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INTRODUCTION 

Th is  reconnaissance study of the Cra ig  Mountain-Cove Area is part  o f  a 

statewide I ow- temperature geothermal assessment program funded by U .  S . Depart- 

ment of Energy Ceopera ti ve Agreement No. DE-FC07-79ET27220 and was i ni t i  a ted to  

assess t he  potential f o r  di rect-use 1 ow- temperature geothermal resources (Figure 1 ) , 

The Craig Mountain-Cove Area comprises t h a t  part  o f  t h e  Grande Ronde River  

Basi n surrounding the ci t i e s  o f  La Grande (pop. 11 ,I 40) , Union (pop.  2,160) , and 

Cove (pop. 500). whi ch are the main population centers in the study area. The c i  t i e s  

a re  served by a well-developed transportation network which includes U .  S .  Highway 

1-84, State Highways 203 and 237, a n d  the Union P a c i f i c  main l ine ,  which runs south- 

eastward from La Grande toward Baker. Presence o f  s ignif icant  transportation 

f a c i l i t i e s  and population centers makes t h i s  area a logical choice fo r  direct-use 

geothermal appl  i cati  ons. 

The topography and c l i m a t e  i s  typical of  the Basin  and Range province o f  east- 

ern Oregon. The area i s  dominated by the Grande Ronde River Valley which l i e s  a t  

an e leva t ion  o f  2,700 f e e t  above sea 1 eve1 . Northwes t - t rend i  ng rnountai n ranges 

r i s e  abruptly from the Val ley f l o o r  along steeply d i p p i n g  f a u l t  zones. The cl i- 

mate i s  semi-arid wi th  annual precipitation between a b o u t  13.2 and 22.9 inches and 

temperature lows o f  0' t o  20 '~  i n  winter and 85Ota 100' F highs i n  summer. 

Th i s  study focused on hea t  f low,  geochemistry of ground water, and geological 

control s o f  geothermal resources. Heat flow deterrni nations were made by measuri nq 

temperature gradients i n  wells and three shallow exploration holes d r i l l  ed as p a r t  

of t h i s  study. Geochemical analyses o f  w a t e r  samples f rom springs and we1 1s were 

u t i  1 i zed to  cal cul a t e  reservoir temperatures. Analysis o f  the geology yielded 

in format ion on controls o f  the geothermal systems a t  depth. 



F i g u r e  I :  Map showins l o c a t i o n  o f  study area. 



GEOLOGY 

Int roduct ion 

The reader i s  r e f e r r e d  t o  the DOGAMI pub1 i c a t i o n  Special Paper 6 by Barrash 

and others  (1980) f o r  a detailed treatment o f  the geology o f  the La Grande area. 

A b r i e f  summary o f  t he i r  data i s  presented herein,and a generalized geologic map 

f r o m  Walker (1977) i s  presented in Figure 2. 

Vol cani c s t rat igraphy 

The Grande Ronde Val ley graben and adjacent hors t  blocks are composed of 

Miocene-age Grande Ronde Basal t o f  the Cof umbia .R iver  Basal t Group and over ly ing 

lavas equivalent i n  age t o  the Hiocene Wanapum B a s a l t  and Saddle Mountains Pasalt. 

Units above the Grande Ffonde B a s a l t  a re  assigned t o  the Columbia River B a s a l t  

Group b u t  a re  not i nva r iab l y  basal t i c  i n  composition. The Basal t  o f  G l a s s  Hi1 1 

i s  composed o f  glassy andesi t e  (57.28-61 .80% Si02) and d i  k t y t a x i  ti c basal t (50.74- 

52.1 3% G O 2 )  which d i r e c t l y  over1 i e the Grande Ronde Basal t. The Basal t o f  G l  ass 

H i l l  i s  over la in  by two roughly t ime-equivalent andesi t ic  uni ts- - the andesite o f  

Mahogany Mountain (66.48% Si02) and the andesite o f  Craig Mountain (61.08% S i O Z ) .  

St ructura l  geol ogy 

For a camp1 e t e  summary o f  the s t ruc ture  and 1 ineaments o f  the study area, 

the reader i s  re fe r red  t o  Barrash and others (1980). T h e i r  da ta  are b r i e f l y  

summari zed here. 

The Crai g Mountai n-Cove area has undergone broad sync1 i nal f o l  d j n g  since 

the Miocene on a nor theaster ly  t rend para1 l e l  t o  the adjacent Blue Mountains 

an t ic l ine .  Normal f a u l t s  cu t  the broadly folded rocks on a northwester ly trend 

and general ly account f o r  most o f  t he  1 i neaments i n  the area. The northwest- 

t rending normal f a u l t s  may be the result o f  tension developed a t  r i g h t  angles 

to  N. 35'~. compression which may have created the broad northeasterly fo lds i n  



Figure 2 .  GENERALIZED GEOLOGY OF THE 

LA GRANDE AREA, OREGON 
OREGON 

(From G. W .  Walker, 1977) I 

EXPLAMAT I ON GEOLOGIC SYMBOLS 

( Q a l  - Alluvium 
Qf - Fanglomerate 
Qls - Landsl ide and debris-flow deposits 

Qtc - f a 1  us and co1 luvium - ( Qs - Lacustrine sedimentary 
h 

Tob - Olivine basalt 
Ts - Tuffaceous sedimentary rocks and t u f f  

0 " TTpb .- 
2 - Pyroclastic rocks o f  basal t i c  cinder cones 

{ T f  - Basalt and andesi te f 1 ows and b r e c c i a  

5 f { KJi - Intrusive rocks 2 6  

- 4  

Contact  
Dashed where approximately located 

-- .. . 
F a u l t  

Dashed where approximately located; 
dotted where concealed or inferred; 
bar on downthrown side 

'RPsv - Sedimentary and vo lcanic  rocks partly 
metamorphosed SCALE 1 : 500,000 

RPv - Volcanic rocks 



the area. 

Relat ion of structures t o  geothermal systems 

Barrash and others (1 980) point out tha t  currently act ive  geothermal sys- 

tems are probably control 1 ed by range-front faul ts  bordering the Grande Rande 

Valley. Plate I i l l u s t r a t e s  th i s  relationship very clearly.  Nearly a l l  o f  the 

t h e m 1  we1 1 s and springs are l o c a t e d  near the break i n  slope between the Val ley 

and surrounding horst block mountains. Sha t t e r  zones adjacent t o  the faults 

within bo th  the horst and graben blocks should be a t t r a c t i v e  geothermal targets .  

The Craig Mountain f au l t  system is the most impor tant  single structure con- 

troll  i n g  hot springs. The largest, hot tes t  spring i n  the area, located a t  the 

Hot Cake Resort h o t  spring, i s  a long the C r a i g  Mountain f a u l t .  This  s p r i n g  has 

a temperature o f  8 5 ' ~  (185'~) and a flow o f  6435 lpm (1700 gpm) ( ~ a r r a s h  and 

others, 1980). One of  the goals o f  t h i s  study was t o  check Huggi ns 9 1  978) hypo- 

thesis  t h a t  f a u l t s  similar  t o  the C r a i g  Mountain fau l t  may l i e  under the Valley 

a1 1 uvi urn a t  the ci  ty o f  La Grande. Unfortunately , d r i  11 i ng f o r  t h i s  s tudy d i d  

not conclusively show t h a t  a geothemal system equivalent to tha t  a t  Hot Lake 

e x i s t s  a t  La Grande. The chief reason f o r  t h i s  was the shallow depth (55 t o  

I20 rn) o f  holes d r i l l ed  for this project.  Extreme drilling problems associated 

w i t h  broken bedrock and loose a l l  uvi  urn caused a l l  holes t o  be ha1 ted short o f  

t h e i r  projected 152 m depth. The La Grande Hospital we1 1 (3S/38E-7Acc) did, how- 

ever, intercept highly fractured basa l t  bedrock under about 32.6 m (107') o f  

a1 luvium. This highly f rac tured  b a s a l t  i s  probably the s h a t t e r  zone o f  the m a j o r  

range front faul t on the west s i  de o f  town. A h i  gh (90.7 O c ~ r n - '  ) gradient and 

highly  permeable bedrock at the Hospital si te were very encouraging. I n  addi- 

tion, the hol  e contained a 1 ow temperature (1 5-21 OC, 60-70'~) geothemal aqui  fer  

which flowed about 114 Ipm (30 gpm). This s i t e  and other sites along known and 

projected extensions o f  f a u l t s  should be investigated w i t h  intermediate depth 

( 2,000' ) holes and speci a1 d r i  11 i ng techniques t o  overcome the caving probl ems. 



GEOPHYSICS 

No geophysical s tudies  are ava i lab le  in the public domain t o  delineate 

subsurface structures in t h i s  hishly important area. S p e c i f i c  recomenda t ions  

are made under the Conclusions and Recommendations sec t ion  of t h i s  report. 



WATER CHEMISTRY 

During the period o f  t h i s  study, twenty-fi ve thermal we1 1s and springs were 

sarnpl ed and t h e i r  waters analyzed, br inging t o  seventy-f i ve the number o f  analyses 

available for evaluation (Table 1). These analyses were then used to  calculate 

m i  nimum reservoi r temperatures (Tab1 e 2)  . The method01 ogy used i n these cal cul a- 

t ions i s  presented, together w i t h  references used, i n  Appendix A.  

Several studies have been performed on the thermal waters o f  the Craig 

Mountai n-Cove Area (Del lechaie ,  1975, and Muggi ns, 1 978) and the reader i s  directed 

to  them for a detailed discussion. A generalized sumary o f  these studies i s  as 

follows: 

1 .  The thermal waters tend to be neutral to basic ,  low i n  total  dissolved 

sol i ds  , w i  t h  sodi urn and ch lor ide  as principal i o n s  ( C 1  >HC03>S04 ;NA>Ca>K>fIg) . 
2. Si l ica  content (Si02) i s  probably controlled by chalcedony, since no major 

amunts o f  s i l i c i c  quartz-bearing rocks are known i n  the area. Chalcedony 

veins are, however, common. 

3. Chal cedony and 4/3 B Na : K: Ca (probably best est imations 1 geothemo~eters 

i ndi cate reservoi r temperatures probably do not exceed the 1 0 0 " 1 2 5 ~ ~  

range. The h ighest  ca l  cut a ted reservoir temperatures are for springs and 

we1 1 s s i  tuated near the graben-boundi ng faul ts . 



Tab1 e 1 . Spring and we1 1 chemistry o f  the Craig Flountai n-Cove area. A1 1 
measurements are in rng/l, except f o r  pH o r  as indicated.  n t  = n o t  tested;  
t r  = trace. 

DOGAMI 
D r i  1 l 

Hole #2 

Is1 and Union 
Cj ty Paci 61; c 
Well RR idell #1 

Unf on 
Paci Sic 

RR Uell #2 

Union 
Paci f ic  

RR 'Hell #1 

Locat ion 

Date sampled 
Temp. 1' C )  

Conductance 
pmhas / cm 

A1 kal i n i  ty 
Xh as mg/l HCQ3 

Hardness 
as mg/l CaCB3 

Tota l  dissolved 
s o l  i d s  

S i lo2  

As 

B 

L i  

F 

Fe ( t o t a l  ) 

A1 

HC03 

Po4 



Table 1 .  S p r i n g  and well chemistry o f  the Craig Mountain-Cove area--Continued. 
A1 1 measurements are i n mg/l , except f o r  pH or as indicated. nt = n o t  tested; 
t r  = trace. 

Union Starkey 
Paci f i c  Warm 

RR Well #2 S p r i  nq 

Cooper 
Warm 

Spring 

Meadow Creek 
Warm 

S p r i n g  

FI agstaff 
Poin t  

Springs 

Leca t i on 

Date sampled 

Temp. (' C) 

pH 
Conductance 
umhos/cm 

A l k a l i n i t y  
Xh as mg/l HC03 

Xc as mg/1 CaC03 

Hardness 
as mg/l CaC03 

Total di ssol ved 
sol i ds  

S i  O2 

Na 

K 

Ca 

&I 

C1 

As 

B 

Li 
F 

Fe ( total )  
A1 
HC03 

P04 



Tab1 e 1 . Spring and we1 1 chemistry of  the Craig Moun t a i  n-Cove area--Cont i  nued. 
A11 measurements are i n  mg/l, except f o r  pH o r  as ind icated.  n t  = n o t  tested; 
tr  = trace. 

Unnamed 
spr ing  

Unnamed Wagner 
spr ing We1 1 

Wagner 
We1 1 

W a g e r  C i  ty 
We1 1 well #2 

Location 

Date sampled 
Temp. (O C) 

P H 

Conductance 
pmRos/ cm 

A1 kal  i ni ty 
X,, as mg/l HC03 

Xc as mg/l CaC03 

Hardness 
as mg/l CaC03 

Total d i  ssol ved 
sol i ds 

S i 0 2  

Fe ( t o t a l )  
A l  

HC03 

P04 

S04 

N03 

NH3 



Table 1. Spring and well chemistry of the  Craig Mountai n-Cove area--Continued. 
All  measurements are i n  rng/l, except f o r  pH or as indicated. n t  = not tested; 
t r  = trace. 

City we1 1 
south of C i t y  well 
La Grande La Grande 

G i  rdner 
Warm 

Spring 

Eisrdner 
Warm 

Spri ng 

Cropp Cropp 
Hot Hot 

Spring Spri n q  

NE corner 
o f  20th & 
Leckler 

Loca ti on 

Date sampled 

Temp. ( O  C) 

Conductance 
vmhos/crn 

Hardness 
as mg/l CaC03 

Total dissol ved 
sol i ds  

Si02 

Na 

K 

M9 
C1 

As 

B 

L i  

F 

Fe ( t o  taf ) 

A1 

HC03 

P04 

So4 



Table 1. Spring and we1 1 chemistry of t he  Craig Mountain-Cove area--Continued. 
All  measurements are i n  mg/l, except for  pH or as indicated.  nt = n o t  tested; 
tr = trace. 

Location 

Date sampf ed 

Temp. ( O  C) 

pH 
Conductance 
~ m h o s / c m  

A1 k a l  i n i  ty 
Xh as mg/ l  HC03 

Xc as mgJl CaC03 

Hardness 
as mg/l CaC03 

Tota l  dissel ved 
sol i d5 

S i  O2 

Na 

K 

Ca 

Mg 
C1 

As 

B 

L i  

F 

Fe ( t o t a l )  
A1 

HC03 

Warn 
Creek 

Spri  ngs 

Warm 
Creek 

Sp rj ngs 

3s J40EJ 
9Ca 

4/80 
25 

9.3 

121 

Cove 
Bath House 
Warm Spring 

35/40E/22Bb 

6/57 

29.4 

9.8 

150 

Core (Swim- 
mi ng Pool ) 
Ho t  S p r j  ng 

Cove (Swim-  
ming Pool)  
Hot S p r l  ng 



Tab1 e 1. Spring and we1 1 cherni stry of the Craig Mountai n-Cove area--Con t i  nued. 
A1 1 measurements are  i n  mg/l , except for pH or as indicated. nt = not tested; 
tr = trace. 

Cove Bath 
House 

Spring 

Cove Bath 
House 

S p r i  ng 

Medical 
H o t  

S p r i n g s  

k d l  cal 
Hot 

Spri nqs 
Unnamed 
spring 

t o c a t i  on 

Date sampled 
Temp. (' C) 

Conductance 
pmhos/cm 

A1 kal  i n i  ty 
Xh as mg/l HC03 

Hardness 
as mgJl CaC03 

T o t a l  dissol ved 
sol i d s  

Fe ( t o t a l )  
A1 



Tab1 e 1 . Spring and we1 1 chemistry o f  t h e  Cra ig  Mountai n-Cove area--Continued. 
A1 1 measurements a r e  i n mg/l , except for pH or as indicated. nt = not  tested; 
tr  = trace. 

Medi cal 
Hot 

Spri ngs 

Radi urn 
H o t  

Springs 

Radi urn 
Hot 

Springs 

Radi urn 
Hot 

Springs 

Cres ton 
Shaw 
We1 1 

Boise 
Cascade 

We1 1 

Location 

Date sampled 
Temp. ( O  C) 

Conductance 
11mh os / crn 
A1 ka l in i  ty 
Xh as mg/7 HC03 

Xc as mgJl CaC03 

Hardness 
as mg/l CaC03 

T o t a l  dissel ved 
sol i ds 

Fe ( t o t a l )  

A1  



Table 1. Spr ing and we1 1 chemistry o f  the  Craig Mountain-Cove area--Continued. 
All measurements are i n  rng/l, except fo r  pH o r  as indicated. n t  = not  tested; 
tr  = trace. 

El wyn Clayton Norm 
B i  ngaman Fox Woo dell Hunters Unnamed Unnamed 

We1 1 We1 1 We1 1 Spri ng we1 1 we1 1 

Location 

Date sampled 
Temp. ( O  C) 

PH 
Conductance 
umhos/cm 

Hardness 
as mg/l CaC03 

T o t a l  dissa l  ved 
s o l  i d s  

As 

B 

L i  

F 

Fe ( t o t a l )  
A1 



Tab1 e 1  . Spring and we1 1 chemistry of  the Craig Moun t a i  n-Cove area--Continued. 
A1 1 measurements are i n  mg/l , except for pH or as ind ica ted .  n t  = not tested; 
t r  = trace. 

Doy 1 e 
E i  smi nger 

We1 1 

Hot Lake 
Resort 
Spri ng 

Unnamed 
we1 1 

Unnamed 
we1 1 

Unnamed 
well 1 

Location 

Date sampled 

Temp. ( O  C) 

Conductance 
ymhas/cm 

Hardness 
as mg/l CaC03 

To ta l  d i  ssol ved 
sol  i d s  

S i O Z  

Na 

K 

Ca 

ml 
C1 

As 

B 

L i  

F 

Fe ( t o t a l )  
A1 



Table 1 .  Spring and we1 1 chemistry o f  the Craig bleuntai n-Cove area. A1 1 
measurements a r e  in rng/l, except for pH or  as indicated.  n t  = n o t  tested; 
tr  = trace. 

Hot Lake 
Resort 
Spring 

H o t  Lake 
Reso rt 
Spring 

Hot take 
Co urtwri gh t 

We1 1 

Hot Lake 
Courkri gh t 

We1 1 
Royce 
We1 1 

Location 

Date sampled 
Temp. (" C) 

Conductance 
vmhos/cm 

Hardness 
as mg/l CaC03 

Tota l  dissol ved 
sol i ds  

S iOZ  

B 
L i  

F 

Fe ( t o t a l )  

A 1  



Table 1. Spring and well chemistry of the Craig Mountain-Cove area--Continued. 
A11 measurements are i n  rng/l, except f o r  pH o r  as indicated.  n t  = n o t  tested; 
t r  = trace. 

Grange 
Hal 1 

Spring 

Grange 
Hal  1 

Spring 

Hoofnagl e 
Warn 

Spri ng 

Duck 
Pond 

Spr i  ng 

Duck 
Pond 

Spr i  ng 
Hoofnagl e 

Spring 

Locat ion 3S/40E/ 
1 ODc 

/77 
24 

6.2 

Date sampled 
Temp. ( O  C) 

pH 

Conductance 
pmhos /cm 

A1 k a l  i n i  ty 
Xh as mg/l  HC03 

Xc as mg/l CaC03 

Hardness 
as mgJl CaC03 

Total dissol ved 
sol i ds 

Si02 

Fe ( t o t a l )  

A1 

HC03 

P04 



Table 1  . Spr i  ng and we1 1 chemistry of the Craig Mountain-Cove area--Continued. 
A1 1 measurements are i n  mg/l , except for pH or  as indicated. n t  = not  tested; 
t r  = trace. 

Fisher Fisher 
H o t  Hot 

Spri n c  S p r i  ng 

Union 
Junction 

Warm Spring  #I  
Sam -0- Sam -0- 
Spring Spring 

Locat ion 7S/38E/ 7S/ 38E/ 
1 OBa 1 OBa 

Date sampled 

Temp. (O C) 

pH 
Conductance 
~lmhos/crn 

dl kal  i ni  ty 
Xh as mg/l HC03 

Hardness 
as mg/l  CaC03 

To ta l  dissol ved 
sol i ds  

S i  O2 

Ma 

K 
Ca 

Fe ( t o t a l )  



Tab1 e I .  Spring and we1 1 chemistry o f  the C r a i g  Mountai n-Cove area--Conti nued. 
A1 1 measurements are i n  mg/l , except for pH o r  as ind icated,  n t  = n o t  tested; 
t r  = trace. 

Union Union Union 
Junction Juncti on Junction 

Warn Spring #I  Warn Spring #2 Warm Spring #2 

Bars t a d  
Hat 

We1 I 

Loca ti on 

Date sampled 

Temp. ( O  C )  

pH 
Conductance 
l.Imhos/cm 

A1 k a l  i n i  ty 
Xh as mg/1 HC03 

Xc as mg/l CaC03 

Hardness 
as mg/l CaC03 

T o t a l  d i  ssol ved 
sol ids  

Fe ( t o t a l )  
A1 

HC03 



Tab1 e I .  Spring and well chemistry o f  the Craig Mountai n-Cove area--Continued. 
A1 1 measurements are i n  m g j l  , except for pH or as indicated, n t  = not  tested; 
tr = trace. 

Sweet Oas is  Bennett Baker Haystack 
Water Warm Warn Warm Marm 

Warm Spring Spring S p r i n g  Spring Spring 

Ceme t a  ry 
Artes ian 

We1 1 

Locat ion 

Date sampled 

Temp. ( O  C) 

pH 
Conductance 
prnhos Jcrn 

A1 k a l i n i  ty 
Xh as mg/l HC03 

X, as mg/l CaC03 

Hardness 
as mg/l CaC03 

Total dissol ved 
sol i ds 

sio2 

Ca 

fig 
C1 

As 

8 

C i  

F 

Fe ( t o t a l  ) 
A1 

HC03 

P04 



Tab1 e 2. Geothemtri c cal cul a t i  ons* o f  minimum reservoir temperatures for 
selected thermal waters o f  the Craig Mountai n-Cove area. 

DOGAMI 
D r i  1 1 

Hole #2 '79 

Island 
C i  ty 

Well ' 7 9  

Union 
P a c i f i c  RR 
Well #1 ' 7 7  

Union 
Paci f i c  RR 
Well #2 ' 7 7  

Union 
P a c i f i c  RR 
Well #1 '79 

F l  ow rate 
1 i ters/min. 

Measured 
temperature 

Na:K:Ca 
Mg corrected 
O c  

S i o2 
conductive 

O c  

S i O p  
a d i a b a t i c  

OC 

S i  OZ 

chalcedony 

O c  

S i O p  

opa 1 

O c  

*Methodology for calculations presented in Appendix A. nc = n o t  calculated. 
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T a b l e  2. Geothemtric calculat ions* o f  minimum reservoir temperatures for 
selected t h e m 1  waters  o f  t h e  Craig Mountai n-Cove area--Conti nued. 

Union 
P a c i f i c  RR 
Well #2 '79 

Starkey 
Warm 

Spring ' 77  

Cooper 
Warm 

Spr ing '77  

Meadow 
Creek 

Warm Spring '77 

Flagstaff  
P o i n t  

Sprins '77 

Fl ow rate 
1 i t e r s l m i n .  

Measured 
temperature 

Na:K:Ca 
Mg corrected 

Si02 

conducti ve 

S i O T  

adiaba t ic  

O c  

chal cedony 

O c  

opal 

*Methodology for ca lcu la t ions  presented i n  Appendix A. nc = n o t  calculated, 
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Tab1 e 2. Geothemetri c ca1 cul a t i  ons* of minimum reservoir temperatures fo r  
sel ec ted thermal waters o f  the Craig Moun t a i  n-Cove area--Conti nued. 

Wagner 
Unnamed Unnamed Wagner We1 1 Wagner 

s p r i n g  ' 79  spring '79- We1 l '50 (Artesian) '77 We1 1 ' 80 

Fl ow rate 
l i  t e r s / m i n .  

nc nc pumped 380 pumped 

Measured 
ten~perature 
0 C 

Mg corrected 
3~ 

S i  OZ 

ad iaba t i c  

chai  cedony 

a~ 

S i  O2 

opal 

"C 

*Methodology fo r  ca lcu la t ions  presented j n  Appendix A .  nc = not  calculated. 
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Tab1 e 2. Geothermetri c cal cu3 a t i  ons* o f  min imum reservoir temperatures fo r  
selected thermal waters of the Craig Moun t a i  n-Cove area--Conti nued. 

City we13 
south of 

La Grande ' 79 

G i  rdner 
Warm 

Spring "7 

G i  rdne r 
Warm 

Spring '80 
City We1 1 

La Grande ' 79  

F l  ow rate 
1 i terslmin.  

Measured 
temperature 

" c 

Na:K:Ca 
Mg corrected 
OC 

S i O2 

conductive 
O c  

SS o2 
a d i a b a t i c  

O c  

Si O2 

chalcedony 

O c  

S i  O2 
opal 

*Method01 ogy for cal cul a t i o n s  presented i n  Appendi x A. nc = not cal cul ated. 
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Tab1 e 2. G e o t h e m t r i  c ca1 cul a t1  ons* o f  minimum reservoi r temperatures for 
selected thermal waters o f  the Crai g Moun t a i  n-Cove area--Conti nued. 

Cropp Hot 
Spr ing  '72 

Cropp Hot 
Spring 7 7  

Warm Creek Warm Creek Cove Warm 
Spr ing ' 77 Spring '80 Spring ' 57 

Flow ra te  
l i  ters/rnin. 

Measured 
temperature 
O c  

Na: K 
O c  

Na: K:Ca 
4/3 B 

OC 

Na:K:Ca 
Mg corrected 

O c  

S i O Z  

conductive 
"c 

S i 0 2  

adi aba ti c 
OC 

S i  OZ 
chal cedong 

OC 

S i  O p  

opal 

Oc 

*Methodology for calculations presented i n  Appendix A .  nc = n o t  calculated. 





Tab1 e 2. Geothermetri c ca l  cul at1 ons* o f  minimum reservoi  r temperatures f o r  
selected thermal waters of the Craig Mountai n-Cave area--Conti nued, 

Radi urn 
Hot 

Spr ing '72 

Radi urn 
Hot 

S p r i n g  '77  

Cres ton 
Shaw 

Well ' 7 7  

~'t0,OOO 

26 

209 

189 

100 

Boise 
Cascade 
Well $ 7 7  

11 36 

20 

185 

163 

65 

E l  wyn 
B i  ngarni n 
We1 I ' 77 

> I 9 0  

24.5 

1 84 

176 

101 

84 

Clayton 
Fox 

We1 1 ' 77 

47 32 

26 

238 

209 

113 

224 

F l  ow r a t e  
1  i ters/mi n. 

Measured 
temperature 
"c 

Na: K:Ca 
4 J 3  B 
O c  

Na: K: Ca 
Mg corrected 
O c  

S i O Z  

conduct ive 

O c  

Si02 

ad iaba t ic  

O c  

S j  OT 
chal cedony 
O c  

Si02 

opal  
0 C 

Wethodology for  ca lcu la t ions  presented i n  Appendix A. nc = not calculated. 
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Tab1 e 2. Geothemetr i  c cal cul a t i  ons* a f  minimum reservoir temperatures for 
sel ectcd thermal waters o f  the Craig Mountai n-Cove area--Conti nued. 

Norman 
Woodel 1 Hunter's Unnamed Unnamed Unnamed Unnamed 
We1 1 ' 77 Spring ' 77 well ' 5 5  well  ' 5 5  well  ' 5 7  well "0 

Fl ow rate 
1itersJmin. 

Pleas ured 
temperature 

Na:K:Ca 
Mg corrected 

"c 

S i O2 

conductive 

O c  

S i  OZ 
adiabatic 
O c  

Si02 

chalcedony 

OC 

Si02 

opa 1 

O c  

*Methadology for calculations presented in  Appendix A. nc = not calculated. 



Tab1 e 2.  Geothermetri c cal ucul a t i o n s *  o f  m i  nimum reservoi  r temperatures for  
selected thermal waters o f  the Crai g Moun t a i  n-Cove area--Conti nued. 

Doy 1 e Hot Lake Hot Lake H o t  Lake 
Unnamed E i  sni nger Resort Resort Resort 
well '80 Well '80 S p r i n g  '72 Spring ' 77  Spring '80 

Fl ow rate 
1 i ters/mi n. 

Measured 
temperature 
OC 

Na:K:Ca 
Mg corrrected 
OC 

conductive 
O c  

S i  O2 

a d i a b a t i c  

O c  

S i 0 2  
chalcedony 

O c  

*Methodology for ca lcu la t ions  presented i n  Appendix A. nc = not  ca lcu la ted .  
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Table 2.  Geothermetri c cal cul a t ions*  of minimum reservoi r temperatures f o r  
selected t h e m 1  waters of the Craig Mountai n-Cove area--Conti nued. 

Hot Lake H o t  Lake Grange Grange 
Courtwri  ght Courtwri gh t Royce Hal 1 Hal 1 
Well ' 7 7  Well '80 Well '80 Spring ' 77 Spring '80 

Fl  ow rate 
l i  tersJmin. 

Measured 
temperature 
OC 

Na: K:Ca 
4/3 B 
0 

C 

Na:K:Ca 
Mg corrected 
O c  

Si O p  
conducti ve 

O c  

Si O2 
a d i a b a t i c  

5 i O2 
chal cedony 
O c  

S i  O2 

opa 1 

OC 

*Methodology for calculatSons presented i n  Appendix A .  nc = not calculated. 



Tab1 e 2. Geothemetri c ca1 cul a t i  ons* o f  minimum reservoj r temperatures for 
selected thermal waters of the Craig Mountai n-Cave area--Conti nued. 

Hoofnagl e 
Warm 

Spring ' 77  

Hoofnagle 
Warm 

Spring '80 
Duck Pond Duck Pond Sam -0- 
S p r i n g  ' 7 7  Spring "0 S p r i n g  '77 

Fl ow rate 
1 i ters/min. 

Measured 
temperature 
O c  

Na: K:Ca 
1/3 B 

O c  

Na:K:Ca 
Mg corrected 
OC 

S i O2 

canducti ve 
O c  

Si02 

ad iaba t ic  

O c  

S i O2 
cha? cedony 

O c  

S i  O2 

opa 1 

OC 

*Methodology for calculat ions presented i n  Appendix A. nc = n o t  calculated. 
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Tab1 e 2. Geothemetri c ca lculat ions*  of m i n i m u m  reservo i r  temperatures for 
se1 ected thermal waters o f  the C r a i g  Moun t a i  n-Cove area--Conti nued. 

Union Junct ion 
Warm Spring 

#1 '77 

Union Junction 
Warm Spring 

# I  '80 
S a m  -0- 

Spring ' 77  
Fisher Hot  
S p r i n g  ' 7 7  

Fl ow rate 
l i  tersSmin. 

k a s  ured 
temperature 

OC 

Ma: K: Ca 
4/3 B 

Na:KrCa 
Mg corrected 

S i  O2 

conductive 

OC 

a d i a b a t i c  

"c 

S i  O2 

chal cedony 

opal 

O c  

*Methodology fo r  calculations presented in Appendix A. nc = n o t  calculated. 



Table 2. Geothermetri c cal cul a t i  ons* o f  mi nirnurn reservoir temperatures for 
selected thermal waters o f  the C r a i g  Mountai n-Cove area--Con ti nued. 

Union Junction Union Junction Bars tad Sweetwa ter Oasis 
Warn Spring Warm Sprjng Hot Warm Warm 

#2 '77 #2 '80 We1 1 ' 74  Spring '74 Spring ' 74  

Flow rate 
l i terslmi n. 

k a s  ured 
temperature 

O c  

Na: K 

O c  

Na: K:Ca nc 
Mg corrected 

Si02 96 

conducti ve 

O c  

S i O2 9 7 

adiabat ic  

O c  

S i  O2 66 

chal cedony 

O c  

S i O p  
opa l  

OC 

*Methodology f o r  calculations presented i n  Appendix A .  nc = n o t  calculated. 
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Table 2. Geotheme t r i  c cal cul a t i  ons* o f  m i  nirnum reservoi r t e m p e r a t u r e s  f o r  
sel ected thermal waters o f  t h e  Cra ig  Moun t a i  n-Cove area--Conti nued. 

Bennett 
Warm S p r i n g  ' 74 

Baker 
Warm Spring '74 

Hays tack 
Warm S p r i  ns ' 74 

Cemeta ry 
Artesian We1 1 ' 74 

Fl  ow rate 
1 i ters/mi n . 
Measured 
temperature 
O c  

Ida : K 

O c  

Na:K:Ca 
1/3 B 

O c  

Na:K:Ca 
4 J 3  a 
O c  

Na:K:Ca 
Mg corrected 
OC 

Si02 

c o n d u c t i  ve 

O c  

S i O T  

adiabat i  c 

O c  

S i  Og 

cha? cedony 
O c  

S i  Oe 

opal 

O c  

*Methodology f o r  c a l cu l a t i ons  presented i n  Appendix A.  nc = n o t  calculated. 



GEOTHERML-GRADIENT AND HEAT-FLOW DATA ; C R A I G  MOUNTAIN-COVE AREA * 

The temperature-gradient and heat-f low results for the La Grande area are 

shown i n  Table 3. Included i n  the t a b l e  are the township/range-section and l a t i -  

tude and 1 ongi tude l oca t i on  o f  each hole. In addi t ion ,  the hole name, date o f  

logging used and c o l l a r  elevat ion a re  i n c l  uded f o r  each hole. Pla te  I shows the 

bottom hole temperature, maximum depth , corrected temperature gradient and 

(where avai lab le)  corrected heat f low. These val ues are  a l s o  l i s t e d  i n  the 

t ab le ,  as are the depth interval and average thermal conduct iv i ty  used for cal- 

cu la t ion  o f  the grad ient  and heat flm. The values are given i n  S I  uni ts .  To 
2 transform uni t s  , 1 x 1 cal /cm sec (HFU) = 41 .84 mwrn-', 1 x 1 o - ~  cal /cm secQc 

-1 -1 (TCU) = 0.41 84 Wrn K . Also 1°c/km = 1 rn~m-' = 18.2~~/100 ft. The ternpera- 

t u r e  depth measurements themselves f o r  each hole have been open-f i led a t  the 

QOGAMI o f f i c e  i n  Portland, and are presented in Appendix B. Corrected gradient 

and corrected heat f l o w  are values f o r  which the topographic effects have been 

removed. These a re  s i g n f f i c a n t  f o r  several o f  the s i t e s  studied.  

The hales are  ranked i n  terns o f  the q u a l i t y  o f  the gradient  o r  heat- f low 

information, f rom high q u a l i t y  ( A ) ,  t o  good qua1 i ty (B) ,  t o  marginal qual i ty  

(C) , t o  data w i  t h  some problems ( D )  , to  data  f o r  which no useful temperature 

gradient  o r  heat  flow can be est imated (X)  . A1 1 thermal conduct iv i ty  measure- 

ments were made d i r e c t l y  on c u t t i n g  samples. Three of the holes i n  the town 

of  La Grande were d r i l l e d  s p e c i f i c a l l y  f o r  heat f low measurements. These are 

discussed i n  more d e t a i l  below. The remainder o f  the measurements have been 

made in a v a i l a b l e  water wells, and the data q u a l i t y  i s ,  i n  general, very poor. 

Estimates of heat flow are  problematical , because we have no sa t i s fac to ry  sam- 

p les  o f  the rocks, and gradients seem to  vary over a wide range, w i t h  no appar- 

ent co r re la t i on  t o  rock type or thermal conduct iv i ty .  The best  estimate f a r  a 

*Text i s  by Dr. David D. Blackwell, Southern Methodist  Univers i ty ,  Dal las, Texas. 
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hea t-fl ow val ue f o r  the Grande Ronde Val 1 ey woul d appear t o  be between 60 and 

80 m ~ a - ~ ,  and the  best  gradient  50+20'~/km. - 

As part of the low-temperature geothermal program, three holes were d r i l l e d  

by DOCAMI i n  the town of La Grande, Oregon, for detemi nat ions o f  geothermal 

gradient and heat f l o w  (we1 Is 3S/ 38E-JAcc, 3S/38E-7Acd and 3S J38E-7Adc, see 

Table 3).  Severe drilling problems were encountered i n  a l l  three holes ,  because 

the dri 11 i n g  was done i n gravel , sands and rubbly basal t s .  

The temperature-depth curve observed i n  3S/38E-7Acd i s 1 i near, w i  t h  a 

change i n  slope at 75 rn which migh t  correspond to a change from overburden t o  

lava flows. The g r a d i e n t  decreases from 41 - 9 2  t o  1  .3'c/km t o  21.9+0.8°~/  km a t  

t h a t  p o i n t .  I f  the upper material i s  assumed t o  have a porosity of 30%, and 

the material below the contac t  i s  assumed t o  have a porosi ty  o f  5X, then thermal 

-1 -1 conductivities above and be1 ow the contact woul d be 1.25 Wm K and 1.73 

-1 -1 Wrn K , respectively. The thermal conductivity change i s  n o t  as great as i s  

observed i n  the g r a d i e n t s ,  so there i s  an apparent change i n  heat flow w i t h  

depth i n  the hole. The hole is a t  the f o o t  o f  a very  steep h i l l ,  and  the te r -  

ra in  correction decreases the heat  flow by approximately 20%. I f  the two in ter -  

va l s  are  averaged, the best estiinate of g rad ien t  i s  27.9'c/km, and the best  

es t ima te  o f  h e a t  f l o w  i s  42 m~rn-'.  

The f i n a l  o b s e r v e d  tempera ture-depth d a t a  from ho le  35/38E-7Acc i ndi ca te 

a very low gradient and a high surface temperature; however, temperatures m a -  

sured be fo re  the dril l  hole reached the m a j o r  aqu i f e r  i n d i c a t e  a l inear  i n  s i t u ,  

t empera ture-depth  curve beginning a t  the surface temperature o f  approximately 

lloc, w i t h  a slope o f  e p p r o x i m a t e l y  90°c/km. Using a terrain-corrected heat  

f l ow  i s  84 m ~ r n - ' .  No hea t  f l o w  was c a l c u l a t e d  for ho le  3S/38E-7Ada, as it has 

a negative temperature versus depth curve. 



Table 3. Geothermal-gradient d a t a ,  Craig Mountain-Cove area, Oregon. 

Bottom Dc-pth Uncors. Corr. Corr. 
?tyn/Rng- N Lat. W Long Hole # Collar Temp. I n t e r v a l  Avg. TC # Gradient ~radient HF Q I 
Sect ion Deg-Min. Deg.Min. Date Elev. ("C) Id ~ r n - l ~ - '  TC OC/km " C / h  mWm" HF 

3-E- 45-19.72 118- 2.66 I SLtT1CM 829 11.81 10.0 
3W3 Sf2347 90.0 

68.8 
90.8 

I 3 S B E -  4-19.78 117-54.18 814 1i.85 35.0 
LrJ 
CO 

XI) 842rT7 BS.0 

1 
E -  45-19.29 11w 5.87 MID 9 3 4  859 11.27 .0 1.33 i X 
7F1W 2/ 6/88 55.0 . BE3 
3S/38E- 45-19.14ilB-6.17CENTSCH EE 15.61 28.6 1.25 1 41.9 34.2 

XIU) 2/ 5/88 75.0 .13 1.3 

75.0 1.73 21.9 17.5 
la. B . B 

20.8 1-51 33.5 27.9 
IZ0,O .I7 3.2 

W38JZ- 45-19.13118-6.3ZLGRHOSP 896 16. ?'? 28.0 1.55 ?1 48.2 
7WX 12/24/= 45.8 1.5 

.8 1.20 m.2 68.5 
79.0 .12 

3S/39E- 4518.92 117-57.24 W E I S W  82i! 12.88 15.6 19.9 29.9 
em IWZW~Y 75.8 .5 

3SfME- 45-18.18 11747.17 COVE 2 478 15.35 58.0 71.8 65.8 
14CE 2 BG'4/77 105.8 1.8 

20.0 53.0 48.0 
185.0 2.6 



Table 3. Geothermal-gradient d a t a ,  Cra ig  Mountain-Cove area, Oregon--Continued. 

Bottom Depth Uncorr. C o r r .  Corr. 
7~n/Rng- N L a t .  W Long Hale # C o l l a ~  Temp. ,Interval Avg. TC # Gradient Gradient HF 

wm- IK- ' Q 
S e c t i o n  Deg.Min. Deg.Min. Date Elev. ( "c)  (d TC 'C/km OC/krn rnb?n' HF 



CONCLUSIONS AND RECOMMENDATIONS 

The area w i t h  the greatest  po ten t ia l  resource base i s  the C r a i g  Mountajn- 

Hot Lake f a u l t  zone and extensions o f  t h a t  zone t o  the nor th  and south. The 

La Grande area may 1 i e  on an extension o f  t h a t  zone, but  these data a re  inade- 

quate t o  evaluate t h i s  possibility. Shallow (152 m) d r i l l  holes f o r  t h i s  study 

were inadequate t o  eva l  uate hea t - f l  ow patterns which might show thermal waters 

beneath La Grande. Intermediate-depth (2 ,OQO' )  w e l l s  should be d r i l l e d  a long  

extensions o f  the C r a i g  Mountain f a u l t  and s i m i l a r  f a u l t  zones w i t h i n  the c i t y  

o f  La Grande. Such wells should be dril l e d  w i t h  techniques capable o f  overcom- 

i n g  caving and 1 o s t - c i  r cu l  a t i  on problems associated w i  t h  1 oose b a s i n  sediments 

and shattered bedrock. Such techniques w i l  I i n e v i t a b l y  l e a d  t o  unusual l y  h i g h  

drilling costs, b u t  are  j u s t i f i e d  by the po tent ia l  resources. 

Di rec t  u t i l i z a t i o n  by La Grande o f  known resources a t  t h e  Hot Lake should 

be invest igated. The Hot Lake ho t  s p r i n g  (measured temperature = 85'~; p o s s i b l e  

reservoir temperature = 100-125'~; f l ow  = 1,700 gpm) l i e s  only  11.7 km (7.3 mi )  

southeast o f  La Grande. Intermediate depth (2,000') holes should be d r i l l e d  

around  the Hot Lake springs b define the details o f  t h a t  geothermal system f o r  

s i t i n g  o f  poss ib le  product ion wells. A detailed engineer ing study o f  t h e  cos t  

effect iveness o f  d i r e c t  u t i l i z a t i o n  o f  the resources a t  Ho t  Lake should be made 

t o  guide decisions on t he  v i a b i l i t y  o f  exp lo i ta t ion .  

Before  d r i  11 i n g ,  however, geophysical s tud ies should be ca r r i ed  ou t  t o  

determine the s t ruc ture  o f  bedrock beneath the basin f i l l  t o  i n c r e a s e  the l i k e -  

l ihood of  d r i l l i n g  success. Methods t h a t  should be considered a r e  g rav i t y  tra- 

verses, aeromagneti c or hand- he1 d magnetic surveys, deep-penetra ti on el ec tri cal 

surveys ( e i  t he r  wandering d i  pol e, dip01 e-di p o l  e, o r  tell  u r i c )  and seismi c sur- 

veys. One method, though expensi we, t h a t  weul d undoubtedly give val  uabl e 

resu l t s  would be a number o f  v ibro-sei smic traverses. This method would easily 



"see" the interface between the valley f i l l  and underlying bedrock. This 

would allow precise location of hidden f a u l t s ,  and calculation o f  t h e i r  o f f -  

sets. 
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APPENDIX A 

Formulas used i n  ca lcu la t ions  

Na : K ( revised) : 

Na:K:Ca: 

121 7 
t OC = log (NalK)  + 1.483 

- 273.15 (Fournier,  1979) 

o 16117 
t C = 2.24 + F I T )  

- 273.15 (Fournier and Truesdell, 19731, 

where F (T)  = 109 ( N a J K )  + [ 6 l o g  ( f i / ~ a )  3 ,  
B = 1/3 i f  t> IOO'C, and 4/3 i f  t <lOoOc, 

t ' ~  = cal cul a ted reservoir  temperature, 
and concentrations are expressed i n mol a1 i ty .  

Magnesi urn correction r a t i o :  

( m i l  liequivalents Mg) 
R = Imilliequivalents Mg) + (milliequivalents Ca) + (milliequivalents K) X 100 

I f  R <5 or >50. no calculat ion was made. For R between 5-50. 

AtMg = 10.66-(4 .7415)  (R )  + ~1325 .87 )  ( log R ) ~ J  - ~ ( 1 . 0 3 2  x 10') (log R ] * / T ~  - 
2 2 3 2 L(1.968 X 10') ( l o g  R )  / T  1 + C(1.605 X to7) (log R )  / T I ,  

where R = magnesi urn correction ratio expressed i n  equival en ts , 

A t ~ g  = t h e  temperature correction t h a t  i s  subtracted from 
the Na:K:Ca 1 J 3  B calculated temperature, 

T = Na:K:Ca 1 / 3  B calculated temperature i n  OK. 
Or ~t can be obtained by using the graph compiled by Fournier and Potter ( 1  979). 

Mg 

Si02 temperature calculations (Fournier and Roue, 1966) : 

S i  O2 (conductive) , o 1309 
t C = 5.19 + log ( S i O Z )  - 273.15 

Si02 ( a d i a b a t i c ) ,  1522 t Q c  = 5.75 + log ( S i O p )  - 273.15 

Si02 (chalcedony), 1032 
t0c  = 4.69 + log ( S i O p )  - 273.15 

Si02 (opal 1, 731 
t0c = 4.52 + log (Si02) - 2 7 3 . 1 5 ,  

where Si 02 i s  expressed i n  mg/l . 
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