion 
from nort h  to south .  Major data groups were obta i ned on t he C l ackamas R i ver dra i nage 
in Townsh i ps 6S and 7 S ,  the North San t i am R i ver dra i nage i n  Townsh i p  9S , the McKenz i e  
R i ve r  i n  Townsh i ps 16S  and 1 75 ,  and the M i d d l e  Fork of the W i l l amet te R i ver i n  Townsh i ps 
2 1 5  and 225 . East of a north-sout h  1 ine  approx i mate ly  co i nc i d i ng w i t h  the I i ne of hot 
spr i ngs, heat f l ow val ues are systema t i ca l l y  h i g h .  A l though many of these determ i na t i ons  
a re  wi th i n  5 km of Lhe hot spr i ngs , very h i gh va l ues (greater than  1 50 mW/m2 ;  3 . 6  HFU) 
character i s t i c  of geothermal systems were genera l l y  not encountered , w i t h  the excep-
t i on of two val ues near Aus t i n  Hot Spr i ngs on the C l ackamas R i ve r .  The other val ues 
i nd i cate a rather un i form average heat f l ow of approx i mate l y  l OS ! 9 mW/m2 (2 . 5  ± 0 . 2  HFU) 
w i thout a strong dependence on north-to-south pos i t ion ,  and the resu l ts document a sys
tema t i c  east- to-west t rans i t i on i n  hea t f l ow a l l a l ong the northern ha l f  of the H i gh Cas
cade Range i n  Oregon . The correspond i ng average grad i en t  i s  6 1  + )°C/km. There i s  an 
ext reme l y  sharp t rans i t ion to the wes t  to l ow v a l ues of heat f l o� (40 mW/m2 ; 1 . 0  HFU) over 
a d i stance of about 20 km (see F i gure 7 ) . Attempts to i nves t i gate the heat f low pa t tern 
further to the eas t ,  toward t he ax i s  of the H igh Cascade Range, where vo l can i sm has been 
most con t i nuous dur i ng the Quaternary, have not been successful  so far because of d r i l l i ng 
prob l ems i n  the very rubb l y  basa l ts wh i ch cover the surface. 

A l so shown i n  F i gure 7 are two Bougue r g r a v i t y  cross-sect i o n s ,  one a t  44° 1 5 '  N and one 
at 43° 1 5' N (Couch and Bake r , 1 977) . These data i n d i cate  a reg i ona l change in Bouguer 
g rav ity anoma l y a s soc i a ted w i t h ,  but oppos i te i n  s i gn to , the heat f l ow data . Th i s  g ra v i ty 
change i s  of major magn i tude and the short ha l f-w i d t h  i mp l i es that c rusta l  dens i ty con
t rasts  are the major cause of the anoma l y .  The grav i ty data can be exp l a i ned by a l a rge l ow 
dens i ty body ta magma chambe r ,  or therma l l y  expanded crust )  i n  the upper part  of the crust 
benea t h  the reg ion of h i gh heat f l ow. The co i n c i dence of t h i s  grav i ty anoma l y  w i t h  the 
heat f l ow anoma l y  i s  ev i dence that the heat f l ow data a re rel ated to a reg ional  crusta l 
feature ,  and not to upper crusta l  groundwater c i rculat i on .  Based on th i s  hypothes i s ,  a 
model  of crust a l  temperature I n  t he Western Cascade Range was ca l cu l ated . I n  t h i s  mode l ,  
heat f l ow val ues f rom a smoot h  curve f i t ted to the heat f l ow data (dashed curve i n  F i gure 7 )  
were taken as the i nput i n to a program wh i ch ca l cu l ates temperatures at depth v i a  the  pro
cess of con t i nuat ion (Brot t ,  1 976) . I n  the con t i nuat ion ca l cu l a t ion , steady-state heat 
f low cond i t ions and un i form thermal cond uc t i v i ty a re a ssumed , and subsurface i sotherms a re 
ca l cu l ated based on the surface (sha l l ow) heat f l ow data.  The heat f l ow anoma l y  was 
extended at 1 00 mW/m2 (2 . 4  HFU) to the eas t  i n  order to accompl i s h  the i n terpretat ion ; 
a l though I n  fac t ,  there a re no data to support (or contrad i c t )  t h i s  ext rapol at ion . The 
resu l t s  show a rap i d  change i n  subsurface temperature at a d i stance of 1 0-20 km from t he 
western boundary of the H i gh Cascade Range. Beneath the eastern edge of the Western Cas
cade Range, temperatures may be in excess of 700°C at  a dept h  of l ess than 1 0  km; whereas 
west of t h i s  bounda ry zone , tempe r a t u res are on l y  on the order of 300°C a t  a depth of 1 0  km. 

22 



E :.:: ...... 
(.) 0 
� 
z 
w 
0 
<X 
cr 
l!) 

(\j 
E ...... :;: 
E 100 

:;: 
0 
_J 
lJ... 
1-
<X 
w 
r 

E :.:: 
r 
1-
Q_ 
w 
0 

NORTHERN OREGON CASCADES 

• T 65 to T 9 S 
o T II S to T 145 
)f T  165 to T 2 1 S ;  APPX.43"45' to 44" 15' N 

• )l ·-- - - ----0-
, ...... 

/ / 
o o • x "  AI 

,.. o � • 0 }/ • >< 0 "" • • ............. -r:P- -.- - -�- �--· - - - - -• -.- -

8 

/. 
)1.// • 

15 o eo ..,..,.,.,. 
X X � • _ _ ...,...""" � 

320 550 
• • 

)( 

,...-x- -x- ---

/.,,..,.. . 
/ 

.
. 

_ _ _  o. _o_•- -" ,.. _ _  e,,._ -.------ -
• 0 8 ><0 0 • HOT SPRINGS \ •  

TEMPERATURE 

---------- 1oo•c 

---------- 2oo•c 

--------- 300"C 

BOUGUER GRAVITY ANOMALY 

\\:-------44" 15' N 

- - - - -43"4!) N 

• 

"- o  

Figure 7: Geothermal gradient, heat flow, interpreted Cl'Ustal temperatures, 
and regional Bouguer gravity anomalies for the western part of the 
northern Oregon Cascade Range (gravity data are from Couch and 
Baker, 1977).  Heat flow data between latitudes 43°1 5 'N and 
45°15'N are projected to the profile. The zero distance reference 
is the mean location of the Western Cascade Range-High Cascade 
Range boundary (see Figure 1 J • 
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I n  sp i te of the geophys i ca l  con t rast s ,  the cause of the abrupt west- to-east increase 
in heat f l ow and the heat source for hot spr i ngs i s  not read i l y apparent ,  as pos t - P I  iocene 
vo l can i c  centers have not been des c r i bed i n  the immed i ate v i c i n i ty of the hot s pr i ngs . 
Gran i t i c  rocks i n  the form of sma l l  stocks , d i kes and s i l l s a re found i n  the Western Cas
cade Range prov i nce west of several of the hot spr i ngs , but ava i l ab l e  age determ i na t i on s  
suggest ages i n  the range o f  8- 1 6  m . y .  for the i n t rus i ve bod i e s  ( B i kerman , 1 970 ;  Sutte r ,  
1 978) . Furthe rmore ,  no major fau l t s  have been mapped a l ong the north- t rend i ng heat f l ow 
and grav i ty t rans i t ion zone. However ,  on the bas i s  of phys iograph i c  express i o n ,  severa l 
authors ,  i n c l ud i ng Thayer ( 1 936) , Ba l dw i n  ( 1 976) , and Al l en ( 1 966) , have suggested that a 
fau l t  zone forms the boundary between the Western and H i gh Cascade Ranges .  

HEAT 
FLOW 
mW/m2 

DEPTH 

WESTERN CASCADE RANGE HIGH CASCADE RANGE 

Figure 8: 

TOPOGRAPHY 
HOT SPRINGS 

} \ 

4 

DI STANCE 

Several possible interpretations and conceptual mode ls of 
the heat flow transition observed at the Western Cascade 
Range-High Cascade Range boundary . Four models are shown, 
with three different variations in the heat source at depth. 
Model 1 assumes that the observed anomaly (see Figure 7) is 
essentially conductive. In the other three models, the ob
served heat flow is interpreted in terms of regional water 
circulation (see text ) .  
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Th i s  i nterpreta t ion of the heat f l ow data assumes that the heat f l ow measurements 
represent crusta l  heat f l ow var i a t ions , but there are other pos s i b l e  mode l s .  Shown i n  
F i gu re 8 a re severa l conceptua l  mode l s  for the hot s p r i ng systems and the heat f l ow anoma l y  
a t  the Western Cascade Range- H i g h  Cascade Range prov i nce bounda ry . The f i rst mode l  was 
assumed i n  the i nterpretat i on shown i n  F i gure 7 ;  i . e . , t hat  the change i n  heat f l ow 
represents crustal sources , probably  a cen t ra l  magma chamber unde r l y i ng the ax i s  of the 
H i g h  Cascade Rnage . Three other mode l s  assume hydrothermal c i rcu l a t i on systems d r i ven 
p r i ma r i l y  by e l evat i on d i fferences between the H i gh Cascade Range and the va l l eys i n  wh i ch 
the hot spr i ngs ex i st but d i ffe r i ng i n  the i nterpreta t i on of the loca t i on of the heat 
source . The water f l ow wou l d  be p r i ma r i l y  from eas t  to west ,  and the hot spr i ngs and h i g h  
heat f l ow va l ues wou l d  be re l ated t o  l a rge-sca l e  reg i ona l f l ow o f  g roundwater at  depth .  
I n  the second case ( t he pred i cted heat f l ow i s  shown by  curve 2 of F i gure 8) , t he  water 

wou l d  be c i rcu l a t i ng to great depths (greater  t han 3 km) , t hen f l ow i ng l atera l l y  wh i l e a t  
depth and com i ng u p  i mmed i a te l y  under the hot spr i ng s .  I n  t he t h i rd case (curve 3 of 
F i gu re 8 ) , t he water cou l d  be c i rcu l a t i ng to depth d i rect l y  beneath vol canoes , then com i ng 
up to re l a t i ve l y  sha l l ow depths and f l ow i ng l a t e ra l l y ; for examp l e ,  a l ong tuff un i t s  
(Harrrnon d ,  1 976) unt i l  i t  reaches t he surface a t  the hot spr i ng l oca t i on s .  I n  a fourth  
pos s i b l e  mode l (curve 4 of  F i gure 8 ) , t he anoma l y  m i ght  be  con f i ned to  a narrow band a l ong 
the phys i og raph i c  boundary . I n  t h i s  case , a sha l l ow heat source, offset from t he H i gh 
Cascade Range ax i s ,  m i ght cont ro l  the hot spr i ng l oca t i ons ; or the hot spr i ng s i tes m i gh t  
be l oca l i zed by fractured M i ocene and o l de r  g ran i t i c rocks bur i ed beneath t he phy s i og raph i c  
boundary ;  or the proposed boundary fau l t  zone m i ght l oca l i ze hydrothermal c i rcu l a t i on .  
I n  the fourth  mode l , a zone of re l a t i ve l y  h i g h  permeab i l i ty cou l d  be t he cont ro l  I i ng 
factor .  These d i fferent mode l s have qu i te d i fferent geotherma l imp l i ca t i on s ,  and i t  i s  
i mportant to d i fferent i ate amont them. Data presen t l y  ava i l ab l e  are not suff i c i en t  for 
t h i s  d i f feren t i a t i on ,  howeve r .  

I f  heat f l ow va l ues typ i c a l  o f  the H i gh Cascade Range a re 1 00 mW/m2 ( 2 . 4  HFU) , and 
the reg iona l g ra d i ents  are 60 + I 0°C/km, t hen t he cond i t i ons  shou l d  certa i n l y  be favorabl e 
for the ex i stence of geothermal systems of tempe rature h i gh enough for e l ec t r i ca l  power 
generat ion ,  s i nce i n  geotherma l sys tems , water typ i ca l l y  c i rcu l a tes to depths of 5- 1 0  km . 
Water c i rcu l a t i on to t hese depths shou l d  encounter rock temperatures we l l  i n  excess of 
300° C .  However ,  the nature of t he c i rcu l a t i on systems and t he nature o f  the l oca l i z i ng 
s t ructures that m i ght  gu i de the groundwater c i rcu l a t i on rema i n  unknown at  t h i s  t i me .  
Present geophy s i ca l  data support the concept of a con t i nuous "magma chamber"  or therma l l y  
d i s rupted zone under the whol e  l ength and breadth of t he H i gh Cascade Range i n  northern 
Oregon , w i th the known geotherma l systems occur r i ng at  the western marg i n  of t h i s  hot 
zone . Heat f l ow data a long the crest of the H i gh Cascade Range are cruc i a l  to under
stand i ng the geothermal poten t i a l  east of the prov i nce bounda ry ,  but t hese data do not 
yet ex i s t . 

I n  eva l ua t i ng the observed heat f l ow pat te rn i n  t he Western and H i g h  Cascade Ranges 
i n  Orego n ,  i t  i s  i n teres t i ng to make a compar i son w i th the ava i l ab l e  data for the Cascade 
Range i n  the State of Was h i ngton , where recent stud ies show a cons i derab l y  d i fferent 
pat tern ( Schus ter and othe r s ,  1 978) . Measurements i n  the I nd i an Heaven basa l t  f i e l d ,  
m i dway between Mt . St . He l ens and M t . Adams I n  Skaman i a  Count y ,  reveal typ ica l  g ra d i ents  
of 44-53°C/km and heat f l ow va l ues of  56-74 mW/m2 ( 1 . 33- 1 . 79 HFU) . Farther north i n  t he 
Cascade Range i n  Wash i ngton , heat f l ow val ues obt a i ned i n  ea r l y  to m i d -Cenozo i c  and pre
Cenozo i c  rocks range f rom 50-60 mW/m2 ( 1 . 2- 1 . 54 HFU) ( B l ackwe l l ,  1 974) . Thu s ,  t here i s  
apparent l y  a major d i fference i n  t he therma l s tructure of the c rust i n  t he Cascade Ranges 
i n  Oregon and i n  Was h i ngton , w i th  h i gher heat f l ow val ues i n  t he port i on of the range i n  
Oregon . The geo l og i c  reason for t h i s  thermal var i a t i on i s  not obv i ous , but may be due to 
a g reater  vol ume of young vo l can i sm i n  the H i gh Cascade Range of Oregon than i n  the 
Cascade Range in Wash i ngton . 
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CHARACTER I ST I CS OF  HEAT FLOW PATTERNS 
I N  THE BAS I N  AND RANGE PROV I NCE 

Genera l Characte r i s t i cs 

The characte r i st i c  feature of heat f low i n  the Bas i n  and Range prov i nce i s  the l a rge 
var i a t ion in heat f l ow va l ues over re la t i ve l y  short d i stances. These var i a t ions a re typ i 
ca l l y so l a rge ,  and occur over such short d i stance s ,  that they a re d i ff i cu l t  to understand 
on the s tate sca l e .  Therefore, we wi l l  d i scuss br i e f l y  some of the geo l og i c  and hydro l og i c  
characte r i st i cs of t he Bas i n  and Range prov i n ce wh i ch cause such ext reme f l uctuat ions i n  
heat f l ow, and some of t he types of geothermal systems to be expected i n  t he Bas i n  and 
Range prov i nce .  The conceptual  heat f l ow and temperature mode l  based on a typ i ca l  st ruc
tura l  s i tuat ion In the Bas i n  and Range prov i nce i s  shown i n  F i gure 9.  Th i s  f i gure shows 
a typ i cal  range-va l l ey pa i r  where a norma l fau l t-bounded graben or va l l ey ex i sts  i n  con
j unct ion w i t h  a horst b lock ,  or range. The temperatures and heat f l ow shown were ca l cu l a
ted by a f i n i te d i fference heat conduct ion program. Two l ayers of d i fferent conduc t i v i ty 
were chosen w i t h  va l ues typ i ca l of t hose observed I n  southeastern Oregon. I n  the depth 
range f rom 1 -3 km, the va l l ey b locks are composed of vol can i c  rock, c l ay ,  and vol canoc l a� 
t i c  sed imen t ,  whereas the ranges tend to be composed of a h i gher percentage of vo l can i c  
rock and pos s i b l y  metamorph i c  and i gneous basement rock .  I n  genera l ,  a s i gn i f i cant  thermal 
conduc t i v i ty var i at ion ex i sts , a l though obv i ous l y  the mode l  shown in F i gure 9 i s  h i g h l y  
i deal  l zed . The ranges and the va l l eys may or may not i n c l ude re l at i ve ly  permeab le  rocks , 
where the permeab i l i ty ex i sts  due to fractu r i ng or due to i n t r i n s i c  permeab i l i t y  i n  the 
vo l canoc l a s t i c s  and vo l can i c  rocks typ ica l  of southeast Oregon . 

Because of these d i fferences i n  thermal conduct i v i ty ,  the heat f low f rom the deep 
i n ter ior (even i f  i t  i s  un i form over l a rge areas ) i s  refracted , i . e . ,  fol lows the paths 
of lowest res i stance to the surface , and i s  not un i form when measured in sha l low ho les  
( 1 00-300 m) . I n  the  typ i ca l  s tructura l  geomet ry of  the  Bas i n  and Range prov i nce , t h i s  
refract i on i mp !  ies heat f l ow var i at ions of approx imate l y  1 0-25% a t  p l aces between the 
ranges and t he va l l ey s ,  w i t h  the l ower va l ues be ing found i n  the val l eys and the h igher 
va l ues In the ranges . The actua l magn i t ude of the d i fference i s  affected by the geo l og i c  
h i story and by the geomet ry of the system, and on l y  the s imp lest  mode l , w i t h  homogeneous 
thermal conduct i v i ty w i t h i n  each b lock ,  i s  shown i n  F i gu re 9. Of course, therma l conduc
t i v i ty var i es within each b l ock as we l l  as across the contact , l ead i ng  to a much more 
comp l i cated heat f low pattern than pred i c ted by th i s  s imple  mode l .  The heat f l ow d i ffer
ences w i l l  approach the magn i t ude of the var i at ion In therma l conduc t i v i ty ,  wh i ch i s  1 00% 
or more. 

I n  add i t ion ,  low va l ues of heat f low in the va l l eys w i t h  respect to the ranges may 
be caused by the effects of eros ion and sed imentat ion. Sed iments are depo� i t ed i n  the 
va l l eys at the amb ient  surface temperature. As add i t ional sed iment i s  depos i ted , the 
sed iment whi ch i s  bur i ed must now be heated up to the appropr i ate temperature by the 
heat f l ow f rom be l ow.  There I s  a t i me l ag in t h i s  thermal hea t i ng ,  therefore in an area 
where va l l eys are act i ve l y  form i n g ,  or have formed in the recent geo l og i c  pas t ,  the 
temperatures may be depressed due to t h i s  sed i mentat ion. In the ranges , eros ion of 
warmer rock and i t s  subsequent exposure to co l de r  surface temperatures causes exact l y  the 
oppos i te effect .  

Gene ra l hydro l og i c  effect s  may a l so cause systema t i c  va r i a t ions i n  heat f l ow .  The 
hydrology of the Oregon Bas i n  and Range prov i nce i s  l i t t l e  known , and any such effects 
cannot be pred i cted at t h i s  t ime . I n  some cases, groundwater f l ow f rom the ranges to the 
va l l eys may l ower heat f l ow In the range. In other cases ,  f l u i d  f l ow wi t h i n  or between 
va l l eys may exten s i v e l y  mod i fy the conduc t i ve heat f low (Sass and others ,  1 977 ;  Lachen
bruch and Sas s ,  1 977) . 
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Because of the very h i g h  geothermal grad i en t s  typ ica l  of southeastern Oregon (wh i ch 
are re l ated to the h i gh heat f l ow and low therma l conduc t i v i ty of the rocks ) ,  rel a t i ve l y  
h i gh temperat u res may be reached a t  shal l ow depths w i t hout t he presence o f  a major geo
therma l anoma l y .  Therefore , deep l y  bur i ed aqu i fers ( 1 . 0  ± 0 . 5  km) may have temperatures 
h i gh enough for u t i l  a za t ion for space hea t i ng w i thout the presence of unusua l l y  h i g h  heat 
f l ow. The h i ghes t tempera tures wi l l  exi s t  benea th the va l l eys ,  even though heat f low i n  
the va l l eys may be s l i gh t l y  lower than i n  the ranges . 
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Figure 9: Idealized heat flow, stPUctural, and temperature rodel for the Basin and 
Range province in Or>egon . The background heat flow value assumed is 
110 mW/m2 (2. 6 HPU) . The th�rma l con.ductitJiti��� a,.P. assumP-d uniform in the 
range and in the basin and are assumed to be 1. 9 W/mK (4. 5 TCU) and 
. 94 W/mK (2. 25 TCU) for the range and basin blocks respectively. Solid 
lines show only the effects of thermal refraction between the range and 
valley. Dashed lines show the effects of water at 100°C circulating 
through the blocks and up along the bounding fault from a depth of approx
imately 1. 0 km to 200 m. 

Typ i ca l  Geotherma l Systems 

The most common geotherma l system assoc i a ted w i t h  the Bas i n  and Range provi nce of 
Oregon i s  c i rcu l a t ion of f l u id up a major normal fau l t  or fau l t  zone. These normal 
fau l ts may or may not be the range-bound i ng normal fau l t s .  The model shown i n  F i gure 9 
(dashed 1 i nes of heat f l ow and temperature) , assumes re l a t i ve l y  s l ow downward c i rcu l a t ion 
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so that the water heats up to the amb i en t  tempe rature as i t  c i rc u l a t es to depth .  As  i t  
i n tersects the fracture zone, the water moves very rap i d l y  upwa rd , ma i n ta i n i ng a l most a 
constant temperature unt r 1 i t  approaches the surface. 

Typ i ca l l y ,  t h i s  sort of c i rculat i on system can be iden t i f i ed by l i near t rends of  hot 
spr i ngs a long major fau l t s ,  or by l i near t rends of heat f l ow anoma l i es wh i ch may or may 
not be assoc iated w i t h  surface man i festa t i ons i n  the form of hot spr i ng s .  As an examp l e  
o f  some o f  these character i s t i c s ,  heat f l ow and geothermal grad i ent  va l ues from the 
v i c i n i t y  of Va l e  i n  the Western Snake R i ve r  Bas i n  are shown in F i gu re 1 0 .  I n  th i s examp l e ,  
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there i s  a hot spr i ng near the town of Va l e  a t  the north end of a major heat f low anoma l y .  
The hot spr i ng has a n  approx i mate f l ow o f  7 5  I i ters/m i n ,  and a n  est i mated geochem i ca l  
reservo i r  temperature of about 1 60°C (Renner and others ,  1 975) . Heat f l ow i nvest i ga t i on s  
i n  a number o f  ho les  d r i l l ed for other purpose s ,  such as water and uran i um exp l orat i on , 
have out l i ned a major geotherma l anoma l y  wh i ch appears to be co l l i nea r w i t h  Va le  Hot 
Spr i n g .  I n  t h i s  anoma l y ,  heat f l ow va l ues as h i g h  as 270 mW/m2 ( 6 . 5  HFU) and grad ients  
as h i gh as 236°C/km ex i s t  a l ong a l i near zone approx imat e l y  1 5  km i n  l ength . The w i d th 
of th i s  geotherma l anoma l y  I s  very narrow, however ,  on the order of on l y  2 km. 

Heat f l ow va l ues to the east of the geotherma l anoma l y  avera�e approx i mate l y  1 2 0  mW/m2 
(2 . 9  HFU) , wh i l e those to the west average approx imate ly  1 00 mW/m ( 2 . 4  HFU) . Geolog i ca l  
and geophys i ca l  stud i es ind i cate  that  a major graben-horst pa i r  occurs i n  the area, w i t h  
the heat f l ow anoma l y  ex i s t ing a l ong a fau l t  on wh i c h  there may be s l ight up-to-the-east 
d i sp l acement i nternal to the horst b l ock (Bowen and B l ackwe l l ,  1 975) . Th i s  sor t of anoma l y  
i s  s i m i l a r  to many others observed i n  the Bas i n  and Range prov i n ce ,  i n  that a rel a t i ve l y  
smal I thermal man i festat ion (hot spr i ng )  i s  assoc iated w i t h  a heat f l ow anoma ly  many t i mes 
l a rger i n  area than the therma l man i festa t ion .  I n  other case s ,  therma l man i festat ion s  
may be scattered a l ong the zone o f  anoma l ous hc�t f low; or ,  i n  some cases ,  there may be 
no therma l man i festat i ons at a l l ,  and the anoma l y  can be detected on l y  by heat f l ow 
stud ies  or  the measurement of unusua l l y  warm water i n  we l l s .  

I n  th i s  case , therefore, the var i a t ion i n  reg iona l  heat f l ow wou l d  be re l a ted to 
t he major horst-graben st ructure under l y i ng the area, wh i l e t he very h i g h  i nd i v i dual  heat 
f l ow va l ues are rel ated to a geothermal anoma l y  assoc i a ted w i t h  a major f racture or 
fau l t  zone. 

Another typ i ca l  occurrence i s  c i rcu l a t i on a long a fau l t  i n tersect ion ,  wh ich  may be 
more equ i d imens iona l  i n  surface p l an than the sheet c i rc u l a t ion i l l ustrated in F i gure 1 0 . 
An examp l e  of t h i s  type of geothermal anoma l y  f rom the Bas i n  and Range p rovi nce of northern 
Nevada i s  shown i n  F i gure I I  (Sass and others ,  1 977) . 

I n  most of the Bas i n  and Range prov i n ce of Oregon , the age of the l ast  extens i ve 
vo l can i sm and tecton i sm i s  younger than that i n  the Western Snake R i ver Bas i n .  I n  conse
quence, the rocks are much more permeabl e ,  and the conduc t i ve heat f l ow pattern i s  much 
more d i sturbed by water c i rcu l a t ion .  W i t h i n  the Bas i n  and Range prov ince,  the most de
ta i led  stud ies  have been ca r r i ed out i n  the Cat l ow Va l l ey , Harney Bas i n ,  and the K l amat h  
Fa l l s a rea. Heat f l ow val ues i n  the val leys are typ i ca l l y  on the order o f  60-80 mW/m2 
( 1 . 5- 1 . 9 HFU) . Geotherma l anoma l i es s i m i l a r  to t he Va l e  anoma l y  a re character i st i c  of the 
marg i n s  of t he va l l eys;  for examp l e ,  the Kl amath Fal l s  geothermal zone , the Coyote Buttes 
therma l anoma l y ,  the H i nes hot water artes i an we l l s  (northern Harney Bas i n )  and the hot 
spr i ngs a l ong the south f l ank  of Harney Lake . Heat f l ow val ues i n  the assoc iated ranges 
average 1 00 mW/m2 (2 . 4  HFU) or more a l though there are very few determ i na t i on s  ava i l a b l e .  

I n  many a reas, the rocks are suff i c i ent l y  permeab le  that downward o r  l ateral c i rcu
l a t ion i n  aqu i fers  may be fast enough to resu l t  i n  very low or even zero heat f l ow val ues , 
i n  cont rast to the Western Snake R i ver Bas i n ,  where the re l a t i ve l y  t h i ck cap of c l aystone 
and s i l t s tone retards rap i d  vert i ca l  water c i rcu lat i on .  Thus i n  many pa rts  of the Bas i n  
and Range prov i nce very l ow val ues (0-20 mW/m2 ; 0-0 . 5  HFU) and h i gh va l ues (above 
1 00 mW/m2 ; 2 . 4  HFU ) a re j uxtaposed . 

An examp l e  of t h i s  s i tua t i on occurs i n  the Kl amath Bas i n  (Sass and Samme l , 1 976; 
L i enau, 1 978) . F i gure 1 2  shows locat ions of anoma l ous l y  h i gh geothermal grad i en t  (greater 
than 1 00°C/km ) correspond i ng to heat f l ow val ues i n  excess of 80- 1 00 mW/m2 ( 1 . 9-2 . 4  HFU) . 
Most of these zones are a l  i gned a l ong major norma l fau l t s  wh i ch cut the P l i ocene-Quaternary 
vo l can i cs and sed iments wh i c h  make up the bedrock of the area . The area of F i gure 1 2  i s  
out l i ned on P l ate I .  Actual va l ues of heat f l ow w i t h i n  the h igh grad i ent zones range 
up to 500 mW/m2 ( 1 2  HFU) or more, wh i l e va l ues outs i de the h i gh grad ient  a reas range from 
0-80 mW/m2 ( 0- 1 . 9  HFU) . I n  p l aces,  for examp l e  a t  t he northern end of the Kl amath  Fal l s  
anoma l y ,  a fu l l  range of heat f l ow occurs over a d i stance of 2 km. 
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Heat ]low anoma ly at Leach Hot Springs� Nevada. (Sass and otheros� 
1977) . The contour interval is 100 mW/m2 with supplementary 
dashed contours at intervals of 50 mW/m2 • 

A summary of the ava i l a b l e  heat f l ow data for t he Kl amath Fa l I s  a rea i s  g i ven i n  
Tab l e  2 .  On l y  data w i t h i n  the a rea o f  F i gure 1 2  have been i nc l uded i n  the tab l e .  The 
a reas of anoma l ous g rad i en t  i n  F i g u re 1 2  a re based on est i mates of grad i en t  from we l l  
temperatures measured or reported i n  over 200 water we l l s  i n  the Kl amath Fa l l s a rea 
(L i enau,  1 978 ) .  I n  con t ras t ,  temperature-depth data a re ava i l ab l e  from l ess  than 50 
we l l s  i n  the a rea and re i  i ab l e  heat f low va l ues a re ava i l a b l e for on l y  33 we l l s .  I f  a l l  
t he data a re con s i dered , t he average heat f l ow i s  1 1 6 . 6  mW/m2 ( 2 . 79 HFU) . The ext reme 
con t rast  i n  heat f l ow i n  such a tecton i ca l l y j umb l ed a rea i s  i nd i cated by t he range 
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F'igure 12: General.ized location of anomalously high geothermal 
gradients in the Klamath Palls area of southwestern 
Oregon (the area is outlined in Plate 1 ) .  Shaded 
areas correspond to locations with geothermal gradient 
greater than 100°C/km (after Lienau� 1978) . 
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of observed va l ues ( 1 2 . 6  to 7 1 6 . 0  mW/m2 ; 0 . 3- 1 7 . 1 HFU ) . I f  on l y  the h i ghest val ues of 
heat f l ow ( f rom the K l amath  Fa l l s  anoma l y )  a re om i tted , the average heat f l ow i s  83 . 6  mW/rrt 
(2 . 00 HFU ) ,  and i f  on l y  data less  than or  equa l to 1 50 mW/m2 ( 3 . 6  HFU) a re averaged , 
essen t i a l l y  exc l ud i ng a l l data f rom the h i g h  heat f l ow anoma l ies , the average i s  72 . 3  mW/rrt ( 1 . 73 HFU ) .  Sammel ( 1 976) and Sass and Samme l ( 1 976) conc l uded t ha t  the background heat 
f l ow for t he area was 60-70 mW/m2 ( 1 . 4- 1 . 5  HFU ) and that  the background grad i en t  was 
30-40°C/km. We conc l ude that the average heat f l ow i n  the Kl amath Fa l l s  area i s  between 
84 and 1 1 7  mW/m2 (2 . 0-2 . 8  HFU ) , that the average grad i en t  i n  the l a ke beds ranges from 
1 00-1 50°C/km, and that  the average grad ient  i n  t he basa l t s  ranges from 50- 1 00°C/km. The 
background heat f l ow and g ra d i ents  proposed by Sass and Samme l ( 1 976) and Sammel ( 1 976)  
are much too l ow because on l y  the non-geothermal areas were con s i dered i n  determ i n i ng 
background va l ues . 
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Tab l e  2 :  Heal f low and geothermal grad i ents i n  the v i c i n i ty of Kl amath Fa l l s  
(wi th i n  the a rea shown i n  F i gure 1 2 ) .  Q i s  heat f low .  

Cate9ory 

Al l Data 

Q $ 350 mW/m2 
( 8 . 4  HFU) 

Q :$ I SO mW/m2 
( 3 . 6  HFU) 

Standard errors a re shown be l ow average va l ue s .  

Heat F l ow 

Average 
mW/m2 (HFU) 

1 1 6 . 2  (2 . 79 )  
26 . 0  

8 ) . 6  (2 .  00) 
1 0 . 5  

72 . 3  ( l .  73 )  
7 . 3  

No . 

33  

3 1  

28 

� mW/ FU) 

1 2 . 6-7 1 6 . 0  
(0 . 3- 1 7 . 1 )  

1 2 . 6-30 1 . 5  
( 0 . 3- 7 . 2 )  

1 2 . 6- 1 38 . 2  
(0 . 3-3 . 30) 

32 

Avera9e 
6C/km 

l 5 3 . 6  
3 4 . 4  

1 09 . 8  
1 3 . 8  

94 . 6  
9 . 4  

Grad i en t  

No. �an9e 
C/km 

33  1 6 . 8-950 

3 1  1 6 . 8-400 

28 1 6 . 8 - 1 80 



SUMMARY AND D I SCUSS I ON 

The average heat f l ow va l ue for the State of Oregon i s  over 1 0% h i gher than the 
average heat f l ow for con t i nen t s ,  and the average geothe rma l grad i en t  i s  about tw ice the 
average con t i nenta l va l ue .  The s tate  can be d i v i ded i n to four genera l heat f l ow reg i on s ,  
o r  prov i nces.  The f i rs t  reg ion i nc l udes the Coast Range-W i l l amet te Va l l ey-Kl amath Moun
t a i n s-Western Cascade Range prov i nces , w i t h  an average g ra d i en t  of 26 . 4°C/km and an 
average heat f l ow of 42 mW/m2 ( 1 . 0  HFU) . The second heat f l ow prov i nce i nc l udes the 
Deschutes-Uma t i l l a (Co l umb i a )  P l a teau-B l ue Mounta i ns prov i nces , where the hea t f l ow i s  
65 mW/m2 ( 1 . 5  HFU) and the average g rad i en t  i s  44°C/km. The t h i rd area i s  i n  the south
eastern part of the state, and i nc l udes the H i g h  lava P l a i ns-Bas i n  and Range-Owyhee Up
l an d  and Western Snake R i ver  Bas i n  prov i nces . The average heat f l ow for these prov i nces 
i s  98 mW/m2 (2 . 34 HFU) , and the average g rad i ent i s  89°C/km. The fou rth reg i on con s i st s  
o f  boundary a reas between the H i gh Cascade Range and the Western Cascade Range,  w i th  an 
average heat f l ow of 1 05 mW/m2 (2 . 5 HFU) , and an average g rad i en t  of 6 l °C/km. 

The therma l character of t he H i gh Cascade Range i s  proba b l y  the l ea s t  known of t he 
major heat f l ow prov i nces of Oregon . S i nce the H i g h  Cascade Range i s  the a rea of most 
act i ve and youngest vo l can i sm in  Oregon , the l ack of heat f l ow data i n  t h i s  prov i nce 
represents  a major b l ock i n  at tempts to comp lete l y  character i ze the heat f l ow of Oregon . 

The corre l a t i on of the heat f l ow w i t h  these prov i nces i s  shown i n  two east-west 
cross-sec t ions ( F i gure 1 3 ) . These cross-sect ions show genera l i zed heat f l ow a long east
west l i nes a t  l a t i tude s 42°30 ' N  and  44°30 ' N .  I n  t he northern part  of the  state , the  H i gh 
Cascade Range stands out a s  an i so l ated a rea of h i g h  heat f l ow f l anked by a reas of l ower 
heat f l ow, w i th the Western Snake R i ver Bas i n  appear i ng  as a separate h i g h  heat f l ow 
reg i on at the ext reme eastern edge of t he s tate . Further to the sout h ,  heat f l ow i s  l ow 
a l ong the coast and very h i gh everywhere east of the Wes tern Cascade Range- H i g h  Cascade 
Range bounda ry .  

I n  genera l , the bounda r i es  between reg i ons of d i fferent heat  f l ow appear to co i nc i de 
w i t h  several  of the major geo l og i c  and phys i og raph i c  prov i n ce bounda r i es i n  Oregon , a l 
though not a l l  of the prov i nce bounda r i es co i nc i de w i th  heat f l ow t ran s i t ion s .  The im
portan t boundar i es  a l ong wh i ch major heat f l ow tran s i t ions occur a re the Western Cascade 
Range-H i gh Cascade Range boundary,  the H i gh Cascade Range-Co l umb i a  P l ateau bounda ry,  and 
the H i gh lava P l a i n s-Western Snake R i ve r  Bas i n  to B l ue Mounta i ns boundary.  

The rap i d  change in  heat f l ow from east  to west a long the Western Cascade Range
H i gh Cascade Range bounda ry co i n c i des w i th major changes i n  the ear th ' s  grav i ty f i e l d ,  
and w i th a major north-south t rend i ng bel t o f  hot spr i ngs  that incl udes Aust i n ,  Bagby , 
Bre i tenbush,  Be l knap,  Fo ley,  McCred i e ,  K i tson and Umpqua Spr i ng s .  Certa i n l y ,  th i s  heat 
f l ow and phys i ograph i c  t rans i t i on represen� a major fea t u re of the upper pa r t  of the 
eart h ' s  crus t .  

The heat f l ow boundary between the southeastern and northeastern heat f l ow prov i nces 
co i n c i des w i t h  the northern marg i n  of t he H i gh lava P l a i ns and t he Brothers Fau l t  Zone .  
The Brothers Fau l t  Zone has been cons i dered b y  lawrence ( 1 976) t o  represent t he northern 
term i nus of l a te Cenozo i c  bas i n-and-range deformat i on .  

Thus , the heat f l ow t rans i t ions occur a long major crusta l and upper man t l e  d i scon
t i nu i t i es i n  st ructure and geo log i c  h i s tory . Th i s  re lat ionsh i p  i s  typ i ca l  of t he western 
Un i ted States (see a l so Roy and othe r s ,  1 972 ; B l ackwe l l ,  1 97 1 , 1 978) . 
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Figu:t'e 13: GeneMtized east-west heat flow profiles for bands of 1 °  latitude 
centered at latitudes 42°JO'N. and 44°JO'N. 

O r i g i n  of Heat F l ow Pattern 

The overa l l pattern of hea t  f l ow i n  Oregon ( P l a te 1 ,  F i gure 4 and F i gure 1 3 ) i s  
re l a ted to the i nterac t i on of two l arge p l ates of the earth ' s  surface over the pas t  
1 0-20 m . y .  Dur i ng most o f  t h i s  t i me , a 1 00 km t h i ck p i ece o f  crust and upper man t l e  
( the 1 i thosphere) of the Eastern Pac i f i c  Ocean ,  ca l l ed the Juan de Fuca p l ate,  has been 
s l i pp i ng underneath North Ame r i ca .  The p l a te i n i t i a l l y  starts  to s i nk a l ong an ocean i c  
trench located just  off the Oregon coa s t  (Atwater,  1 970) . Th i s  mater i a l  s i nks to depths 
of 200-700 km i nto the mant l e  beneath the Pac i f i c  Northwest .  As the p l ate of ocean i c  
l i thosphere s i nks i nto the man t l e ,  i t  i n i t i a l l y  i s  col d  and absorbs heat from the over
l y ing con t i nenta l l i thosphere. Th i s  absorpt i on of heat  i s  ref l ected by  the  subnormal 
heat f l ow va l ues characte r i s t i c  of the coasta l  prov i nces of Oregon . Such l ow heat 
f low zones a re a l so typ i ca l  of the coasta l  (outer a rc) prov i nces a round much of the 
c i rcum-Pac i f i c  be l t  (Hasebe and others ,  1970) . 
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As the b l ock s i nks , i t  eventua l l y beg i n s  to me l t ,  and the vo l can i c  rocks of  lhe H i gh 
Cascade Range ref l ec t  t h i s  me l t i n g .  As t he b l ock con t i nues to s i nk  i n to the man t l e ,  f r i c
t i ona l hea t i ng suppl i es energy to the mant l e  ove r l y i ng the s i nk i ng b l ock.  Th i s  energy, 
i n  a genera l way, causes the h i gh heat f low characte r i s t i c  of  the eastern two- th i rds  of 
Oregon. At the l a t i tude of Oregon , t h i s  be l t  of h i g h  heat f l ow extends from the H i g h  
Cascade Range t o  the eastern edge of  the Northern Rocky Moun ta i n s  ( B l ackwe l l ,  1 969, 1 97 1 ,  
1 978) . The h i gh heat f low zone e xtends north-south at l east from western Canada (54°N)  
to the t rans-Mex i co vol can i c  be l t ,  and has been ca l l ed the Cord i l l eran Therma l Anoma l y  
Zone ( B l ackwel l ,  1 969) because i t  fo l l ows the Cord i l l eran moun ta i n  be l t  through most of 
North  Ame r i ca .  W i th i n  t h i s  be l t  of h i g h  heat f l ow ,  however ,  there a re l arge va r i a t i ons  
in  heat f l ow assoc i ated w i th  par t i cu l a r  vo l can i c  and tecton i c  h i stor ies .  Two subprov inces 
are c l ea r  from the data co l l ected in Oregon , and a t h i rd probab ly  ex i st s .  The comb i ned 
Deschutes-Uma t i l l a P l ateau-B l ue Moun t a i n s  reg i on i s  c l ea r l y  qu i te d i fferent i n  hea t f l ow 
from the Bas i n  and Range-Snake R i ver P l a i n-Owyhee Upl and reg ion .  The H i gh Cascade Range 
may have yet a d i fferent heat f l ow. 

The or i g i n  of the therma l d i fferences assoc i ated w i th these reg i ons  w i t h i n  the 
Cord i l l eran Therma l Anoma l y  Zone i s  re l a ted to the i r  vo l can i c  and tecton i c  h i s tory 
( B l ackwe l l ,  1 978;  Lachenbruch and Sas s ,  1 978) . The vo l can i sm may ref l ect the mot i on of 
convec t i on ce l l s w i th i n  the man t l e ,  i n teract i on of subduct i on hea t i ng w i th mant l e  hot 
spots ,  or local  var i at ions i n  the h i story of mant l e  and crusta l me l t i ng and of tecton i sm. 
B l ackwe l l ( 1 978) has shown tha t ,  in genera l ,  areas w i th i n  t he Cord i l leran Therma l Anoma l y  
Zone that are character i zed by vo l can i sm younger Lhan 1 7  m . y.  o l d  show very i rregu l a r  but 
genera l l y h i gh heat f l ow va l ues (greater than 80 mW/m2 ; 2 . 0  HFU) ; whereas prov i nces i n  
wh i ch vo l can i c  act i v i ty has been o l der than 1 7  m . y .  typ i ca l l y  have heat f low va l ues of  
approx i ma t e l y  60-80 mW/m 2 ( 1 . 5- 1 . 9  HFU) . Th i s  d i v i s i on i s  i n  reasonable  agreement w i t h  
the data co l l ected i n  Oregon , i n  that the h i gher hea t f l ow va l ues are character i s t i c  of 
the southeastern prov i nces ,  where extens i ve vo l can i sm has taken p l ace w i th i n  the l a s t  
1 0- 1 5  m . y .  

A par t i cu l a r  d i screpancy i n  t h i s  pattern , however ,  i s  the re l a t i ve l y  l ow heat f l ow 
character i st i c  of  the Deschutes-Umat i l  I a  P l a teau ,  where f l ood basa l ts were extruded 
approx imate l y  1 2 - 1 4  m . y .  ago; here, a somewhat h i gher heat f l ow m i ght be expected . Furthe r  
measurement s  shou l d  be ca r r i ed out i n  t he source area o f  the Co l umb i a  R i ve r  Basa l t  near 
the common i n tersect i on of the states of Oregon , Was h i ngton and I daho (Swanson and othe r s ,  
1 975) , i n  order t o  see i f  there a r e  s i gn i f i can t l y  h i gher va l ues assoc i ated w i th the source 
areas of  the basa l ts .  

Lachenbruch and Sass ( 1 978) have rel a ted the h i gh heat f l ow o f  the Bas i n  and Range 
prov i nce to extens i on rel a ted to the norma l fau l t i n g .  I n  fac t ,  both the vo l can i sm and 
tecton i sm are i nvol ved in determ i n i ng the thermal deve lopment of the  l i thosphere, and 
mode l s  of these phenomena are jus t  now beg i nn i ng to be evol ved to exp l a i n  t he heat f l ow 
data .  

The data i mp l y  i nteres t i ng var i at i on s  in  the pattern of the s i n k i ng b lock of l i t ho
sphere. Dur i ng the per iod from approx imate l y  1 0-30 m . y .  ago , the act i ve andes i te vo l canoes 
characte r i s t i c  of the present-day H i gh Cascade Range appear to have been centered a long 
the Wes tern Cascade Range, and t hu s ,  dur i ng O l i gocene and M i ocene t i me , very h i g h  heat 
f l ow va l ues character i zed the Western Cascade Range. Between 5- 1 0  m . y .  ago , changes i n  
the s i nk i ng b l ock,  o r  i n  the l ocat i on o f  the me l t i ng po i n t ,  caused a m i g ra t i on of the 
I ine of act i ve vo l can i sm to the eas t ,  to the present H i gh Cascade Range. Subsequent 
to t h i s  m i g ra t i on ,  the s i nk i ng b lock has absorbed the heat from the Western Cascade 
b l ock ,  resu l t i ng i n  subnorma l heat f l ow va l ues ,  even though approx imate l y  1 0  m . y .  ago , 
the heat f l ow must have been much above norma l .  

Convect i ve Heat Transfer 

As men t i oned above, a summa ry of the l ocat i ons of most known hydrotherma l convect ion 
sys tems i n  Oregon i s  shown on the map of therma l spr i ngs by Bowen and Peterson ( 1 970) ; 
Bowen and others ( 1 978) . Several proba b l e  hydrotherma l convec t i on systems w i thout su rface 
man i festa t i ons  were a l so d i scovered d u r i ng t h i s s tudy ( the anoma l i es at G l ass  But tes , 
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Figw'e 14: Meo:n temperature at a depth of 1 km for 1 °  square areas of the State of Oregon. The temperature 
values were calculated by extrapolation of the observed gradient values� assuming a meo:n annual 
surface temperature of 10°C. In areas where the surface conductivity is Less than 1 . 6  W/mK 
(4 TCU) , temperature values form 500 m to 1 km were calculated using a gradient corresponding to 
a thermal conductivity of 1 . 6  W/mK (4 TCU) . Data are contoured at 10°C intervals. 



Coyote Buttes , and Cow Ho l l ow; Bowen and others , 1 977) . I n  some areas of the western 
Un i ted States , extens i ve reg iona l aqu i fe r  systems destroy the conduct i ve heat f l ow pattern 
over very l a rge areas . The p r i me examp l e  of t h i s  phenomenon i s  t he Snake P l a i n  aqu i fe r  
i n  eastern I daho ( B rott and othe r s ,  1 976) , where heat f l ow va l ues a re essent i a l l y  zero 
over an area approx imate l y  50 km w ide  and 200 km l ong . No such exten s i ve aqu i fer  systems 
have been recogn i zed in Oregon at t he present t ime ; howeve r ,  there are l arge a reas where 
s i gn i f i cant effects on the reg iona l  heat f l ow may be present due to aqu i fe r  systems , or due 
to l arge-sca l e  hydrothermal convect ion systems . Examp l es where l arge a reas of r e l a t i v e l y  
low heat f l ow val ues have been observed a r e  the Cat l ow Va l l ey (Sass and othe r s ,  1 97�) . 
the Harney Bas i n ,  and the a rea a round Bend al ong the east s i de of the H i gh  Cascade Range. 
There a l so may be re l a t i ve l y  s l ow reg iona l  aqu i fer mot ions wh i ch mod i fy heat f l ow va l ues 
associ ated w i t h  the Col umb i a  P l ateau Basa l t .  Re l a t i ve l y  sha l low d r i l l i ng i n  the H i gh 
Cascade Range so far i n d i cates extens i ve groundwater  f l ow i n  the young ,  porous vo l can i c  
rocks a t  the surface . Howeve r ,  except for the d r i l l  ho l e  on the s l opes o f  Mt . Hood, 
none of the ho l es d r i l l ed so far have penetrated be low I SO m, so t he extent and pervas i ve
ness of aqu i fer mo t i ons a re unknown . 

Geothermal Energy lmpl i cat ions 

Some of t he geotherma l imp! i ca t ions  of the heat f l ow data for the State of Oregon 
are re l a t i ve l y  obv ious , wh i l e others are somewha t  more subt l e .  The heat f l ow maps ( P l ate 1 ,  
F i gure 4) are d i rect l y  rel ated to the geotherma l character of Oregon; however ,  a more 
obv ious parameter i s  t he temperature  w i t h i n  the earth at a g i ven depth. I n  order to 
anal yze t he subsur face temperatures in  Oregon , an average Temperature a t  1 km map was 
prepared ( F i gure 1 4) .  Th i s  map was made by contou r i ng corrected geotherma l grad i ents  
wh i ch had been averaged over 1 °  x 1 °  b l ocks ( t he data  set  was s i m i l a r  to but  s l i g ht l y  more 
extens i ve than that used to prepare F i gure 4 ) . Temperatures  a t  1 km depth were ca l cu l ated 
by extrapo l at ion of the g rad i ent , tak ing  i nto account proba b l e  therma l conduct i v i ty 
changes i n  t he depth range 0 to I km. The resu l t i ng temperatu res were contoured a t  I 0°C  
i n terva l s .  The assumed surface temperature was l 0° C .  

Th i s  map i l l us t rates very c l e a r l y  t he cont rast ing  t herma l character ,  even a t  sha l l ow 
crusta l l eve l s  of the coasta l  l ow heat f l ow bel t ,  the i ntermed i ate  heat f l ow reg ion i n  the 
northeast , and the h i g h  heat f l ow reg i on in t he H i gh Cascade Range and in the southeast par t  
of Oregon. I n  part i cu l a r ,  average temperatures a t  a depth of I km a r e  80°C over a l most 
one- t h i rd of t he state ,  but are less t han 30-40°C at th i s depth i n  t he western one-th i rd 
of the state.  

Obv i ous l y ,  t h i s  map cannot be used to pred i c t  temperature a t  a spec i f i c  po i n t ,  because 
as d i scussed above, the actual heat f l ow at a g i ven po i n t  (part i cu l a r l y  in southeastern 
Oregon) i s  ext reme l y  va r i a b l e  on a loca l sca l e .  Furthermore , l arge sca l e  va r i a t ions re l at
ed espec i a l l y  to bas i ns and ranges (see F i gure 9)  def i n i te l y  ex i st .  Nonethe l ess , t h i s  
sort o f  map shows , i n  an i n tu i t i ve way, the re l a t i ve geotherma l potent i a l  of the var ious 
a reas w i th i n  the state of Oregon. 

The mos t obv ious imp l i ca t ion i s  tha t ,  f rom a reg i onal  po i n t  of v i ew, t he I i ke l i hood 
of h i gh  temperatu re geotherma l systems (greater than 1 50°C)  i s  g reatest i n  t he H i g h  Cas
cade Range and i n  t he southeastern prov i nces of Oregon . The northeastern p rov i nces have 
somewhat l ess l i ke !  i hood of h i gh tempe ra t u re geothermal resource s ,  wh i l e  the coast  prov i n 
ces have I i t t l e  o r  no poss i b i l i ty o f  h i g h  temperat u re geothermal resources a t  curren t l y  
exp lora b l e  depth s .  

The low heat f low, low crusta l temperature , l ack o f  hot spr i ngs ,  a n d  absence o f  
post-P l iocene vo l can i c  rocks i n  t h e  Coast Range , K l amath Moun t a i ns , W i l l amette Va l l ey 
and Western Cascade Range (exc l us i ve of i ts eastern bounda ry) i n d i cate a low poten t i a l  for 
geothermal energy deve l opment .  Uses of geothermal heat i n  t he western pa rt of Oregon w i l l  
be res t r i cted to those requ i r i ng re l a t i ve l y  l ow tempera ture ( l ess  than 1 00°C ) ,  such a s  
space heat ing o r  use o f  t h e  mean annual  ground temperature i n  heat pump appl i cat ion s .  
Ex i s t i ng deep ho l es or  deep ho les  d r i l l ed i n  the future for other purposes and abandoned 
m i ght  be taken over for use as warm water sources. 
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S i m i l ar l y ,  most of the northeastern part of Oregon wi l l  have few h igh  temperature 
geothermal systems , because t h i s  area ,  a l though hav i ng h i gh hea t f l ow, has on l y  s l i g h t l y  
h i gher crustal  temperature than the western one- t h i rd of Oregon . Several  s i gn i f i cant 
hot spr i ngs or g roups of hot spr i ng s  occur i n  the B l ue Moun ta i n s ,  espec i a l l y  i n  the Saker
La Grande a reas.  Loca l l y  h ig he r  heat f l ow and s i gn i f i cant  geothermal poten t i a l  may be 
present i n  these area s .  At t h i s  t i me ,  the data a re not suf f i c i en t  i n  the v i c i n i t i es of 
these areas to fu l l y eva l uate the i r  geotherma l poten t i a l s .  No t hermal anoma l i es have been 
found w i t h in the Deschutes-Uma t i l l a P l a teau i n  Oregon . However ,  j us t  across the border 
i n  Wash i ngton , a wel 1 at 6N/34E- 7c has a temperature  of 40°C at 400 m .  Th i s  we l l  has the 
h i ghest g rad ient  found so far i n  e i ther the Wash i ngton or Oregon port ions of t he Col umb i a  
P l a teau . 

Most of the geothermal poten t i a l  of Oregon for e l ec tr i ca l  power generat ion , and much 
of the geot herma l poten t i a l  for space and process hea t i ng ,  ex i s t s  i n  the H i g h  Cascade 
Range-Wes tern Cascade boundary area , a l ong w i t h  the Western Snake R i ver Bas i n ,  Owyhee Up
l and , H i gh Lava P l a i n s  and Bas i n  and Range prov i nces . Even i n  these reg ion s ,  not a l l 
areas wi l l  be su i tab l e  for geotherma l deve lopmen t ,  a l though average heat f l ow va l ues , 
geothermal grad ients  and crusta l temperatures are very h i gh . I t  i s  obv ious that even i n  
the areas of h i ghest heat f l ow ,  reg i ons of low heat f l ow do ex i s t ,  and the presence of 
h i gh temperature geotherma l systems usua l l y  imp l i es l ow tempera t u re recharge areas as 
wel l .  Therefore, l ocat ion of geothermal resources w i l l  i nvo l ve exp l ora t ion to eva l uate 
t he actua l geothermal g rad ien t  and heat f l ow in spec i f i c  areas of i nterest .  Explora t i on 
cannot be done s i mp l y  by d r i l l i ng product i on wel l s  i n  a g i ven a rea because of i ts average 
heat f l ow or because of apparent geol og i c  poten t i a l . The data do ver i fy ,  howeve r ,  that a t  
least  one- th i rd o f  the State of Oregon has a s  h i g h  o r  h i ghe r geothe rma l potent i a l  than 
any other a rea of equ i va l en t  s i ze i n  the western Un i ted States , and t hat many poss i b i l i t i es 
for commerc i a l  geothermal power deve lopment ex i st . 

So fa r ,  geotherma l exp l orat ion i s  i n  i t s i n fancy i n  Oregon ; through 1 978 on l y  four 
exp lora t i on tests have been d r i l l ed to depths grea ter than I km: one by Thermal Power 
Company near Kl amath  Fa l l s ;  one by Gu l f  O i l  Company near Lakev i ew ;  one by the San J uan 
O i l  Company i n  the Warner Va l l ey ; and one by a comb i ned state-federa l - p r i vate consor t i um 
nea r M t .  Hood . The f i rst three we l l s  l ocated tempe ratures g reater  than 1 00 °C ,  but not 
h i gh enough for product i on of e l ec t r i c  power .  I n  much of the a rea of  Hol ocene vo l can i sm 
where h i g h  temperature geothermal resources can be expected , exp lora t i on has been d i s
couraged by l ack of obv ious surface man i festa t i on s .  An examp l e  i s  the eastern s l ope of 
the H i g h  Cascade Range, a reg i on where youthfu l vol can i sm i s  obv ious ,  but i n  wh i ch there 
i s  nea r l y a comp l ete l ack of therma l s p r i n g s .  Throughout t h i s  reg ion , the l ack of thermal 
spr i ngs  i s  proba b l y  assoc i a ted w i th  the carapace of the young vo l can i c  rocks wh i ch a l l ows 
the subsu rface f l ow of g roundwa ter to d i s s i pate  any i nd i ca t ions of subsu rface heat by d i s
pers i on and m i x i n g . I t  i s  obv ious that there i s  geothermal potent i a l  i n  t hese reg i on s of 
Oregon , and con t i nued exp l orat ion w i l l  resu l t  i n  the locat ion of i mportant reservo i rs of 
both h i g h  and l ow tempera t u re geotherma l energy . 
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